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Introduction

Degenerate gases

Following Bose’s seminal work on the statistics of photons [1], Einstein predicted that
below a certain temperature a system of bosons cross a phase transition [2]. Below this
critical temperature, bosons behave as non-interacting particles which may accumulate
in the ground state of the system. In honour of their work, this is called a Bose-Einstein
Condensate (BEC). The size of this quantum object can be arbitrarily large without
adding to the complexity of the problem because the BEC behaves as one quantum
object. This is particularly appealing since it enables the exploration of the quantum
world with a macroscopic object. Despite how appealing a BEC is, its production
remained elusive for 70 years. Intensive laser developments and cooling techniques
[3, 4, 5] paved the way for the first production of a BEC in 1995 with Rubidium atoms,
closely followed by the condensation of Sodium atoms and Lithium atoms [6, 7, 8.

This opened up the very active field of quantum gases. Since, many other atomic
species have been Bose condensed with each atomic species having its own specificity.
Potassium and Cesium were cooled to degeneracy [9, 10]. These species have broad and
easily accessible Feshbach resonances, enabling tunable control of contact interactions
[11, 12, 13]. Soliton behaviour as well as exotic three particle states called Effimov
states were observed with such atoms [14, 15]. Atoms with non-negligible dipole-dipole
interactions have been condensed. First Chromium [16], then Lanthanides of Dyspro-
sium [17] and Erbium [18]. Two valence electron atoms (alkaline-earth atoms), such
as Calcium or Strontium have also been cooled to degeneracy [19, 20]. Ytterbium
has been cooled [21] and with Strontium it is particularly interesting since these ele-
ments have very narrow optical transitions (”clock” transitions) which enable precise
measurements and also they display an appealing universal SU(N) behaviour.

Physicists were also preoccupied in studying fermionic degenerate gases. The de-
generacy of a Fermi gas is not characterized by a macroscopic occupation of the ground
state. Pauli principle forbids two fermions to be in the same quantum state. Despite
its interest, a degenerate Fermi gas was produced only some time after the first de-
generate Bose gas [22]. This is associated with the difficulty in thermalizing polarized
fermions, owing to Pauli principle. Since then, many fermionic degenerate gases have
been produced, and the study of the Fermi gas became a very intense field of research
at the beginning of the year 2000’s.
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Introduction

Contact Interactions

Interactions are not necessary in order to explain Bose-Einstein Condensation (which is
intrinsically due to Bose statistics). Nevertheless they are of fundamental importance
in the physics of Bose Einstein condensates. The main interaction in most BEC exper-
iments is the Van der Waals interaction. The Van der Waals potential is short-ranged
and isotropic (Vygw o< 1/7%). At very short distance, the interaction potential is com-
plex and an exact description of the interaction often makes calculations challenging if
not unfeasible. In cold atoms, the real potential is accounted for by a pseudo potential,
which takes the form:

V() = T ai(r) 1)

for a pair of atoms in molecular spin state S, where §(r) is the Dirac’s delta-function
(thus branding these interactions as contact interactions), A = h/27 with h Planck’s
constant, m the atom mass, and ag the scattering length associated with the molecular
potential of spin S. Interactions are so basically important that they fix the size of the
BEC and give it a parabolic shape (in a trap and in the Thomas-Fermi regime [23]).
The molecular potential through which atoms interact thus depends on the spin state
of each colliding atom. This is because contact interactions depend on the spin state
of the pair of colliding atoms through the molecular potential specific to the spin of
the pair, S (i.e. ag depends on S).

Chromium

The first experiment on BECs only dealt with one spin state. Despite how interesting
that is, physicists also turned their attention to producing BEC in several internal spin
states [24, 25]. This is often referred to as spinor BECs. Despite the large number of
atoms and molecules produced in the cold regime, not all are well suited for the study
of spinor physics. In this thesis, we will be particularly interested in spinor physics.

Chromium, with its large spin s=3, is particularly well suited for this. It has 7 spin
states which can all be trapped equally in optical dipole traps. In the optical dipole trap
atoms of different spin states may interact through contact interactions. Due to the
large number of spin states, there are several possible molecular channels ag for atoms
to interact through. This leads already to very rich physics. For example, the ground
state of the system, which is the state of lowest energy, results from a competition of
the different interaction energies associated to different molecular potentials.

Besides contact interactions, other interactions may take place. In the case of
Chromium, its six valence electrons yield a relatively strong magnetic dipole moment
i =6 pp with up Bohr’s magneton. The dipole-dipole interaction potential between
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VII

two atoms of magnetic moment ji; = g,upS; separated by 7 is:

~—

4grpd

Vopr(F) = Ho(9stt5)" (7’2§1.§2 - 3(§1.F)(§2.F)) (2

with g, the Landé factor, and py the vacuum permeability. This interaction differs
substantially from contact interactions since it is long range and anisotropic. This
allows for atoms to collide even though they are not close together. Dipole-dipole
collisions, as contact collisions do, have spin exchange collision channels (where the
total spin is conserved) but also dipolar relaxation channels. In a dipolar relaxation
process, the spin projection is not conserved, it is the total angular momenta of the
pair of atoms which is conserved. Spin (meant here as longitudinal magnetization) is
not a good quantum number.

There are only a few quantum gas experiments with non-negligible dipole-dipole
interactions, and they have recently attracted a lot of interest, with many experiments
around the world being built. Our focus is two-fold: (i) the impact of dipole interactions
on the magnetic properties of a BEC of atoms with large spin and (ii) observe spin
dynamics due to dipolar interactions. A Chromium gas is particularly well suited. It
has a long lifetime in a conservative trap which allows for study of its thermodynamic
quantities. Chromium can also successfully be loaded in a lattice. There, atoms in
different sites can be coupled and lead to spin dynamics.

The recent production of Dy and Er ultracold gases [17, 18], with larger dipolar
interactions and tunable interactions [26, 27|, may hamper the edge Chromium once
had. The Dysprosium and Erbium experiments have produced quantum droplets [28,
29]. Contact interactions are tuned to small negative values, then dipolar interactions
and quantum flucutations stabilize the gas [30]. The hydrodynamic properties of this
system promise to be fascinating.

Other systems than a Chromium BEC, such as Rydberg atoms or polar molecules
have been produced and display large dipole-dipole interactions [31]. Polar molecules
display a large electric dipole interaction and lead to strong dipolar effects. However,
polar molecules are yet to be put in the degenerate regime due to bad collisions during
the cooling process (even though there are experiments close to degeneracy [32, 33]).
It is the same collisions which prevent polar molecules from being stable in the bulk
long enough for any thermodynamic purpose. However, polar molecules have been
successfully loaded in an optical lattices [34]. The low filling factor achieved is com-
pensated by the large interactions they display. Rydberg atoms consist of atoms with
one of their electrons in a highly excited state. The higher the excited state, the
stronger the interaction but the shorter the lifetime of the Rydberg state. The recently
demonstrated control in preparing experiments with larger and larger Rydberg atoms
provides exciting venues for the field of quantum mechanics [35, 36].
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Introduction

This thesis

I started my PhD in October 2013 in the Dipolar Quantum Gas group at the University
Paris XIII under the supervision of B. Laburthe-Tolra and L. Vernac. Most of the work
and results performed by the group during my three years at the Laboratoire Physique
des Lasers are summed up in the following. I decided to present our work in three
parts.

Part One

Part I describes the experimental setup I used throughout my PhD.

In chapter 1 I present the experimental setup which produces a Chromium BEC.
Due to the fact that Chromium does not have a closed cooling transition and owing
to large light assisted inelastic collisions, it was particularly challenging to produce
a Chromium BEC. Here I will describe the apparatus and tools developed by my
predecessors to produce a BEC, but also the modifications which took place during my
PhD.

In chapter 2, T present the experimental work performed at the start of my PhD
where we set up a new laser system specifically dedicated to the fermionic isotope of
Chromium: °3Cr. I present the different spectral lines used for cooling and trapping
atoms in a Magneto-Optical-Trap. Finally I present our strategy to load a maximum
fermionic Chromium atom number in a conservative trap where evaporative cooling
may take place.

Part Two

Part II is dedicated to thermodynamic properties of a Chromium gas and we will be
particularly interested in collisions, thermalization processes, and in the role of spin
degrees of freedom.

The chapter 3 will act as an introduction to materials used in this part. We will
discuss the study of interactions and of thermalization of the internal and external
degrees of freedom due to contact and dipole-dipole collisions. We will distinguish
two types of collisions: coherent and incoherent collisions. Both processes involve
the internal and external degrees of freedom and may lead to spin dynamics. It is
therefore crucial to be able to pinpoint to the origin of spin dynamics. We will illustrate
coherent and incoherent spin dynamics with two experimental results. The experiment
of coherent spin dynamics was not performed during my PhD, this result was observed
during Aurelie de Paz’s thesis [37]. However, I studied the agreement of the observed
spin oscillation with our understanding of coherent spin collisions. We then discuss
an experiment performed during my PhD. Here we prepare approximatively half of
the atoms in my, = —3 and half in my; = +3. We observe spin dynamics due to
contact interaction. We established a theoretical model based on incoherent collisions
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to account for our data with one free parameter: ay the scattering length associated
with the molecular potential S=0. The model which best fits the data yields ay. This
value was unknown at the time. We find q¢ = 13.5ﬂ8a3. This measurement has deep
consequences for the ground state properties of a Chromium gas: the ground state is
then predicted to be cyclic.

In chapter 4, we present results of the co-evaporation of a Bose-Fermi gas to degen-
eracy which led to the production of a Chromium Fermi sea of approximatively 1000
atoms at T'/Tr ~ 0.66. Evaporation relies on efficient thermalization of the mechanical
degree of freedom. We analyze the thermalization process during evaporation and are
able to estimate the favourable value of the scattering length associated to collisions
between bosons and fermions. We measure agr = 80 & 10ag with ag the Bohr radius.

In chapter 5, I discuss the main part of my thesis where we focus on the thermody-
namics of a Bose gas with a spin degree of freedom. We start by introducing the basic
thermodynamic properties of an ideal Bose gas with a spin degree of freedom which
displays 3 phases. Phase A corresponds to a thermal gas in each Zeeman component;
Phase B to a BEC only in my, = —3; Phase C to a BEC in all spin states. This
will help us understand the motivation of the two experiments I present next. In the
first experiment, we start with a Chromium gas in phase A. We rapidly cool the gas
in order to enter Phase C. We observe that it is difficult to produce a BEC in spin
excited states. We find that the dynamics of Bose-Einstein condensation is affected
by spin-changing collisions arising from relatively strong spin-dependent interactions.
Thermalization of the spin degrees of freedom is influenced by the occurrence of BEC,
and in turn influences which multi-component BECs can be produced. In the second
experiment, we take advantage of our understanding of the phase diagram of large spin
atoms to implement a new cooling mechanism. The cooling mechanism takes place in
phase B. There, a Chromium BEC can only be in m; = —3 (it forms in only one spin
state). Atoms in other spin states are necessarily thermal atoms. Then the magnetic
field is lowered and we let the mechanical degree of freedom reach equilibrium with
the spin degree of freedom (through dipolar collisions) by populating thermal spin ex-
cited states, and subsequently removing them. We end up with a polarized BEC, with
increased BEC fraction provided the initial BEC fraction is large enough. We also
propose how this cooling mechanism may be achieved with non-dipolar atoms, such as
Rubidium or Sodium, and discuss the limits and efficiency of the process.

Part Three

In Part III, we will be interested in understanding the conditions of appearance of
quantum magnetism.

The chapter 6 will serve as an introduction to this part. We first explain what
we mean by classical and quantum magnetism. Classical magnetism dynamics will be
characterized by the absence of correlations between particles, and dynamics will be
governed by mean field equations. Deviation from these mean field predictions will be
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a signature of the breakdown of the "no correlations” hypothesis, crucial for any mean
field approximation. We will specifically be interested in how quantum magnetism
mediated by dipolar interactions (our main originality) may arise in a Chromium gas.

In chapter 7, we present an experiment where a chromium BEC is loaded in a
double-well trap. Atoms of each well are prepared in opposite spin states. No spin
dynamics is observed. The atoms’ spin states of each well remain in their initial states.
This is in agreement with the classical result of two magnets in opposite directions
in a large external magnetic field. Absence of dynamics is due to a competition be-
tween Ising and exchange terms in the Hamiltonian, which helps in understanding the
quantum to classical crossover observed as the number of atoms in each well is large.

In chapter 8, we present two spin dynamics experiments driven by contact and
dipolar interactions which differ by the spin excitation preparation. Both experiments
are performed in the bulk and at large lattice depth in a 3D Mott regime. In the
first experiment, a majority of atoms are prepared in my; = —2. We observe that for
a shallow lattice depth, dynamics is well accounted for by a mean field equation. In
the large lattice depth regime, dynamics scales with a beyond mean field theory. In
the second experiment, the spin excitation is prepared via a radio-frequency pulse. We
present preliminary results and try to assess how the presence of a lattice (or not) or the
spin preparation may affect the appearance of quantum magnetism due to dipole-dipole
interactions.



Part 1

Experimental setup






CHAPTER 1

The Boson machine

In this chapter, I will introduce the experimental system I was handed at the start of my
thesis. I will briefly describe the methods that my predecessors developed to routinely
produce Chromium Bose Finstein Condensates and describe the new tools implemented
throughout my thesis. A reader who desires to deepen his understanding of the different
experimental techniques should refer to [38].

1.1 Specificity of Cr

Chromium is not an alkali unlike most atoms in Bose Einstein Condensation (BEC)
experiments. It is situated on the 6" column of the periodic table and therefore has
more than one valence electron. Actually, the electronic structure of Chromium in state
|”S3 > is an exception to the standard filling rules: the 3d subshell is half filled and
there is only one electron in the 4s subshell (its electronic structure can be written as
[Ar]3d°4s'). Chromium therefore has 6 aligned valence electrons in its ground state,
its total electronic spin is s = 3, and its permanent magnetic moment in |"S3 > is
|fi| = gspips = 6up (with pp Bohr’s magneton and g, ~ 2 the Lande factor of |7S5 >).

Naturally occurring Chromium is composed of four stable isotopes with relatively
high natural abundance (Table 1.1): three bosons (**Cr, *?Cr, **Cr) and one fermion
(°3Cr). This property gives us the flexibility to study the physics associated to bosonic
statistics with *2Cr, fermionic statistics with **Cr, or even both together.

Isotope | °°Cr | °°Cr 3Cr Cr
Abundance [4.35% | 83.79% | 9.50% | 2.36%
Nuclear Spin|I =0 | I=0 | [=3/2|1=0
Statistics |Boson | Boson | Fermion | Boson

Table 1.1: The naturally abundant Chromium isotopes.

The bosonic isotopes have no nuclear spin and therefore do not have a hyperfine
structure. The fermionic isotope, on the other hand, has a hyperfine structure. At the
early stages of the experiment, the team produced a simultaneous ?Cr-°3Cr Magneto-
Optical-Trap [39]. They then focused their attention on the bosonic isotope, where
they optimized the accumulation of atoms in a magnetic trap and then in an Optical
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Dipole Trap [40, 41, 42], and achieved BEC in 2007 [43]. In the following, I will explain
the different processes involved in the production of 2Cr BEC.

The relevant electronic levels involved in cooling and trapping °?Cr are shown
Fig.1.1. The |"S3 > — |"P, > transition is used to cool and trap the atoms in a
Magneto Optical Trap. The properties of this transition are given in Table 1.2. The
cooling transition is not a closed transition: atoms in |"P; > can naturally leak to-
wards metastable |>D > states. These transition should be forbidden since they do not
conserve spin (see Table 1.3 for the relative transition rates from |"P, >). However,
they are not completely forbidden due to spin-orbit coupling [44].

We refer to [°D > or [°S; > states as metastable because their energy level is
higher than the energy of the ground state, but they are not coupled to any lower
energy level. They therefore have a long lifetime, greater than the optical trap lifetime
[45]. Accumulating atoms in metastable states in the Optical Dipole Trap actually
turns out to be favourable because atoms in state |7S3 > can suffer from light assisted
inelastic collisions at a high rate which leads to large losses [46, 47]. In metastable
states, atoms are protected from these collisions.

Vacuum wavelength )\:2%: 425.553nm

"P, linewidth I'=27rx 5 MHz
Saturation Intensity |/l = ’gi\%r = 8.52 mW.cm 2
Doppler Temperature Tp = %1;2 = 124uK
Recoil Temperature Tree = B = 1.02uK

mkp
Recoil Velocity Vyee = f;n—k =18 cm.s™*

Table 1.2: Relevant properties of Chromium for laser cooling.

To perform an efficient loading of atoms in metastable states, it is more advan-
tageous to excite atoms towards the electronic state |"P; >. The |['S3 > — |["P; >
transition, which we call the depumping transition, allows accumulation of atoms in
|°D > states at a much better rate than through |"P, > (Table 1.3), and, also, has the
advantage of allowing fast accumulation in |>S; >. This state is more favourable for
accumulation since it has better collisional properties and a bigger light shift compared
to the |°D > states [43]. This J — J transition will be used as well to polarize atoms

in the Zeeman ground state m; = —3 before evaporation (s=3 for Cr).
|783 > ‘552 > ’5D4 > ’5D3 >
|"Py >|3.15x10" | Forbidden | 127 42
7Py >]3.07x107 | 2.9x10* | 6x10° | Unknown

Table 1.3: Transition probabilities (in s™!) between metastable or ground state and
excited states |"P; > or |TP; > [48].
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Figure 1.1: 52Cr Electronic Structure. The |"S3 > — |7P; > transition is used to cool
and trap atoms in a MOT. From |"P; > there is a leak towards |°D > states. We use
light resonant on |"S3 > — |"P; > to force a leak towards state [°Sy >. Atoms can
accumulate in metastable states |[°D > and |°Sy > where they are protected from light
assisted collisions (see text).
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Figure 1.2: Vaccum system. View from above.

1.2 Vacuum system

The experimental system, shown in Fig.1.2, has two vacuum chambers. One chamber
contains the atomic source and is called the oven chamber. The other one is where
the Bose Einstein Condensate is produced and all the experiments take place, it is
referred to as the science chamber. Because the vacuum quality at the oven chamber
is insufficient compared to what is needed for the science chamber, a 25 cm long, 9
mm diameter tube between the two chambers ensures vacuum isolation in the ultralow
pressure regime.

The oven chamber is pumped by a turbo pump of pumping speed 250 L/s, and
prepumped by a dry scroll pump of 110L/min. We measure the pressure in the oven
chamber by a Bayard-Alpert ionization gauge. Typical pressure in the oven chamber
is 1.107? mbar at 1500°C and 5.107!° mbar at 1000 °C.

The pressure in the science chamber is also measured by a Bayard-Alpert ionization
gauge and maintained at 5.10~!* mbar due to a 150L/s ion pump. If ever the ion pump
is not sufficient in maintaining such a low pressure, there is a Titanium sublimation
pump (which we used typically once every 6 months) which lowers the pressure inside
the science chamber from 8.107 mbar to 4.107 mbar.

A security system is set up in order to protect the vacuum in the science chamber
and the turbo pump. A gate is installed between the two chambers and is set to close
if the pressure in either the science chamber or the oven chamber becomes too high. A
gate was also set up between the turbo pump and the oven and is set to close if ever
the pressure inside the oven chamber increases over a set value.
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1.3 Oven

Chromium possesses a very low saturated vapor pressure at room temperature. There-
fore temperatures in the 1400 °C range are needed in order to create a sufficient atomic
flux for a cold atom experiment. The oven consists of tungsten W filaments which
heat a crucible made of W' | in which there is an inset in Zircon” containing a 20 g
Chromium bar. The inset is an empty cylinder of external diameter ®.,,= 12.5 mm
and internal diameter ®;,, = 8 mm, 6.4 cm long, and is open on one side in order to
be able to place the Chromium bar within. The Chromium bar is 6 cm long, and has
a 7.5 mm diameter. The opening of the inset is partly covered by a Zircone lid with
a hole of ® = 4 mm diameter. The lid is glued® to the inset. The temperature of the
oven is measured by a thermocouple. The DC current which feeds the W filaments and
heats the oven is governed by a controller through a PID loop and has an impedance

of Z =0.5Q at 1500°C.

We measure the pressure in the oven chamber correctly with the Bayard-Alpert
ionization gauge. However, there is a relatively large inaccuracy in the temperature
measurement of the chromium bar (~ 100°C). For our experiment, the critical pa-
rameter is the flux of Chromium atoms at the exit of the oven. Since the atomic flux
is a function of the temperature at the exit of the Chromium bar, we adapt the tem-
perature in order to have an appropriate Cr flux. Therefore we measure the flux of Cr
atoms at the exit of the oven nozzle. To do so we measure the absorption signal of the
atoms by sending polarized o™ light while scanning the frequencies around the |7.S5 >
— |"P; > transition. We know that we need a typical absorption of at least 1% in order
to produce a BEC in optimal fashion. Therefore we adjust the temperature read by the
programmable controller in order to obtain a sufficient atomic flux. Fig.1.3 illustrates
this experiment performed on the 31/07/2014. Typically we work at 1450 °C in order
to have at least 1% absorption, which was no longer the case on that date. In the latter
stage of my thesis, the oven was first raised to 1490 °C to reach 1.5% absorption (result
of the 31/07/2014 absorption measurement), and then gradually to 1600 °C where no
absorption could be seen and very small BECs were produced. The oven was changed
at the end of my experimental work in the laboratory. This Chromium bar had a
lifetime of 6 years. There was less than 1g of Chromium left in the oven out of the
initial 20 g and it took 3 weeks before the experiment was up and running again.

!Made in China, distributed by Neyco.
2Zirconium Dioxyde. Made by Keratec.
3904 Zirconia, Cotronics. Thasaz=2200°C
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Figure 1.3: Absorption measurement of the atomic flux at the exit of the oven in
function of the temperature performed on the 31/07/2014. Here we can see that we
need a temperature read by the controller of at least 1490 °C in order to have an atomic
flux of at least 1%.

1.4 From the oven to a BEC

Cooling beams

To produce a sufficient amount of cooling light at 425.553 nm, the team decided on
frequency doubling a Titanium Sapphire laser Ti:Sal*. We pump the Ti:Sal with 15
Watts of a Verdi laser V18 and are able to produce 1.5 Watts of laser light at 851.105
nm. We then frequency double the light at 851.105 nm with a doubling cavity® and
produce 300 mW of 425.553 nm light. We pre-stabilize the frequency of Ti:Sal by
locking it to a Fabry Pérot (FP) reference cavity. The doubling cavity is then locked
using a Hénsch-Couillaud locking scheme [38, 49] in order to always be resonant with
the Ti:Sal laser. We finally lock the FP cavity via saturation absorption using a
chromium hollow cathode®. The laser beam is then separated into four beams which
all go through different beam shaping and/or frequency shifts depending on the differ-
ent task needed: Zeeman Slower (ZS), the Magneto Optical Trap (MOT), Transverse
Cooling (TC), imaging.

4In order to avoid confusion with another Ti:sapph laser that I will describe later, we will refer to
this Ti:sapph (which is entirely dedicated to producing a BEC) as Ti:Sal

>Cavity brand TechnoScan

6Cathode brand: Cathodeon. Model: 3QQKY /Cr
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Zeeman Slower

At the exit of the oven, atoms have a mean velocity of about 1000 m-s~'. We slow
atoms with a speed v < v. = 600 m-s~! with a Zeeman Slower. We use for the ZS 100
mW of o light at 425.553 nm detuned from the |"S3 > — |"P; > by 450 MHz in the
red of the transition. Light is coupled to the atoms using an in-vacuum mirror (see
Fig.1.4). The magnetic field used in order to compensate for the Doppler shift along
the ZS is provided by three sets of coils with independent DC current sources.

The third set of coils is at a distance of approximatively 10 cm from the atoms
and produces a field of typically 1 G. This produces a magnetic gradient on the atoms
(estimated in the order of 0.3 G-cm™! along the ZS axis).

During my thesis, we installed an electronic switch in the DC current source of this
coil. During the MOT stage of the experiment, the ZS is needed and the switch is on.
As soon as the loading of the 1D Far Off Resonance Trap is completed, we turn off the
switch so that evaporation can proceed with no magnetic gradient.

Transverse Cooling

In order to increase the flux of atoms that will be slowed down by the ZS and then
captured by the MOT, a horizontal and vertical transverse cooling scheme is imple-
mented at the exit of the oven nozzle. These beams collimate the atomic flux in order
to increase the number of atoms which exit the oven aperture and enter the MOT
capture zone.

We use for transverse cooling 20 mW of light at 425.553 nm, at the same frequency
as the MOT beams. In order to optimize the detuning between the electronic transition
and the light frequency, two pairs of compensation coils were added and the magnetic
field applied is approximatively 5 G.

MOT

At the exit of the ZS, atoms are captured in a MOT. The magnetic field is produced by
two coils set in a anti-Helmholtz configuration placed on each side of the experimental
chamber (Fig. 1.4). These coils are capable of delivering magnetic field gradients at the
MOT position of ~ 18 G-cm™! in the vertical direction (and therefore ~ 9 G-cm™! in
the horizontal plane). The optical trap is formed by two retro-reflected beams detuned
by 12 MHz (= 2.5 T') in the red from the |"S3 > — |"P; > transition. One beam is
a retro-reflected vertical beam, it ensures vertical trapping. The other beam follows
a retro-reflected butterfly configuration and ensures trapping in the horizontal plane
(see Fig. 1.4).

A Cr MOT is a lot smaller than alkali MOTs due to its large light assisted inelastic
collisions rate. An atom in |"S3 > can collide with an atom which has been promoted to
| Py > by light, the atom pair is then lost. For Chromium, the associated rate param-
eter is measured to be (6.25 +0.94+1.9) x 107'%m3.s7! at a detuning of -10 MHz and
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Figure 1.4: Sketch of the experimental chamber (Top view). The MOT, Zeeman Slower,
and IR beams are explicitly shown.

a total laser intensity of 116 mW-cm™2 [50]. This is typically two orders of magnitude
worse than for alkalis. As a result, a typical Cr MOT contains approximatively 1.10°
atoms and has a radius of &~ 100 gm. The temperature of the MOT is given by the
Doppler Temperature (and was confirmed by a cloud expansion measurement) which
for the case of Chromium is Tpepprer = 2% =120uK [50].

Accumulation in a 1D Far Off Resonance Trap

Chromium was successfully condensed by the Stuttgart group after accumulating atoms
in a magnetic trap and transferring them in an Optical Dipole Trap [16]. Our team
chose to try and accumulate directly in a 1D Far Off Resonance Trap (FORT) made
of one IR beam. For typical MOT systems, loading a 1D FORT from a MOT leads to
inefficient loading. For Chromium, however, this statement is not true. A chromium
MOT is smaller than typical MOTs due to (i) large light assisted collisions and (ii) less
efficient multiple photon scattering due to blue cooling light (which typically reduces
the MOT density and is oc 02 oc A [51]). It has a size of typically 100 um, which
is similar to the dimensions of realistic 1D FORTs. In order to perform evaporation
in the best possible conditions, we need as many atoms in the conservative trap as
possible. In the following I will describe the beam which produces the 1D FORT and
the different steps we use in order to accumulate as many atoms as possible in the 1D
FORT.
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IR beam

At the very beginning of my thesis, we changed the IR laser system producing the
1D FORT in which atoms are accumulated. Before, a Ytterbium doped fibre laser at
1075 nm of 50 W laser power’ was used. The beam goes through an Acousto Optic
Modulator (AOM). We send to the AOM a Radio Frequency (RF) signal at 80 MHz
of controllable power which enables us to control the IR power seen by the atoms.
The beam was then retro-reflected onto the atoms so that the laser power seen by the
atoms was doubled. We were unsatisfied with the stability of this trap, the biggest
instability coming from the retro-reflected beam. A new laser was bought: a 100 W,
1075 nm Ytterbium fibre laser from IPG®. It has sufficient power so that we could
stop retro-reflecting the beam. We also removed the optical isolator at the exit of
the laser since we were worried by thermal effects induced by the optical isolator and
we are now less concerned by retro-reflected light coming back into the fibre (which
would damage the laser). These changes resulted in a considerably different laser beam
mode. To optimize the mode volume of the trap we first changed the focusing lens.
We then modulated the RF frequency of the AOM in order to fine tune the volume
capture. The modulation is fast enough (wWpeq >> wrrep) that the atoms see a time
averaged potential where we are able to tune the anisotropy of the trap by changing
the amplitude of the frequency modulation: the horizontal waist is effectively enlarged
while the vertical waist is unchanged.

After loading the dipole trap, we found that evaporative cooling was very ineffi-
cient. This was attributed to amplitude noise in the analog control of the Voltage
Control Oscillator, presumably introducing heating due to parametric excitation [52].
In Fig.1.5a we show the spectrum when the driver of the AOM is fed by its internal
current source. A very clean spectrum is observed. Fig.1.5b shows the spectrum ob-
tained with our cleanest external current source: the Delta Elektronica source. With
such a source, evaporation gave better results but it was still not as good as with the
internal source. If we look closely at Fig.1.5a and Fig.1.5b, we see that the spectrum of
the Delta has a background noise of -28 dBm. We therefore installed a low pass filter
with cut frequency f. = 70 Hz. This attenuated the background noise by 20 dBm as
shown Fig.1.5¢c and we were able to condense our chromium gas with an internal or
external current source in the same manner. We then added a modulation to the DC
signal provided by the Delta source with a Mini-Circuits summator’. We found that a
frequency modulation at 100 kHz and amplitude 90 mV,_, optimized the production
of our BEC. Later during my PhD, we realized that the time average potential was
such that we had two parallel traps (see Fig.1.6) during the loading: the modulation
is such that the beam actually spends more time on the edges than in the center. This
results in a deeper trap on the edges than in the center. We have not studied this

"model YLR-50-LP by IPG
8model YLR-100-LP-AC by IPG
Iveference ZFBT-4RG2W+
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in detail. We find that thermal atoms can go from "one” tube to the other, they are
connected. At lower temperatures, only one trap populates and efficiently loads the
dimple in which evaporation takes place. To optimize our modulation process in the
future, we could modulate the power of RF signal sent to the AOM in such a way to
increase the potential depth between the two tubes. This would result in a trap with
just one tube which would be a more preferable situation.

We then measured the trapping frequencies of this new time averaged IR trap at
the end of the evaporation ramp. To do so, we modulated the trapping light amplitude
at a frequency w by modulating at a frequency w the intensity of the RF signal sent to
the AOM controlling the IR beam. When this frequency matches twice the trapping
frequency of the trap the modulation heats the atoms in the trap [53]. We measured
trapping frequencies of w,, . = 2m(520 & 12,615 £ 15,395 £ 12) Hz (Fig.1.7) which is
similar to before the IR laser was changed.

Accumulating metastable atoms

One severe limitation to accumulating atoms in the electronic ground state is that these
atoms suffer from a large light assisted inelastic collision rate due to the presence of
the MOT beams during the loading process. To circumvent this limitation, the group
decided to accumulate atoms in the 1D FORT in other states, which would be dark
states (for |7S3 > — |"P, > light) and wouldn’t suffer from light assisted collisions.

Chromium has no closed cooling transition (Fig.1.1). Atoms can leak out of the
|"S3 > — |"P, > transition towards metastable |>D > states where they are no longer
sensitive to the |"S3 > — |"P, > light. We can therefore accumulate atoms in the 1D
FORT in |°D > states. Although this enhanced the number of atoms [41] it is not
sufficient to reach BEC.

By shining light on the |"S3 > — |"P3 > during the MOT, we create an extra leak
in the cooling transition towards the metastable |>Sy > state. Accumulating atoms
in this state is more favorable than in [°D > states because it has better collisional
properties (a |>D > state is less stable than a |°S > state) and the light shift on |°Sy >
is estimated to be twice the one of the [°D > states [43]. Therefore through [°Sy > we
can accumulate more atoms and for longer. The optimisation of the accumulation of
metastable atoms is studied in detail in [54].

Dark Spot

To help the accumulation process we use a dark spot technique [55]. On the light path
of the repumping transition we place a wire. We then image the wire on the atoms.
This results in a dark spot at the position of the MOT. We then overlap the dark spot
with the 1D FORT. Only metastable atoms that are in the MOT region but not in the
1D FORT will be sensitive to this light. Thus metastable atoms which are not in the
1D FORT (because they had too much energy for example) will re-enter the cooling
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Figure 1.5: Spectrum analysis of the RF produced by the VCO driving the IR AOM
for different controlling voltage sources. a) The spectrum using the internal source. b)
Spectrum using our cleanest external source: a Delta Elektronica generator. ¢) Spec-
trum using the Delta Elektronica generator filtered with a low pass filter, attenuating
the background noise.
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Figure 1.6: a) In Situ absorption image of the 1D FORT. b) Integrated line profile.
Both a) and b) illustrate the ”two parallel” traps mentioned in the text.
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Figure 1.7: Trapping frequency measurement. We modulate the trapping light power
for 200 ms at a frequency w. This modulation induces heating when w matches twice
the trapping frequencies [52].
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cycle and have a greater chance of being accumulated in the 1D FORT. For an optimal
Dark Spot alignment, this technique enhances the 1D FORT loading by 20%.

Radio Frequency sweeps to cancel out the m; dependence of our loading
scheme

Accumulation is performed in a 1D Far Off Resonance Trap. Unfortunately, only
metastable atoms with mg > 0 will be trapped in this configuration because of the
magnetic field applied during the MOT: metastable atoms with m, < 0, which are
high field seekers, are expelled by the magnetic force along the propagation axis of the
1D FORT. We use fast linear radio-frequency sweeps to flip the spins of atoms at a fast
rate. This averages out the magnetic forces and optimizes the accumulation in an 1D
FORT from a MOT. The potential experienced by a metastable atom in any Zeeman
sub-level is solely the 1D FORT, thus this procedure allows for trapping all magnetic
sublevels [42]. This technique does not affect the properties of the MOT since the
optical pumping rate is much greater than the sweeping rate. Cancelling the magnetic
forces increases the number of atoms loaded in the 1D FORT by a factor of up to two.

Repumping dark states

Once the 1D FORT is loaded with metastable atoms, we turn off all light relevant for
the MOT (ZS, MOT, and TC beams). Atoms can now safely be transferred to |7S3 >.
We apply repumper beams for 200 ms between each metastable state and state |"P; >
(see Table 1.3 for typical transition probabilities). We typically load 1-2 x 10° atoms
in the 1D FORT at 120 uK.

Polarization

After the repumping process, atoms are in the electronic ground state |"S3 > and are
distributed over all the Zeeman states. We then optically pump atoms in the Zeeman
ground state. We apply with the 427.6 nm laser a retro-reflected o~ pulse on the
J-J |"S3 > — |"P3 > transition for 5 us in the presence of a 2.3 G magnetic field.
Atoms are pumped in the lowest energy state |"S3, ms = —3 > and can no longer suffer
from losses associated to dipolar relaxation collisions. These collisions transfer internal
magnetic energy into kinetic energy and would heat up a system which we intend to
cool [56]. We are now ready to proceed to cooling atoms to degeneracy through the
efficient forced evaporation process.

”Making and Probing a BEC” [57]

Evaporation ramp

Once the atoms have been pumped to the Zeeman ground state, we rotate a wave plate
in front of a Polarizing Beam Splitter (PBS) which is on the optical path of the IR
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Figure 1.8: Sketch of the voltage ramp sent to the AOM of the IR beam in order to
efficiently load Cr atoms in the ODT, load the dimple, evaporate, and reach BEC.

trapping beam. This results in a transfer of the IR light from the horizontal beam to
the vertical beam and creates a dimple. As the dimple is loaded, we reduce the IR
power in order to produce forced evaporation of the atoms. The most energetic atoms
escape the trap as the trap depth is lowered, and the atomic sample can rethermalize
at a lower temperature [58, 59]. We show the experimental ramp Fig.1.8.

Control system

All the operations performed during an experimental run are controlled by a Labview
program. This program has been optimised over the years. The program defines
the output of two analog cards and one digital card. The different cards are kept in
synchronisation by the internal clock of the digital card of frequency 20 MHz. This
allows a good synchronisation for over a minute (an experimental sequence is typically
30 s) and can program times as short as 1 us. The digital card also defines temporal
steps of variable length. At each temporal step, TTL signals are adapted to the desired
output and command different instruments (AOM, shutters,power supplies,...). The
analog cards are able to generate signals between -10 and 10 V which can be modified
discontinuously, or continuously by programming a linear ramp. We show in Fig.1.9
some of the experimental ramps that the control system executes in order to produce

a BEC.

The image taken at the end of the experimental ramp is sent, via another Labview
program, to a commercial analysis program IgorPro. It is from such images that we
are able to extract most of the different physical properties we are interested in.
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Figure 1.9: Cartoon depicting the experimental sequence.

Imaging system

We have at our disposal an absorption imaging system which is shown Fig.1.10 and is
described in detail in [60]. It images the gas along the vertical y axis onto a pixelFly
camera. This camera is a 12 bit 1392x1024 pixels with a quantum efficiency of 50%
at 425 nm. The actual size of a pixel is 6.5 yum. Our imaging system comprises a X 3
telescope meaning that the size of a pixel on our image is 2.2 ym. The resolution Az
of our system is fixed by the aperture D and the distance f of the atoms from the first
lens (L1):
1.22)\f
Ax = D (1.1)
An upper limit to the experimental resolution of this imaging system was set by
performing a Point Spread Function like measurement. We fit the intensity distribution
of two BECs in situ, separated by a distance a, by the sum of the two gaussian functions.
We may extract from this procedure an effective aperture for our imaging system,
from which we extract the estimate of our experimental resolution. We obtained an
experimental resolution in the order of the diffraction limit: Ax ~ 2um.

Atom calibration

In our experiment we estimate the number of atoms of an experimental sequence from
an image formed by two pulses of resonant light at weak light intensity (I << Is). In
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Figure 1.10: Scheme of the imaging system (Top view).

this regime, we can evaluate the number of atoms through Beer-Lamberts law:
dl =noldz (1.2)

where dI is the absolute variation of the light intensity I while crossing an atomic
sample of thickness dz, density n, and cross section . The atom number can be
assessed through the normalisation condition ffooo n(x,y, z)drdydz = N.

For a thermal gas, the density distribution follows a Boltzmann distribution. There-
fore we fit the integrated atomic distribution by

ne(T,y) = ne,e g w§ (1.3)

with n., the integrated peak density, and w; the 1/e size of the gas in direction 7. In a
3D harmonic trap the size, the size of the thermal cloud along direction ¢ is

2kgT
Wi .0

s = 2
mwi

(1.4)

with m the atomic mass, T the temperature, and w; the trapping frequency along
direction z. When all trapping potentials are removed, the thermal gas will expand
following

2kgT
w;(t) = \/wfo—l— :; t2 (1.5)
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where t corresponds to the time of free expansion of the gas between the moment
trapping potentials were turned off and the imaging pulse (commonly referred to as
Time Of Flight TOF). The size of the thermal gas thus gives access to the temperature
T.

A Bose Einstein Condensate on the other hand follows a bi-modal distribution at
T # 0. In a 3D harmonic trap, when the interaction energy is greater than the kinetic
energy, the distribution of condensed atoms follows the Thomas Fermi distribution and
at T=0 we have:

ZEZ y2 ZQ
T y z

with ny = % the peak atomic density, pu the chemical potential of the gas, ¢ the

interaction strength, and R; = % is the Thomas Fermi radius of the condensate

in direction 7 [61]. Once the trapping potentials have been switched off, the expansion
of condensed atoms follow the scaling laws established in [62]. Non-condensed atoms
approximately follow the Boltzmann distribution as described above. The temperature
of the gas can be extracted through the width of the distribution of non-condensed
atoms or by the condensate fraction as will be discussed in chapter 5.

1.5 A new imaging system

We have implemented two different Stern-Gerlach procedures which enable us to sep-
arate the different spin states before imaging them.

One Stern-Gerlach method consists in turning off the vertical trapping light beam,
and letting the gas expand in an optical horizontal trap with a small magnetic gradient
of approximatively 0.25 G-cm™! along the tube, which spatially separates the different
Zeeman states. We apply a small gradient such that the magnetic field experienced by
all the atoms is small enough, so that all are almost equally resonant with the absorption
imaging process. This results in an accurate measurement of the atomic distribution
in different spin states. Our imaging axis and the horizontal trap in which the atoms
propagate have a slight angle between them (of &~ 7°). Combined with the fact we apply
a small magnetic gradient, a 50 pum separation between two adjacent spin states (which
is sufficiently large so that we can differentiate the different clouds) takes typically 40
ms. This long expansion time renders impossible a time of flight measurement at
the end of spin separation since the atomic density becomes too weak. This imaging
technique was used for the experiments presented in chapter 3 and chapter 7.

A new imaging system along the vertical y axis was conceived during my thesis. It
was installed vertically so that we have a new imaging axis. It is also orthogonal to
the direction of the 1D FORT, and combined with a high resolution imaging and a low
noise camera it could allow for measurements of spin textures (in the spirit of [63] for
example). Also the spin separation axis and the new imaging axis are orthogonal. This
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means the spatial separation of the different spin states can be achieved quickly (access
to momentum distribution) and we developed tools in order to accurately measure
spin population of each state. This imaging technique was used for the experiments
presented in chapter 5 and chapter 8.

1.5.1 New imaging set up

Fig.1.11, shows the experimental setup of the new imaging system. The absorption
light beam impinges the bottom and top glass cell with a slight angle of 7°. The
optical system that follows is a one to one telescope followed by a 7.5 magnification
telescope. The first telescope is a "relay system” and translates the image by 4f. The
resolution of the optical imaging system is defined by the diffraction limit of the first
lens L1'°. The diffraction limit of an aperture of diameter D at a distance [ of a point
object is

Al
Axr =122 x —. 1.
T X D (1.7)

In our optical system the mirror M1, which collects the coherent forward field of the
atomic sample and sends it to the optical system, is smaller in one spatial direction.
The diameter of the first lens is D=50.8 mm and it is at the focal distance {=200 mm
of the atoms. The collecting mirror is at approximatively 100 mm from the atoms and
has a diameter of d=25.4 mm. The effective size of the mirror in the z direction is
d x cos(45°). The resolution of our optical system is necessarily different along these
two orthogonal directions. The diffraction limit is 2 ym along the = direction and is 3
pum along the z direction (eq.(1.7)).

The mirror cannot be placed any closer to the atomic gas (because of the presence
of the MOT coils) and cannot be any larger. Along the vertical axis there are many
trapping beams: the vertical MOT beam (A =425 nm), optical lattice beams (A =532
nm), and the vertical optical dipole trap (A =1075 nm). A bigger mirror would block
one of these beams.

The second telescope is composed of a divergent lens L3 of focal length -20 mm and
a convergent lens L4 of focal length 150 mm. The magnification of this telescope is 7.5
and was chosen so that the smallest resolved object would match the pixel size of the
camera.

The camera used for the imaging system is an Andor camera''. It has high sen-
sitivity for light at 425 nm, with a quantum efficiency of approximatively 0.9 due to
back illumination [64]. It can be cooled down to —100°C, which is critical for reducing
the dark current detection limit. It has 512x512 pixels of 16 by 16 um size. It is a
single photon sensitive camera which has an electron multiplier feature with very little
electronic noise. The electron multiplier feature is particularly relevant in the case of

0when no aberrations are considered
1 Andor Ixon ultra 3
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Figure 1.11: Setup of the new optical imaging system (adapted from [37]).

fluorescence imaging. The photon signal and dark current can be multiplied, but the
electronic noise is not. Therefore this process may lead to a substantial gain in signal
to noise ratio. This is not the case for absorption imaging: the electron multiplier stage
increases in the same manner the atomic signal and the noise of the image. Therefore
the signal to noise ratio is not modified.

The Fast kinetics mode enables fast temporal resolution and relies on fast frame
transfer of the image. The sensor of the camera can be divided in N parts. One of the
parts is exposed to the light pulse for the image while the other N — 1 are protected
from any photons (so that stored parts are not perturbed by any background photons).
The imaged part is then transferred to be stored while another part is exposed for the
image and so on until all the N parts have been imaged. Each image is therefore
decomposed in N images of % x 512 pixels. We found that dividing the camera in
2 parts is optimal for our 2 pulse absorption imaging protocol: one part is dedicated
to the light pulse when atoms are present and the second part for the background
light pulse. In our absorption imaging process, the information contained in the image
part of the sensor is transferred to the storage part at a speed of 1.7 us per line. The
time between two light pulses can therefore be as short as 1.7 x 256= 435.2 us and
in practice is 600 us. This short time reduces the delay between the absorption image
and the reference image, which lowers the amount of fringes (see below).
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1.5.2 Stern-Gerlach analysis

To image both momentum and spin distribution simultaneously we developed a Stern-
Gerlach analysis like imaging protocol. We turn off all trapping lights and let the gas
expand for a 6 ms Time Of Flight (TOF). During this TOF, we pulse a magnetic field
gradient along the Zeeman direction. In order to apply this gradient as fast as possible,
15 ms before turning off all trapping lights we send the maximum voltage command to
the MOT coils while their switch is off. The integrated error associated to the current
control of the power supply is saturated at the moment when we turn the switch on.
This results in obtaining a large current pulse in a faster manner than without this
"trick”. The value of this gradient evolves during the TOF due to induction in the
coils and eddy currents. From the separation of the spin states we can estimate an
average value of the magnetic gradient of approximatively 3.5 G-cm™! present during
the TOF.

In an absorption imaging process, two light pulses are needed. The first light pulse
is produced with atoms present and is called the absorption image. The second light
pulse is produced with no atoms present, it serves as a reference image for the intensity
and we shall refer to this image as the reference image. The image from which we
analyze our data results from the division of these images. It is crucial that no atoms
are present in the reference image since it would underestimate the number of atoms.
At first, we noticed that atoms appeared in the reference image. This is because when
the Andor camera is in ”Fast Kinetics mode” the time between the two light pulse (~
0.7 ms) is so short that atoms are still present during the second light pulse. In order
to remove all atoms after the absorption light pulse, we shine the 427 nm beam along
the x axis while blocking the retro-reflection to efficiently push the atoms away.

We show in Fig.1.12 an example of an image obtained with this procedure. The
color code is such that in red we have the signal corresponding to the highest absorption
and in green the lowest one. On the integrated signal, we may distinguish 7 atomic
clouds along the left to right diagonal. The leftmost atomic cloud corresponds to the
ms = —3 cloud and the one on the far right the m, = +3 cloud.

Imaging calibration

Atoms in different spin states are not imaged with the same efficiency. At non zero
magnetic field, even though spin states of the same electronic state are equally separated
in energy (°2Cr has no magnetic quadratic Zeeman shift), the transitions between the
electronic ground state and the excited states are m, dependent. This is due to the
difference in Landé factor in different electronic states (grg, = 2 and grp, = 7/4 ). The
imaging pulse can only be resonant for a given my, the other spin states are therefore
imaged with off resonant light. Moreover, a different Clebsch-Gordan coefficient is
associated to each transition. Even though the absorption pulse is designed to optically
pump atoms towards my; = —3 during the imaging pulse, we find that in practice we
do not measure as well atoms in m, # —3: the imaging pulse is not long enough
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Figure 1.12: a) Absorption image of the atomic sample after the new Stern-Gerlach
separation method after having applied a 7/2 RF pulse to a BEC in ms=-3. The color
code is such that in red we have the signal corresponding to the most absorption and
in green the least. Our image clearly shows 5 distinct atomic clouds along the left
to right diagonal. b) Doubly integrated optical density along the red line of a). The
position of the different m, states are indicated. The integrated lineprofile enables us to
distinguish another two (small) atomic clouds. The leftmost atomic cloud corresponds
to the my = —3 cloud and the one on the far right the my = +3 cloud.
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(Tputse < Topt.pump.), because in practice longer imaging pulses results in heating and
less signal to noise.

When the absolute population of each spin state is crucial (e.g. in the experiments
of the second part of chapter 8), we attribute correcting coefficients to each spin states
in order to determine correctly the atom number of each spin states. The procedure
used to determine these coefficients is presented in section 8.4.

1.5.3 Image analysis: fringe removal

In addition to photon shot noise, dark current noise and electronic readout noise,
absorption images suffer from fringes. These fringes arise from the fact that small
vibrations of optical elements give rise to fluctuating fringe patterns between the ab-
sorption and reference images, resulting in imperfect cancellation between the intensity
pattern of the first light pulse with the second light pulse. These fringes can be greatly
reduced thanks to a fringe removal analysis developed in [65].

In a typical set of measurements, one has many absorption images and many refer-
ence images. The basic idea of the fringe removal analysis is that the intensity profile of
the reference image is not necessarily the intensity profile which matches best the one
of its corresponding absorption image. For each absorption image, the algorithm finds
the associated optimal reference image, which is a linear combination of all reference
images of the given set. To find the weight ¢, of each reference image k£ in the opti-
mal reference image, the algorithm finds the set of ¢, that minimizes the least square
difference between the absorption image and the optimal reference image.

This technique reduces the noise in fringes dramatically for a set of a few reference
images. In principle, the more reference images IV, the better the optimal image one
achieves but the longer calculation time is needed. In practice, a set of data with 50
images gets rid of the fringes and is not too time consuming. This technique also has
the benefit of reducing dark current, electronic, and photon noise by a factor v/2 at
best (for N — oo and if all images are weighted the same). For example, let us consider
photon noise. To each image ¢ there is an associated shot noise o;:

o < /1 (1.8)

with n the number of photons on an image. The shot noise associated to the optimal
reference image o, is the average of the shot noise of all reference images:

N
Z Ok
Oopt = N XX

k=1

(1.9)

=

For large N, o,: — 0. However, the shot noise associated to the absorption image
remains.

We show in Fig.1.13 an example of absorption image obtained via this procedure
employing 100 images. Underneath each image, is the same integrated line profile of
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Figure 1.13: Top: Images of the atomic sample with and without the fringe removal
algorithm. Bottom: Integrated signal along the red line (same position for both images)
where no atoms are present. The image without this algorithm has up to a factor of 6
more noise.

the image. As one can see, the algorithm is efficient in removing the fringes. Moreover,
the average mean standard deviation for the ”optimal” images is typically 20% smaller
than without the algorithm.
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CHAPTER 2

Loading an Optical Dipole Trap with *3Cr
atoms: a first step towards producing a
Chromium Fermi sea

In this chapter, I will describe the experimental setup we implemented in order to load
as many >>Cr atoms in a 1D FORT as possible. We followed the same strategy as
for the boson: we load atoms directly in a 1D FORT from a %*Cr MOT implemented
by a new laser scheme, used metastable states in order to protect the atoms from light
assisted inelastic collisions, repumped them in their electronic ground state and optically
pumped atoms in the lowest Zeeman state so that the sample is ready for evaporation.

2.1 Introduction

Ultracold fermionic gases with long range interactions are an appealing system since
for cold polarized Fermi gases the long range interaction is the leading interaction term.
In 2006, the team produced a simultaneous MOT of bosonic and fermionic chromium
atoms [39]. The fermionic setup has since then been put aside in order to progress on
the bosonic sample. The main reason is that it is a real technical challenge to produce
large samples of ultracold chromium atoms and a new laser system was needed.

In 2012, the first degenerate atomic dipolar Fermi gas was produced with Dy atoms
[66], followed by a degenerate dipolar gas of Er [67] and the production of cold molecules
with strong electric dipole moment [32]. In the following, we shall describe the new
laser system dedicated to producing a **Cr MOT and the route we used to perform an
efficient loading of >3Cr atoms in an 1D FORT.

To produce a 3Cr Fermi sea, we need to accumulate the largest amount of *3Cr
in the 1D FORT. To achieve that, we followed the route used in a previous work
where the loading of a 52Cr gas in an 1D FORT was optimized [54]. The optimization
process relies on direct loading of the 1D FORT with atoms in metastable states. These
atoms are produced by optical leaks from a MOT. The corresponding fermionic setup
is implemented in order to be independent of the bosonic setup.

In the following, we will describe in detail the optimization of the fermion MOT.
Then we analyze the loading of metastable fermionic atoms in the 1D FORT presenting
in particular our measurement of new spectral lines of **Cr. Finally we describe the
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optimal experimental sequence for producing a chromium Fermi sea.

2.2 Producing a *>Cr MOT

2.2.1 Laser system

In 2006, the team produced a simultaneous MOT of bosonic and fermionic chromium
atoms [39]. In the setup, they used the same laser to produce cooling light for the
boson and for the fermion. From there on, the team cooled to degeneracy the boson
[43] and to do so, all laser power was devoted to cool the boson. We therefore set up
a whole new laser system specifically dedicated to the cooling of the fermion (Fig.2.1)
so that the setup of the boson could remain unchanged.

Fig.2.2 shows the energy level diagram for 3Cr. We use the |"S3 > — |"P; >
(A =425.553 nm) transition to decelerate **Cr atoms in a Zeeman Slower (ZS) and to
cool and trap them in a MOT.

The Ti:Sapphire laser

At the time when the laser system was purchased, there were no commercial diode
systems available at the correct wavelength and with sufficient laser power in order to
perform cold atom experiments. To meet our needs, the team followed the same path
as for the boson, that is frequency doubling a Titanium Sapphire laser. We pump a
Ti:Sa! with 15 W of a Verdi laser V18 and are able to produce 3.5 W of laser light
at 851 nm (this yields a 22% conversion efficiency). We stabilize the frequency of
Ti:Sa2 by locking it to an ultrastable Fabry Pérot reference cavity which is described
in detail in [68, 54]. The stability of this cavity allows frequency locking with an
accuracy and stability better than 1 MHz. We use a Pound Drever Hall [69] technique
to lock Ti:Sa2. The laser beam goes through an Electro Optic Modulator (see Fig.
2.1) which implements two sidebands to the carrier frequency which are reflected from
the ultrastable cavity into a photodiode. The absolute frequency of the laser Ti:Sa2
is measured by beating Ti:Sa2 with Ti:Sal on a fast photodiode. We lock the Ti:Sa2
laser 112 MHz to the red of the Ti:Sal laser.

The doubling cavity

The Ti:Sa2 laser frequency is then doubled with an efficiency of 20% in a doubling
cavity MBD produced by Coherent. We then have at our disposal 800 mW of 425.5
nm light which we separate in four beams. The beams are then shaped and shifted in
frequency (with lenses and AOMs) depending on the needs and then coupled to the

Lcalled Ti:Sa2 from now on to avoid any confusion with Ti:Sal which is dedicated to the Boson
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Figure 2.1: Scheme of the fermionic table.



2 Loading an Optical Dipole Trap with ®2Cr atoms: a first step towards producing a

30 Chromium Fermi sea

—~ F=7/2
7
P4 Yy F=9/2
- x F=1172
\
A\
\\
\
7 \
P3 \ \\
e i LR CAY CEEEEE TR
P o kE=g;2 0\ gT“
EX ANEEEAN 2
RN g
\ A)
£ R 5
3 F=gg — Dy
[aY] . *
N F=11/2%
g \ £
1S \ &
§ \\ 2
Y 5
o v TN
g a4 \_“‘ \“‘ X D3
o L
& 3
P ; 5
£ F=7/2 = &
@ 5
g Sy
[@]
(@]
O
, F=5/2
S3 F=7/2
F=9/2

Figure 2.2: Atomic Structure of **Cr. In blue we show the transitions necessary to
produce a fermionic MOT (cooling and trapping beam, R1 and R2) and the Depumper
beam. In dashed red lines we illustrate the main decay lines from the excited states to
metastable dark states. In red the transitions to repump atoms back in |7.S5 >.
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main optical table through monomode polarizing maintaining fibers?(see Fig. 2.1).

2.2.2 Zeeman Slower

As discussed earlier for the boson, the fermionic atoms emitted by the oven are decel-
erated by a ZS. At the exit of the oven, the populations of the fermionic isotope are
equally distributed into the 28 Zeeman sublevels of the four hyperfine ground states.
Only atoms in the |F' = 9/2mp = 9/2 > Zeeman sublevel will be slowed down in the
ZS.

The ZS is optimised for the bosonic |"S3,J = 3,m; = 3 >— |"P;,J = 4,m; =
4 > transition, and therefore the magnetic field profile should also be optimal for the
fermion transition |7Ss, F' = 9/2,mpr = 9/2 >— |"P;, F = 11/2,mp = 11/2 >. Indeed,
the energy difference between |"P;, F = 11/2,mp = 11/2 > and |"S3, F = 9/2,mp =
9/2 > is exactly the same than for |"P),J = 4,m; =4 > and |"Ss,J = 3,m; = 3 >.
The reason for that is that these are Zeeman states that are pure eigenstates of the
system (these stretched states are eigenstates to the hyperfine Hamiltonian and to the
Zeeman Hamiltonian).

Therefore we just need to add to our setup a o beam?® on the |'S3, F = 9/2, mp =
9/2 >— |"Py,F = 11/2,mp = 11/2 > transition in order to slow fermionic atoms
which were in "S5, F = 9/2, mp = 9/2 >. We find that 200 mW of light red-detuned
by 453 MHz from resonance optimizes the fermionic ZS (as for the bosonic transition,
see Table 2.2).

Along the Zeeman slower, there is a value of the magnetic field (B=25G) which
makes the two atomic transitions |"Ss, F = 9/2,mp = 9/2 >— |"Py, F = 9/2, mp =
7/2 > and |"S3, F = 9/2,mp = 9/2 >— |'P), F = 11/2,mpr = 11/2 > degenerate
[39, 50]. A slight ¢~ component in the Zeeman slower beam is sufficient to accumulate
atoms in the state |7Ss, F = 7/2 > as shown in Fig. 2.3. These atoms will no longer be
sensitive to the cooling beam and will be lost. The frequency of the repumper needed
is very close to the 52Cr ZS beam frequency and we will use that beam to repump the
atoms back into the cooling transition.

To slow efficiently the atomic flux of 33Cr we will use a *3Cr ZS beam and the *?Cr
7S beam acting as a repumper.

2.2.3 Transverse Cooling

To increase the atomic flux which reaches the MOT capture region we implemented
horizontal and vertical transverse cooling beams as for the bosonic setup. Their role

2Schifter+Kirchhoff PMC-E-460Si-4.0 (transmission efficiency of typically 75%) and Thorlabs 973-
579-7227FTO30 transmission efficiency of typically 60%

3 Actually, the magnetic field profiles crosses B=0 along the ZS. The ZS is first ¢ and then 0~. To
simplify the discussion, I consider that the laser light is o1 along the ZS but the discussion remains
correct.
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Figure 2.3: °3Cr Zeeman slower mechanism for the magnetic field which makes the
two atomic transitions |7S5, F' = 9/2,mp = 9/2 >— |"Pi,F = 9/2,mp = 7/2 >
and |"S3, F = 9/2,mp = 9/2 >— |"P,, F = 11/2,mp = 11/2 > degenerate. A
small o~ component in the ZS beam can accumulate atoms in F=7/2 where they will
no longer be resonant with the ZS beam. These atoms can be repumped back into
|FF=9/2,mp =9/2 > using the ZS 52 beam (grey arrows). Image taken from [50].

is to collimate the atomic beam and increase the number of atoms which reach the
MOT capture region. Contrarily to the bosonic case, the beams for the MOT and
transverse cooling are independent and optimization of their frequencies and power
was performed. We found that 100 mW of light red-detuned by 6 MHz from resonance
optimizes the TC process at the B field used to optimize the >2Cr MOT in the transverse
cooling setup. For the same reason as for the fermionic MOT (which I describe in the
next section), a repumper is needed and the bosonic transverse cooling beam is used
to perform that task.

2.2.4 The MOT

The main difference in atomic structure between the bosonic and fermionic isotope
comes from the fact that the fermionic isotope has a non zero nuclear spin (I = 3/2)
which leads to a hyperfine structure, see Fig.2.2. This hyperfine structure introduces
an extra "leak” in the cooling cycle compared to the boson. Indeed, there is a non-
zero probability that an atom in |7Ss, F' = 9/2 > will absorb a photon of the cooling
light and be promoted to |"P;, F = 9/2 >. From there on the atom can decay to
|"S3, F = 7/2 > and exit the cooling cycle. We repump these atoms back into the
cooling transition by applying a laser, called Repumper 1 (R1), on the |"S3, FF = 7/2 >
— |"Py, F = 9/2 > transition. Atoms can no longer accumulate in |7Ss, F' = 7/2 >,
and can only accumulate in |"S3, F = 9/2 > or |"S3, F' = 5/2 >. We can then again
use a repumper beam to prevent atoms from accumulating in |"S3, F' = 5/2 >, this
time the beam (Repumper 2) is resonant with the 7S5, F =5/2 > — |"P,, F =7/2 >
transition. The presence of the R1 beam for a MOT is essential: without it we do
not have a MOT. The R2 beam increases the number of atoms by 20%. We did
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not implement a third repumper beam on the |7S5, FF = 3/2 > — |"P;, F = 5/2 >
transition, since we believe its contribution should be marginal given that the effect of
R2 is modest.

The frequency of the R1 beam is very close to the frequency for the 52Cr MOT
frequency, therefore we use the same laser beam for the 2Cr MOT and for the R1 of
the 3Cr MOT. R2 is not very close to any of the pre-existing beams and is obtained
with a set of AOMs (Fig. 2.1). The R1 repumper beams are overlapped to the fermionic
MOT beam, and are eventually separated in 6 beams. The fact that the R1 beams
are overlapped with the MOT beams helps produce an optimum MOT. Indeed, a
configuration with only one vertical beam for R1 pushes the MOT and a retro-reflection
of this vertical beam produces only a small MOT. Our interpretation is that overlapping
R1 with the MOT beams is optimum for two reasons: (i) the intensity of R1 is large®
and a MOT configuration ensures a mechanical balance and (ii) because R1 contributes
to cooling due to the small hyperfine structure of |" Py >.

2.2.5 MOT characteristics

To monitor and optimize the MOT parameters, we use fluorescent imaging with our
Pixelfly camera. The camera counts the number of photons received during its integra-
tion time 7;,,. To observe the MOT continuously, we use a commercial program called
”CamWare” which enables a false color representation of the fluorescence.

The number of atoms N in the MOT is related to the number of photons Ny,
received by the camera through the scattering rate Rg..;. The scattering rate gives the
number of photons scattered in all directions by an atom under radiation:

QQ
r_ oy
207 + 7 + 82

RScat(Qa(S) = (21)

where I' is the width of the excited state, J is the detuning between the frequency of the
MOT laser beams and the atomic resonance, 2 = I', /?It is the Rabi frequency, and

C? is the averaged squared Clebsch Gordan coefficient over all the Zeeman sublevels
of the ground state for a given light polarization.

The number of photons received by the camera is not directly proportional to the
number of atoms in the MOT. At constant N, the photon number can increase just by
reducing |J| or increasing 2. We fixed the resonance frequency to be the frequency of
the absorption pulse which maximizes the optical denisty of the MOT.

We then optimized the number of atoms in the MOT to 1.2 x 10°. This number
is slightly lower than the one obtained in 2006 (see Table 2.1), but the fraction of
Ns2¢, /Nss, is similar which makes us confident that we have optimized the MOT and
the global Chromium flux is just lower. It also must be considered that at the time

4bhecause it is also the *2Cr MOT beam
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of the double MOT experiment [39] it was the number of atoms in the MOT which
was optimized, whereas now it is the number of boson atoms loaded in the 1D FORT
which is optimized. This suggests that the number of bosons Ns2¢, in the MOT could
be larger and therefore we would have closer Ns2¢,./Nssc, values to the historical value.
For comparison I list the number of atoms in the MOT of the different isotopes for the
different years:

2006 2013
Noacy  |(A£0.4)x10° | (1.2£0.2)x10°
Noscy  [(2£0.2)x10° | (12£0.2 )x10°

Nozgy/Nuscy| 20 4 10 +2

Table 2.1: Comparison of the number of atoms in the MOT of different species with
the time when the team first produced a double MOT

2.2.6 Optimal trapping laser parameters

We indicate in Table 2.2 the parameters of the blue laser beams we use to produce the
fermionic MOT: maximal intensity, waist, and detuning from the *3*Cr atomic resonance
|FF'=9/2 > — |F = 11/2 > at zero magnetic field. These values correspond to an
optimization of the number of atoms loaded in the 1D FORT (see below), based on the
following procedure. The sizes of the bosonic beams were optimized for the production
of the BEC, we optically shaped their fermionic counterparts to reach the same size.
The size of R2 has been optimized. The repartition of power between the three bosonic
beams (MOT, ZS and TC) is the one optimizing BEC production. The repartition of
power between the four fermionic beams (MOT, ZS, TC and R2) has been optimized
to maximize the 1D FORT loading. As for the frequencies, all of them have been
optimized for fermionic loading except the one of ZS 52, which provides best BEC
production.

2.2.7 Overlapping fermionic beams on the bosonic beams

There are, to my knowledge, three standard ways to perfectly overlap two beams
together: with a dichroic mirror, a 50/50 plate, or with a Polarization Beam Splitter.
A dichroic mirror works when the wavelength of the different beams are different. A
50/50 plate works when you are ready to lose half of your optical power. A PBS is a
good way of overlapping beams when the polarization of the beam is not an important
issue.

Here we want to align the fermion beam on the boson beam. They have almost the
same frequency and a dichroic mirror is out of the question.
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Beam J Io(mW-cm™?) w (mm)
MOT 53 | -12 MHz 189 4.5-5.2
R1 MOT 53(-324 MHz 140 4.2-4.5
R2 MOT 53([-530 MHz 23 3.8-4.1
ZS 53 -453 MHz 430 Not collimated
7S 52 -766 MHZ 180 Not collimated
TC53 -6 MHz 80 2.8-14
TC52 -324 MHz 16 2.8-14

Table 2.2: Summary of the different beams, with their waist w, peak intensity I
(defined as Iy = % with P the beam power) and detuning ¢ from the **Cr atomic
resonance at zero magnetic field, leading to the best fermionic 1D FORT loading.

For the ZS and transverse cooling, the polarization of the beam is crucial, therefore
a PBS wouldn’t work. A 50/50 plate would make us lose power for the boson and the
fermion and we can’t spare to lose any optical power. The solution used here was to
align the fermionic beams with a slight angle compared to the boson beam.

The MOT beam is recombined with the bosonic beam on a 50/50 mirror. There
was already a 50/50 mirror on the bosonic MOT path to separate the beam in two: one
for the horizontal plane and one for the vertical plane. We therefore recombined the
fermion beam with the boson beam on the 50/50 mirror. Finally, as the polarization

of the R2 beam is not relevant we therefore recombined this beam with the fermionic
MOT beam on a PBS.

2.2.8 Need of light protected reservoirs

Our experiment produces independently a *?Cr MOT of a few 10% atoms at approxi-
matively 120 uK (= Tpoppier) and a >*Cr MOT of 1.2x10° atoms presumably at the
same temperature. The typical number of atoms trapped in both MOTs is quite small
compared to other species (such as Rb or Na where MOTs can have up to 10'° atoms
see for example [70]), due to large light assisted collisions between atoms in the ground
state and atoms promoted to an excited state by light [50]. The light assisted colli-
sion rates are estimated at 6x1071%m?3.s7! for the boson and 5x10 %cm?.s~! for the
fermion [50] which is typically one to two orders of magnitude worse than for alkalis.
Direct accumulation of atoms in the ground state |S3 > from a MOT into a conser-
vative trap where evaporation could be performed is inefficient and leads to typically
1 x 10* fermions loaded in the 1D FORT. This is due to light assisted collisions. We use
dark metastable states as reservoirs where atoms can be accumulated in the 1D FORT.
Atoms in metastable states are not sensitive to the MOT light and are protected from
light-assisted inelastic collisions. After the loading of the 1D FORT with metastable
atoms is complete, repumping to the electronic ground state |"S3 > defines the starting
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point for evaporation.

In addition to the light force from the 1D FORT, atoms in metastable states are
sensitive to magnetic forces created by the MOT gradients. As described in [42],
cancellation of these forces by use of fast radio frequency sweeps allows to significantly
increase the number of atoms loaded in the 1D FORT. This technique provides the same
benefit in the fermionic case, typically a factor two in the number of atoms loaded in
the 1D FORT.

The next section describes our study of the loading of the 1D FORT with *3Cr
atoms.

2.3 Loading metastable >*Cr atoms in the 1D FORT

To produce a BEC, the use of |°D > metastable dark states as a reservoir was not
sufficient. A large inelastic collisions rate between atoms in [°D > of the order

Bégg)_w = 3.5 x 107tem?3-s7! [54] prevents from accumulating enough atoms to reach
degeneracy with evaporation cooling. The solution was to use another metastable state
as a reservoir, |>S, >, more favorable for accumulation. Atoms can be accumulated in
>S5 > through leaking from the excited state |"Ps; >. This was a real breakthrough in
increasing the atomic number since the inelastic collision rate is smaller than in [°D >:

6%2_)55 = 1.6 x 107'*em?-s7!. In addition, the light shift for this state is larger than
for the |>D > states for the wavelength of the 1D FORT which results in a deeper trap
[43]. Using accumulation in state |°Sy > allows us to load about 10° bosonic atoms in
the 1D FORT, where evaporation can be performed and BECs of a few 10* atoms are
produced.

To reach fermionic degeneracy with sympathetic evaporative cooling, we first have
to accumulate as many %3Cr atoms as possible in the same 1D FORT where *2Cr atoms
were successfully loaded. For that we followed the same strategy as for the boson, that
is to accumulate metastable dark states in the 1D FORT, and then repump them into
the ground state. In this section we first describe the repumping laser systems that
we use. We then present our measurement of the frequencies of the different *3Cr
repumping lines of interest, which were unknown.

2.3.1 Repumping lines of metastable states of **Cr

Repumping of the different metastable states is performed through the excited state
|"P3 > (see Fig.2.2). We use three different red laser diodes, with an extended cavity
scheme using a grating to ensure selective retro-reflection, and a monomode regime.
The wavelengths are respectively 663.183 nm, 653.973 nm, and 633.183 nm for repump-
ing the bosonic |°Dy >, |°D3 > and |>S, > states.

From the |"P; > state, population of the |°Dy > state is possible, but the study in
[54] showed that repumping this state does not lead to better loading of the 1D FORT
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with ®2Cr. We therefore assumed that the gain would be marginal as well with *3Cr
and we did not study repumping from this state.

The first step to optimize the 1D FORT loading was to find the repumping lines
of Cr atoms. The transition frequencies for repumping the atoms from metastable
states to the ground state are isotope-dependent because of the hyperfine structure
of *Cr, and isotopic shifts. The isotopic shift is the difference in frequency for a
given transition between the two isotopes assuming a zero hyperfine splitting. For the
fermionic isotope, the value of the isotopic shift is deduced from the shift between the
bosonic and fermionic transition and the HF splitting of the fermionic isotope.

Frequency stabilization of the three laser diodes is obtained by locking on a Fabry
Pérot (FP) cavity. For the 663 and 633 nm laser diodes, we use the FP cavity on which
Ti:Sal is locked: once this cavity is locked using saturation absorption, it defines an
absolute reference. For the 654 nm diode, we use the FP on which Ti:Sa2 is locked.
For all diodes, we use an AOM in a double-pass scheme, which provides a frequency
shift as large as the free spectral range of the locking cavities, to set the frequency of
the repumper beams at resonance of the bosonic lines.

For each transition, we split the boson repumping beam into two separate beams,
and shifted in frequency one of those beams by a set of AOMs to probe the fermionic
repumping transition. The two beams are then recombined and aligned on the atoms.
In the following section we present our measurement of the frequency transitions for
»Cr between the different metastable states and the excited |"P; >. The measurement
of the frequency difference between a given bosonic and fermionic transition is directly
given by the AOMs frequency shifts Af. We can then calculate the isotopic shift
associated to each transition (see below).

Repumping |°D > states

In Fig.2.4 (Fig.2.5) we show the optical system we used to produce beams for the
PDs, F =9/2> (|°Dy, F =11/2 >)— |"P3, F = 9/2 > transition.

From the MOT, 53Cr atoms naturally leak towards |[°Ds, F' = 9/2 >, |°Dy, F =
11/2 > and |°Dy, F = 9/2 >, and can accumulate in the 1D FORT. Therefore, atoms
of the 1D FORT are mainly in states |°Ds > or [°Dy >. We then turn off all cooling
lights and shine a repumper on the [°D3, F = 9/2 > (or |°Dy, F = 11/2 >)— |"P, F =
9/2 > transition to repump atoms in the electronic ground state |7Ss, F' = 9/2 >, and
we measure the atomic number by absorption imaging on that state. The frequency
which maximizes the atomic number is deduced to be the frequency which is resonant
for the given transition. The result of this experiment for the [°Ds, F = 9/2 > —
|"P3, F = 9/2 > transition can be seen in Fig.2.6.

Atoms can leak from |"Py, F' = 11/2 > towards |°Dy, F = 11/2 > and [°Dy, F =
9/2 >. We indeed measured two resonances in the case of |°D; > and we attributed
the resonance which gave the maximum atomic number to be the |°Dy, F = 11/2 > —
|"P3, F = 11/2 >. The frequency difference of 250 MHz which we found between the
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Figure 2.4: Optical setup for the |°D3, F = 9/2 > — |"P;, F = 9/2 > transition. The
fermionic frequency is shifted by 1244 4+ 10 MHz.
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Figure 2.6: Optimisation of the D3, F = 9/2 > — |"P;, F = 9/2 > transition. Full
line is a Lorentzian fit to the data. The width of this resonance is larger than the
expected width of |"P; >. We attribute this to the saturation of the transition due to
a long repumper pulse which leads to a broadening of the resonance.

two experimental transitions is in good agreement with the energy splitting between
|°Dy, F =11/2 > and |°Dy, F = 9/2 > which can be found in [71].

We measured a frequency difference A f of 1244410 MHz (1102+10 MHz) between
the boson and fermion frequency for the [°D3, F = 9/2 > (°Dy, F = 11/2 >)—
|"P3, F = 9/2 > transition. The hyperfine structure of |"P; > can be calculated from
[72], and the ones for [°D,; > and [°D3 > are obtained from [71]. The hyperfine
spectrum is shown in Fig.2.7. From the available data and our measurements, we can
deduce the isotopic shifts for each transition.

Isotopic shift calculation

In the following, I describe how we extracted the different isotopic shifts of interest.

Table 2.3 summarizes up spectroscopic measurements between hyperfine states of
different fine levels.

For an isotopic shift measurement, the level considered is a virtual level defined
as the barycenter of the hyperfine levels [74]. Let us call x the frequency difference
between the barycenter and the hyperfine level with the highest F'. The barycenter of
|°D, >, for example, can be explicitly calculated:

11 9 7
5 X2xw o X2 (04 224.827) + 5 X 2 x (o + 224.827 + 234.503)
)
+ X2 (o + 224827 + 234503 + 213.970) = 0 (2.2)
—x = —276.8 MHz. (2.3)

The values of = for each fine level are summarized in Table 2.4.
For the excited fine level of the transition considered here (i.e. |"P; >), spectroscopic
data [72] provide the values of the magnetic dipole moment interaction (A) and of
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Fine level|Investigated transition F' — F' | Transition frequency ve,, (MHz)
°D, 11/2-9/2 224.827
9/2-7/2 234.593
7/2-5/2 213.970
Dy 9/2-7/2 148.900
7/2-5/2 130.339
5/2-3/2 100.881
°Sy 7/2-5/2 608.375
5/2-3/2 434.547
3/2-1/2 260.727

Table 2.3: Zero field RF transition frequencies between hyperfine states for different
fine levels. Data extracted from [71, 73].

Fine level z
°Dy > |-276.777
°Ds > |-156.683
°Sy > |-521.462

Table 2.4: Values of x, the distance between the barycenter of the hyperfine levels and
the hyperfine level with the highest F'.

the electric quadrupole moment interaction (B) coefficients: A = —1.5 £ 2 MHz and
B = —24% MHz.

The distance between the virtual transition considered for the isotopic shift and the
level with highest F'is given by:

32K(K+1)—2[(I+1)J(J+1)
21(21 —1)2J(2J — 1)

AE = %AK +hB (2.4)

where K = F(F+1)—I(I+1)—J(J+1) and A and B are two coefficients accounting
for the hyperfine interaction. For |"P;, F' = 9/2 > we calculate AE=6.25 + MHz.

Then the isotopic shift (1.5) is simply given by:
IS =AF —x— AFE. (2.5)

We therefore deduce from all these data an isotopic shift of 1095428 MHz (833428
MHz) for the ®D3(°D4) — 7P transition.

The different frequencies and isotopic shifts related to metastable states are sum-
marized in Table 2.5 and Fig. 2.7.
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93Cr Transition »2Cr Transition Freq Shift Isotopic shift
D,F=11/2 — Py F=9/2 °Dy — Py 1242+ 10 MHz | 819 +28 MHz
5D3F:9/2 — P F=9/2 "Dy — Py 1088 £+ 10 MHz | 670 +28 MHz
5S,F=7/2 = "P,F=0/2 | 58, » P, | -685 £ 35 Mz | -155 £53 MIL

Table 2.5: Values of the frequency shift between the two repumping beams and deduced
isotopic shifts for each metastable states

L]
- L]
- X 5
_ ! D
F=9/2 V| 2768 MHz 4
F=11/m— - e p ¥ -

_— . 5
_— v [ 1567 iz D3
F=0/2 m—-- - ¥ -

Figure 2.7: Hyperfine splitting of the fermionic metastable states of interest.

Accumulating and repumping |°S; >

Atoms of the MOT do not naturally leak towards |°S; > because the excited state is
a |"P; > state Fig.2.2. In order to accumulate atoms in |°Sy, F = 7/2 >, we transfer
atoms in |"Ps, F = 9/2 > where they can decay to |>Ss, F' = 7/2 >; they also decay in
|°D > states but the transition rate for |"P; > — |°Sy > is expected to be significantly
larger than the one for |"P; > — |[°D > [44]. We call the beam exciting the |"S3 > —
|”P3 > transition at 427.6 nm the Depumper since it depumps atoms from |7Ss3 > to
|°Dy >. However, being a J — J, the transition will also serve for optical pumping
purposes (see subsection 2.3.3). For the boson, both tasks are performed by the same
beam. Due to the hyperfine structure of the fermionic isotope, a beam for each task
is necessary (see below). Fig.2.8 shows the optical table dedicated to the 427 nm
laser. The laser beam is first split into two: one is used for the boson, the other one
is dedicated to the fermion. The fermionic beam is then split into two, one beam
serves for depumping atoms in [5Sy, F' = 7/2 > and the other beam optically pumps
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Figure 2.8: Optical setup for the 427 nm laser. It provides depumper and polarization
beams for both isotopes.

|”Ss, F = 9/2 > atoms into |"S3, F = 9/2,mp = —9/2 >.

We produce a **Cr MOT, and shine |"S3, F = 9/2 > — |"P, F = 9/2 > light on
the MOT. The resonance frequency of this transition was optimized by minimizing the
MOT fluorescence: the more resonant the transition, the more atoms will be promoted
to |"P3 > and exit the MOT fluorescence cycle (see Fig.2.9). We measured a frequency
difference of 38245 MHz between the bosonic |7S3 > — |"P; > and fermionic |"Ss, F =
9/2 > — |"P3, F = 9/2 > transitions. The corresponding isotopic shift is deduced from
the hyperfine structure of |S3 > [75] and |" P > [72] (see Fig.2.7), and is equal to 184-23
MHz. This value is in good agreement with a previous study [76].

We have also measured the |°Sy, FF = 7/2 > — |"P3, F = 9/2 > transition. We
produce a Cr MOT in presence of the Depumper beam. Atoms in states |Sy, F' =
7/2 > are thus loaded in the 1D FORT. We then turn off all cooling lights and shine a
repumper beam on the [3Sy, F' = 7/2 > — |"P;, F = 9/2 > transition to repump atoms
in the electronic ground state |7S3, F' = 9/2 > (see Fig.2.10). We finally measure the
number of repumped atoms by absorption imaging. The frequency which maximizes
the atomic number is assumed to be the frequency which is resonant with the transition.
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Figure 2.9: Optimization of the |"S3, F = 9/2 > — |"P;, F = 9/2 > transition. The
laser frequency for which the MOT is the most depleted is considered the resonant
frequency.
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Figure 2.10: Optical setup for the [°Sy, F = 7/2 > — |"P;, F = 9/2 > transition. The
fermionic frequency is shifted by 685 4+ 35 MHz.
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Figure 2.11: Optimisation of the |°Sy, F = 7/2 > — |"P;, F = 9/2 > transition. Full
line is a Lorentzian fit of width 55 + 9 MHz. The width of this resonance is larger
than the expected linewidth for |"P; >. Again, we attribute this broadening to the
saturation of the transition due to a long repumper pulse.

The result of this experiment is shown Fig.2.11.

We measured a frequency difference of -685+35 MHz between the bosonic [>Sy >
— |"Py > and fermionic [°Sy, F = 7/2 > — |"P3, F = 9/2 > transitions. From the
hyperfine structure of [°Sy > given in [73] (and summarized Table 2.3 ), we deduce an
isotopic shift of -155+53 MHz.

We observe another signal from repumping 5*Cr in |>S; >, shifted in frequency
by 610 MHz, which is compatible with the frequency difference expected between the
PSo, F=7/2>—|"P;, F =9/2 > and |°Sy, F =5/2 > — |"P3, F = T/2 > transitions
see Table 2.3 and [72, 73]. It is very likely that the |°Sy, F' = 5/2 > state is populated
too by the Depumper beam, as the hyperfine structure of the excited state |"P; > is
very small. Indeed, coupling of the ground state |7Ss, F' = 9/2 > with the excited state
|"Ps, F = 7/2 > leads to leakage towards |3Sy, ' = 5/2 >. The signal ratio of the two
repumping signals in |*S, > is about 10% so we decided not to repump both hyperfine
levels.

2.3.2 Optimal loading sequence of the 1D FORT

Depumper beams

The bosonic and fermionic depumper beams, resonant on the 427.6nm |7S5 > — [T P3 >
transition, are produced from a doubling cavity using a LBO crystal, pumped by
a monomode diode laser. They create a leak towards |°S; > metastable states as
discussed above. The boson and fermion depumper beams have the same 1/e? waist of
1.5mm, and are retroreflected (see below). Their optimal power, equal to 100 (140) pW
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for the bosonic (fermionic) beams, results from a compromise: the higher this power
the larger the depumping rate towards the favourable |°Sy > state, but the smaller the
MOT atom number [54].

Repumping configuration

Let us recall the repumping configuration which optimizes the BEC production: while
atoms in [°D3 > states are continuously repumped in the MOT, atoms are free to
accumulate in [°Dy > and |°Sy > states in the 1D FORT. Nevertheless we use a dark-
spot repumping scheme from these two states in order to maintain atoms not captured
in the 1D FORT in the MOT trapping transition.

We found that the same pattern optimizes as well the accumulation of fermionic
atoms in the 1D FORT. Due to power limitations for the diodes repumping |°Dy > and
|°Sy > states, a global optimization had to be found to balance power between bosonic
and fermionic transitions, and between repumper and dark spots beams. Table 2.6
summarizes the power of the different repumper beams.

Transition Isotope Type’ Power
PD3F=9/2 — "P; F=9/2 | *3Cr | Repumper | 1mW
°D3 — TPy 2Cr | Repumper | 2mW

°D,F=11/2 — "P; F=9/2| °3Cr | Repumper | 70 uW
°D,F=11/2 — "P; F=9/2| *3Cr | Dark Spot | 130 uW
°Dy — Py 2Cr | Repumper | 225 pW
Dy — TPy 2Cr | Dark Spot | 225 uW
PSoF=7/2 — TP3 F=9/2 | Cr | Repumper | 50 uW
PSoF=T7/2 — TPy F=9/2 | ®Cr | Dark Spot | 90 uW
2GSy — TP 2Cr | Repumper | 65 uW
°Sy, = TPy 2Cr | Dark Spot | 45 pW

Table 2.6: Power of the different beams addressing metastable atoms.

2.3.3 Polarization of the **Cr atoms

Once repumped |"S3, F' = 9/2 >, atoms are distributed in all Zeeman sub-levels. Po-
larizing atoms in the absolute Zeeman ground state (|"S3,ms = —3 > and |"S3, F' =
9/2,mrp = —9/2 > for the boson and fermion respectively) is necessary to prevent
dipolar relaxation collisions [56]. If the atomic sample is not well polarized before the
evaporation ramp, dipolar relaxation induces heating which prevents from reaching
degeneracy. Polarization is performed through optical pumping with the J—J transi-
tion of the depumper beam. A high quality for the optical pumping is required: the

5T recall here the difference between what I call the Dark Spot beam and the repumper beam. The
Dark Spot beam is continuously on during the MOT and repumps atoms not loaded in the ODT. The
repumper beam is on once the MOT process and the loading of the ODT is over, it repumps atoms
of the ODT into the electronic ground state.
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alignment between the 0~ lasers and the magnetic field is critical at a few degrees. Fur-
thermore, a carefully aligned intensity-equilibrated retro-reflected scheme is required
in order to limit the diffusion in momentum space [74].

For the boson, we use a short 5 us pulse of the depumper beam. For the fermion,
we find that using a resonant depumper pulse does not allow to suppress heating. Rate
equation calculation shows that indeed a resonant polarizing beam also populates the
|”S3, F' = 7/2 > hyperfine level, and no more than 2/3 of the atoms can be accumulated
in [7S3, F = 9/2,mp = —9/2 >. This is due to the small energy shifts between
hyperfine levels of |"P; > (a few MHz).

In order to perform an efficient fermionic polarization, we split the fermionic depumper
beam into two (see Fig 2.8). One is left resonant and used during the 1D FORT load-
ing as the depumper beam, while the other one is frequency shifted to the red of the
transition by 180 MHz, and used for polarization. For the polarization stage, we use
a power of 25 yW and a pulse time of 200 ms. Then rate equation calculations show
that more than 98% of the atoms can be accumulated in |"Ss3, F' = 9/2 mp = —9/2 >.

To check the quality of the polarization of the atoms, we measured the lifetime in
the 1D FORT with and without a polarization pulse. The experimental protocol is
the following. We load ?3Cr metastable atoms in an 1D FORT, repump them in their
electronic ground state and shine, or not, the polarization beam for 500 ms. We then
measure the number of atoms by absorption imaging after a time t,,;. The result
of this experiment is shown Fig.2.12. The light absorption cross section of atoms not
in the lowest Zeeman state is smaller than the one for polarized atoms because the
imaging beam polarization is ¢~. However at short times we measure as many atoms
with and without the polarizing beam. We interpret this result by the fact that our
imaging pulse is long enough that the gas is polarized by the imaging beam. For longer
times t,4i, there are more atoms left in the 1D FORT when the sample is initially
polarized. Our interpretation is that here atom losses come from collisions with the
background gas. A fit to the data yields a 1/e time of 15 s, compatible with the
lifetime for polarized bosons. On the other hand, the non-polarized sample suffers
also from 2 body collisions which results in losses but also cooling. It is clear from
this experiment how important the polarization process is since after 20 s in the ODT
there is approximatively a factor of 2 difference in atom number and an experimental
run that produces BEC lasts typically 15 s.

2.3.4 Final steps before Fermi sea production

The loading of the 1D FORT from the MOTs is achieved respectively in 1000 ms for
»Cr and 100 ms for 52Cr.

Once the 1D FORT is loaded, the repumping from metastable states towards the
electronic |7S3, F = 9/2 > ground state is performed in 200 ms. However, when the
power of the repumper beams has to be shared between the bosons and the fermions (as
discussed below bosons and fermions will be loaded in the same 1D FORT) the optimal
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Figure 2.12: Number of atoms as a function of #,,4; with an unpolarized sample (filled
circles) or with a polarized sample (empty circles). The non-polarized sample has
a reduced lifetime compared to the polarized case, which we interpret as a result of
dipolar relaxation.
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Figure 2.13: Loading of the 1D FORT with only fermionic atoms: number of atoms in
the 1D FORT as a function of the loading time.
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repumping time is 500 ms. This shows that more power in the repumper beams would
be interesting in order to efficiently pump both isotopes into the electronic ground state

|7S3 >.

Evaporation strategy

Fermi statistics leads to vanishing s-wave collisions due to Van der Waals interactions at
low temperatures for polarized fermions. Therefore, evaporative cooling to degeneracy,
which requires efficient thermalization, has been achieved either with a mixture of two
fermionic spin states [22]| for which s-wave collisions are allowed, or for a Bose-Fermi
mixture [77, 78]. We are able to load (1.0 + 0.2) x 10° polarized atoms at 120 pK
in a 1D FORT where evaporation can be performed. This is very unfavourable for
a scenario involving only ®*Cr atoms. This is why we chose to perform sympathetic
cooling with the bosonic *?Cr.

With dipolar species, low temperature collisions become possible even for identical
fermions. This very peculiar effect due to the long range character of DDIs was first
observed with Dy [66], and was used to produce the Er Fermi sea in a very efficient
way [67]. However, for Cr the dipolar elastic cross section is 20 times smaller than for
Er, as it scales with d*m? (d being the permanent magnetic dipole, and m the mass).
In addition, we only manage to trap in a conservative trap about 30 times less atoms
than in [67]. Therefore evaporative cooling to degeneracy involving identical fermions
thermalizing through DDI is unfeasible.

As noticed in [39], the ZS 53 beam strongly reduces the number of atoms in the
bosonic MOT, presumably because the detuning (-150 MHz) of this intense beam
with the bosonic transition is not large enough to prevent mechanical effects on 2Cr
atoms. We have therefore to implement a sequential scheme, with first production of
the fermionic MOT in order to load the 1D FORT with **Cr MOT atoms, and second
production of the bosonic MOT in order to load the same 1D FORT with 52Cr atoms.
Then evaporative cooling can be performed. Evaporation of the fermionic isotope and
achievement of the first Fermi sea of **Cr will be described in detail in chapter 4.
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CHAPTER 3

Cold collisions and thermalization processes
of external and internal degrees of freedom

A fundamental question in many-body physics is how closed quantum systems reach
equilibrium. This question has been addressed with cold atoms in many topics such as
thermalization at low dimension [79, 80], prethermalization [81], or for specific phase
transitions (e.g. for Anderson localization [82]). A particularly interesting question
is how microscopic properties, i.e. collisions between atoms, are responsible for the
macroscopic properties of the gas (such as temperature and magnetization). In the
following we will discuss briefly about collisions between atoms, focusing on collisions
due to Van der Waals interactions and collisions due to dipole-dipole interactions. We
will then study how thermalization is achieved for both the mechanical and spin degrees
of freedom. We then apply our understanding to deduce from spin dynamics the first
measurement of the scattering length ag of the S = 0 molecular potential of Chromium.:
ap = 13.5 0az.

3.1 Cold collisions

The interaction between two particles at large distances r is dominated by the Van
der Waals potential which at low temperature is isotropic and proportional to 5.
The effective potential range ry is defined by the distance at which the Van der Waals

potential balances the kinetic energy:

o Gy
2m,rg 1§
2m, C 1/4
Sy = ( 3 6) (3.1)

with m, the reduced mass of the pair of colliding atoms, i = h/(27) with h Planck’s
constant, and Cg the Van der Waals coefficient. For Chromium we have Cs=733 £70
E), a8 with ap the Bohr radius and Ej,=4.359744x 107'8J is a Hartree [83]. rq is
then approximatively 5 nm. This potential range is of the same order as the scattering
length away from a Feshbach resonance [84].

On the other hand, the atomic densities n of quantum gases are in the range of
n = 10%° at-m™3. Therefore the average distance between two particles is typically
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d = n"'% ~ 100 nm. Away from a Feshbach resonance, d >> r, and we can safely
consider that collisions take place only between pairs of atoms.

3.1.1 Contact collisions
a) Scattering length

We define a contact collision as a collision due to an interatomic potential V' (r) which
decreases sufficiently fast as a function of interatomic distance r. In scattering theory,
a contact collision is described by the phase shift of an incoming plane wave by a scat-
tering potential. The cross section of a collision between two spinless distinguishable
atoms can be shown to be [85]:

. Z(Ql—l—l)sm 51(k) (3.2)

k2
=0

with [ the orbital quantum number of the atom pair, k£ the relative wave vector, and
0;(k) the phase shift acquired by the incoming particle of orbital momentum [ during
the collisional process.

Atoms with orbital momentum [ feel a centrifugal barrier potential i l(ljl) . The
Van der Waals potential and the centrifugal potential lead to a barrier height that is
E =2 PU+D here b is the distance to the top of the centrifugal barrier preventing

3 mpb?
atoms w1th energy smaller than E; from colliding. In our experiment for [=1,

3Csm, 1/4 3 1/4
bi=1) = (" ) — (2 = 45+02
(=1 (h?l(z + 1)) 21+1)) " o

—E_; = (L.7£01)x107%"+ J
3
and B, = §kBT — T =820 + 40 pK. (3.3)

For [ > 0, E; is greater than the temperature of our gas at all times (at the start of
the experiment 7' = 120 uK and is typically <1 puK for the experiments presented in
this thesis). In the following we shall therefore only consider s-wave collisions (I = 0)
between pair of atoms.

do(k), the phase shift acquired for an s-wave collision, is defined as [85]:

0

k=0 k (3-4)

with a the scattering length. Therefore in the limit of low energies (k — 0), the cross
section takes the following simple form:

o = 4ma’ (3.5)
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For symmetry reasons, polarized fermions (bosons) cannot collide through I =0 (I = 1)
collisions. Therefore the cross section associated with low energy colliding fermions is
0. This comment is not valid for fermions in different spin states since two fermions
of different spin states can collide through an s-wave collision channel. For identical
bosons, a factor 2 must be added in eq.(3.5) to account for their indistinguishability
[85].

b) Effective potential

The real form of the potential between two atoms is complicated and not well known.
This motivated the use of a pseudo potential with a simple mathematical form which
must keep the characteristics of the Van der Waals interactions: isotropic and short-
range' character (o< 1/r%). Interactions between atoms are strong but only occur when
atoms are close together. This is rare in the case of dilute gases. To avoid having to deal
with the real form of the potential in order to describe a collision between two atoms,
the concept of effective interaction was introduced [86]. This effective interaction must
take into account the physical properties of the real Van der Waals interaction. As
described above, the collision of a pair of particles with small total energy in the center
of mass frame is dominated by the s-wave contribution to the wave function. To first
order in the interaction potential, one can then derive the following expression for the
scattering length [85]:

_ e [T
a_27rh2/0 d°r U(r) (3.6)

with U(r) the real interaction potential which often has a complicated form. Eq.(3.6)
is difficult to compute and is never used in practice. Since we are interested in the
value of a and are not concerned by the real form of U(r), we will therefore replace
the real potential by an effective potential U.s; which we can compute and gives the
same scattering length in the Bprn approximation (eq.(3.6)). The simplest effective
potential respecting the physical properties of the Van der Waals interaction is:

Uepp(F—7") = go (7 — ") (3.7)
where g = 2wh%a/m, is the interaction strength and §(7) denotes the Dirac delta
function.

c) Spin dependent collisions

In this thesis, we will be particularly interested in collisions involving atoms in different
Zeeman sublevels. We adapt eq.(3.7) in order to take into account this possibility. In

IThe distinction between short-range and long-range interactions depends on the dimensionality of
the system D. Formally, a potential is defined to be short-ranged if it decreases with distance faster
than 1/rP.



54 8 C(Cold collisions and thermalization processes of external and internal degrees of freedom

the treatment elaborated above, it was convenient to treat the collision in the center
of mass frame as center of mass motion R is not modified by the collision. We found
that the interaction through a molecular potential can be completely characterized by
the scattering length a. When dealing with internal spin degrees of freedom we use
the spin molecular basis which is particularly appropriate in order to describe a spin
collision since it is the total spin of the colliding atoms which is conserved for isotropic
interactions. S therefore plays a similar role to R in our analogy. The spin projection
of the atom, as the relative motion of colliding atoms r, can however evolve.

Let us consider two atoms of spin s with spin projection m and m’' along the
quantization axis. This pair of atoms can be written as |s,m;s,m’ >4 in the atomic
basis and |S, Mg >); in the molecular basis, with Mg = m +m/ and 0 < S < 2s.
A collision between two atoms in different spin states can happen through different
molecular channels. Each molecular channel has its own scattering length. We define
ag as the scattering length associated to atoms colliding through the molecular channel
S.

The total wavefunction describing the collision has a spatial part and a spin part.
The spatial wavefunction associated to an s-wave collision is symmetric. For bosons
(fermions), the total wavefunction is symmetric (antisymmetric) and therefore the spin
wavefunction must be symmetric (antisymmetric). For even S states, the spin wave-
function of bosons (fermions) is symmetric (antisymmetric) under the exchange of the
spin of two atoms. For odd S states, it is the contrary: the spin wavefunction of bosons
(fermions) is antisymmetric (symmetric) under the exchange of the spin of two atoms.
To respect the global symmetry of the particles, only molecular channels with even S
must therefore be considered both for bosons and for fermions. To illustrate this, let
us consider the stretched states of 2 bosonic and 2 fermionic atoms. The stretch state
of two bosons of spin s=1 is:

ls=1ms=1;s=1,ms=1>4=|S=2, Mg =2 >, . (3.8)

This ket is an even S state and is symmetric. Similarly, for fermions with spin s=3/2
we have:

ls=3/2,ms=3/2;5s=3/2,ms =3/2>4=1S=3,mg=3>). (3.9)

This ket is an odd S state and is symmetric. The effective pseudo potential taking into
account spin states can then be written:

2s
Uep(r=1) = 8(r—1"))_ gsPs
S=0

2s
= 0(r—1")Y_gs|S, Ms >< S, Mg| (3.10)
S=0
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with the sum holding for even S only, g5 = 27h?as/m, is the strength of the interaction
for atoms colliding through the molecular potential S, and Ps is the operator which
projects the atomic spin of the pair of atoms onto the molecular basis.

This interaction is invariant under rotations in coordinate space. This implies that
this collisional process conserves orbital angular momentum and the total electronic
spin angular momentum. Therefore L, M, S and Mg are conserved quantities during
a collision where L is the total angular momentum of projection M. However, the
spin projection of an individual atom can change (for example by flipping one spin up
and the other one down). These collisions are called contact spin exchange collisions.

For 2Cr with s = 3, there are four scattering channels. Three of them were
measured previously (ag = 102.5 £ 0.4 ap, ay = 64 +£4 ap, as = —7 + 20 ap [83, 87]).
The last scattering length, ag, was measured during my PhD studies and is the focus
of the last part of this chapter.

3.1.2 Dipole-dipole collisions

One important feature of Chromium resides in its relatively strong magnetic dipole
moment p = 6 pup with pup Bohr’s magneton. Each atom can be seen as a magnet
which creates a B field acting on the other dipoles. The dipole-dipole interaction
(DDI) potential between two atoms of magnetic moment (7; = granaeitnS; separated by
T is:

Aqrpd

) 2
Vbpr(F) = HolgLandefiz)” <r2§1.§2 — 3(§1.F)(§2.F)) (3.11)

with po the vacuum permeability and gp.,q¢ the Landé factor. The DDI operator is
given by:
2 A - -
Dy = Holgrandettn)” (r2§1.§2 - 3(51.%)(52.7%)). (3.12)
4o

with S the spin operator and 7 the position operator. This expression is invariant under
simultaneous rotations in coordinate space and electronic spin space. It is not invariant
under separate rotations. It is the total angular momentum J which is conserved in a
dipole-dipole collision.

The DDI is anisotropic (it depends on $;.7" and can be attractive or repulsive see
Fig.3.1), and long-range® (o< 1/73). Following pioneering experiments in the group
of T.Pfau which demonstrated how a dipolar BEC elongates along the axis of the
dipoles to minimize energy [88], early experiments in the group have highlighted the
anisotropic character of the DDI by measuring the dependence of collective excitations

[89] and the speed of sound [90] upon different magnetic field orientations. The long
range character of DDI has been observed through the interaction between atoms,

2for a 3D system. In 2D and 1D, DDI is considered as a short-range potential.
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Figure 3.1: Sketch illustrating the anisotropy of Dipole Dipole Interactions. Two
dipoles in a head to tail configuration attract each other where as two dipoles side by
side repel each other.

molecules, or Rydberg atoms in different lattice sites [31, 34, 91]. The strength of this

interaction is proportional to ji?. Therefore, for s = 3 chromium, this interaction is 36

times stronger than for s = 1/2 alkalis. The relative strength of the DDI compared to

contact interaction is given by the factor epp which, in a spherical trap, is equal to
Ar s?d®> 27 s°d*m,

_ar _4m 3.13
pp 3 gs 3 7rh2a5 ( )

with d*® = ‘“’(g”+7fé“3)2; epp > 1 corresponds to the limit at which a dipolar BEC
collapses under the effect of the attractive part of the DDI. In this limit, the repulsive
contact interaction is too weak to stabilize the BEC [92]. For Chromium, epp ~ 0.16 far
away from a Feshbach resonance. This value can take any desired value by tuning the
scattering length ag accross a Feshbach resonance. Experiments in the Stuttgart group
studied the collapse of a BEC of Chromium as a function of epp and trap geometry
[93, 94]. Recently, Dy and Er with larger dipole moment (respectively fi= 10 pup and
fi= 7 pp) and larger mass have been cooled to degeneracy [17, 18, 66, 67].
Developing eq.(3.12) yields:
. 21 . 4 A oA A A
Vppr(r) = 5(5(5”52* + S1-824) + SleQZ)
2
L (ss
r
+ (5’125’27% + SH,SQZ%) + c.c.
U
+ 51+SQ+I_ + c.c.

+ (S5, “4” + c.c)) (3.14)
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where S = S, + iS’y are the spin raising/lowering operators, 7o = & +i¢, and Z, ¢, 2
are normalized coordinates.

Let us consider an external magnetic field B aligned along z. We can distinguish 3
different types of collisions due to dipolar interactions.

e Terms involving SlZSQZ are collisions where each atom conserves its spin and are
often called Ising terms. These collisions are elastic and long range. The Ising
terms are multiplied by (1 — 322) due to the interaction anisotropy, which leads
to a deformation of the BEC. This phenomenon called magnetostriction has been
observed for Chromium [95, 96].

e Long range dipolar spin exchange collisions (51, S,_+S5;_S5. ). These collisions
do not conserve the spin of an individual atom but only the longitudinal magne-
tization. These collisions have been observed with Chromium atoms loaded in an
optical lattice prepared out of spin equilibrium [91]. Again, the exchange terms
are multiplied by (1 — 322). In Part III, we will be particularly interested in spin
exchange processes due to these terms.

e Finally, there are collisions for which the magnetization is not conserved, for
example S;_Sy_. They have drastic consequences for the properties of a BEC
since they free magnetization [87, 97, 98, 99]. These collisions will be essential
in the cooling mechanism using the spin degrees of freedom which we demonstrate
in chapter 5. This property is specific to dipolar collisions, since contact collisions
conserve the total electronic spin and thus conserve magnetization. This change
in magnetization is necessarily accompanied with a change in orbital angular
momentum, which is given by terms involving 7#_ or 7,, as the total orbital
momentum J is a good quantum number. This spin-orbit coupling is particularly
appealing. In particular, dipole-induced spin relaxation may lead to a transfer
of spin into angular momentum. This process could lead to a rotation of the
ensemble and would be similar to the well-known Einstein-de Haas effect [100,
101, 102].

Dipolar cross section

In the following section, I will give the results of the cross sections associated to the
possible dipolar collision channels which were established in [103].

Let us consider two atoms in spin state my; = +3. There exists three different
dipolar collision channels:

|ms =43, ms =4+3> — |my=4+3,mg=+3 >

1
|ms =43, ms=4+3> — Eﬂms =43, mg=+2> ‘|’|ms =+2,m, =43 >)

|ms =43, ms =+3> — |ms=+2,m;=+42>.
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The first channel conserves magnetization whereas the two others do not. When magne-
tization is not conserved, the pair of atoms gains a kinetic energy of AE® = igronacjinB
with B the magnetic field, and 7 is a number equal to the change in magnetization after
the collision. The cross sections associated to the different dipolar collisional channels
in the framework of the first-order Born approximation are [87]:

167 5 2m 2

© _ 4 H0(GLandéB)

Tdp = g5 ° ( Amh? ) A1) (3.15)
2

1 _ 87 3 140(Granackis)*m k¢

Ogip = 1—55 < = h(l{:f/kz)?l (3.16)
2

@ _ 87, Mo(gLandéuB)Qm ky

Odgip = 1—53 ( g h(kf/ki)?i (3.17)

with s = 3 the spin of a Chromium atom, p the vacuum permeability, g the Bohr
magneton, granq¢ the Landé factor, k; and k; are the moduli of the initial and final
wave vectors. The final wavevector k; is not the same depending on the considered
collisional channel. h(x) is a monotone function defined for x € [1,4o00[ by:

) 1— e ifz=1
(z) = 1+e(—13- g(lﬂz)z log, (17?2) ifzx>1

where € = 1 for bosons and € = —1 for fermions.

3.2 Thermalization processes

In this thesis we will be interested in the thermalization of the spin degrees of freedom
and the mechanical degrees of freedom which can be treated using the same formalism.
To thermalize a degree of freedom, different states must be coupled to each other
and there has to be irreversible energy redistribution processes. Irreversible energy
redistribution in a closed system is in practice provided by coupling an initial state
to a large number of output channels. This coupling is ensured by collisions. In
the following we shall distinguish two types of collisions: one which does not lead to
thermalization of any degrees of freedom which we label as ”coherent collision” and
one which ensures thermalization and that we call ”incoherent collision”.

The following discussion applies to the case of a thermal gas. A BEC can be
immersed in the thermal gas, which alters the density of the gas which enters in ther-
malization processes.

3.2.1 Thermalization of a polarized gas

Let us first consider the case of a polarized gas and discuss how the mechanical degrees
of freedom may be thermalized.
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a) Coherent collisions

We denote a collision to be coherent if it is a forward scattering process where the
incoming waves of momenta k1 and ks scatter in the same direction: (ki kp) = (K, k)
with /%Z the outgoing wavevector of particle i (see Fig.3.2). There exists only one output
channel which conserves the momenta of both particles. No energy exchange takes
place, therefore there is no energy redistribution, and thermalization cannot happen.
Coherent collisions do not thermalize the gas.

a) ’ 1_;1
\
A

\_m

X

S

o -

W y

............

Figure 3.2: Sketch illustrating coherent and incoherent collisions. a) Coherent colli-
sions: the incoming waves of momenta /21 and Eg scatter in the same direction: (El ,122) =
(lgi,l%) These collisions are reversible, they do not redistribute energy and do not ther-
malize the mechanical degrees of freedom. b) Incoherent collisions: the incoming states
are coupled to many possible momentum states (represented here by a COHG)Z(El,EQ) +
(ﬁi,l%) Incoherent collisions are irreversible, redistribute energy between particles and
thermalize the mechanical degrees of freedom. Here in the sketch we did not account
for the symmetrization of the problem.

Although forward scattering collisions do not redistribute energy between colliding
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particles, the phase shift acquired due to collisions with a medium of density n modifies
the energy of the particles. This gives rise to the the mean field interaction shift £ =
%nagzngg with gg = %ag the interaction strength. Such a formula is given by
the Bogoliubov dispersion relation at high momenta [23]: an excitation over a BEC, in
the limit k — oo, has an energy €(k) = h;’fj + ngs with n the BEC density.

We introduce for these coherent processes a frequency I'.,, such as:

1 47h?
Leon = 5 nas (3.18)

Therefore we interpret contact interactions as a result of contact coherent collisions in
the weakly interacting limit na? << 1.

b) Incoherent collisions

When the collision couples the incoming states to many possible momentum states
(k1,k2) # (K} k), even though each collision is reversible by themselves, many collisions
which do not evolve in phase take place, irreversible energy redistribution is then
ensured. These collisions are branded as incoherent. The coupling between different
states is then set by the Fermi Golden rule and yields the collision rate I';,. = nowv
with ¢ the atomic cross section and v the relative mean velocity of the pair of colliding
atoms. For pure s-wave collisions of undistinguishable bosons in the low energy limit
we have 0 = 8ma%. For a dilute Boltzmann gas, it has been shown that typically
three collisions are sufficient to randomize velocities and ensure thermalization of the
mechanical degree of freedom [104].

c) Comparison of the collisional rates

Both collisional processes take place in any gas but on timescales set by different
parameters. In order to evaluate which collisional process dominates, one needs to

compare
1 47h?
Ton = 7 ™ nas (3.19)
and I';,,. = nov. (3.20)

Both collisional processes cannot be measured in the same way. Indeed forward scatter-
ing results in a phase shift and may be probed by e.g. an interferometric set up [105].
On the other hand, incoherent processes can be probed by measuring thermalization
of the velocity distribution [106].
Physical insight can be gained by dividing equations eq.(3.19) and eq.(3.20). If one
looks at the ratio between coherent and incoherent rate, one obtains:
FCOh ~ /\dB

— 21
Finc as (3 )
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with \gg = 77212—}227, the de Broglie wavelength and kg is the Boltzman constant. A

wavepacket remains coherent for a long time when its size (A\gp) is large compared to

the scatterer (ag). In the extreme case of the BEC, where \jp — o0, we have %

— o0: there are interactions among particles, but "no collisions”. "
This ratio, can be recast using eq.(3.4) and yields:

Fcoh . 21 1
Dine 16 6o(k)

. (3.22)

Leon >> T means that very little phase shift is acquired during a collision. Many
collisions may take place and evolve in phase, which is consistent with the fact that
coherence is conserved. In the opposite limit when I'.,;, << I'j,., a collision induces a
large phase shift. Many collisions take place but they do not evolve in phase, and the
coherence of the sample is destroyed.

We have now gained insight into the meaning of the thermodynamics of a "non
interacting BEC”. Here it is assumed that collisions take place and are fast enough
for thermal equilibrium to be reached: TI';,. is large enough to ensure thermalization.
However, interactions are weak enough that they do not modify the thermodynamics:
hT'.op 1s small.

3.2.2 Thermalization of an unpolarized gas

The discussion in subsection 3.2.1 may sound tautological. Indeed, forward scattering,
leading to a mean field interaction, does not lead to a change in momentum. It is
therefore obvious that it does not lead to thermalization of momentum states. We now
extend this discussion to the case of an unpolarized gas. We will follow the same line
of thought, and show that one can have both coherent and incoherent spin dynamics
[107, 108, 109].

a) Coherent collisions

In the coherent case, we discussed that a forward collision through a molecular potential
. . . . . 2

with spin S introduces a phase shift linked to the mean field energy E = %na 5. Now

we consider a collision where the pair of atoms is in a superposition of molecular states

|S > and |S" >. We can write the spin part of the incoming wave as:
|Vin >= a|S,m > +p|S",m > (3.23)

with @ and 3 complex numbers satisfying |a|? + |3|> = 1. After the collision, the
outgoing wavefunction takes the form:

|¢out(t) >— aeigsnt/h|s > _I_Beigslnt/h|51/ > (324)

with £ the interaction time. The phase associated with each molecular state undergoes
a phase shift proportional to the interaction strength of the corresponding molecular
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potential. Thus, a pair of atoms in a linear superposition of two molecular states will
undergo beating which will result in spin dynamics. The rate associated with coherent
spin dynamics results from a difference in scattering lengths Aa between different spin
molecular potentials:

1 47h?

FSpin

coh

A 3.25
- nAa ( )

More precisely, using eq.(3.10) the rate of a (mgs = i, my = j) — (ms =k, my = 1)
coherent spin collision channel of an atom of spin s is:

Spin ki _ 147T712

coh % h m
2s

> as < s S, My =i+ j>< S Mg=k+l|s,i;s,j >(3.26)

S=0,even

n

X

where the sum holds for even S values. For example, the rate associated with the

forward collision (ms =0, ms =0) — (ms =1, my; = —1) of an s=1 atom is:
_ 1 4mh? 1
Fo,é’l =5 X §(a2 — ay). (3.27)

b) Incoherent collisions

In the incoherent case, we calculate the cross section associated to a spin changing
collision by applying scattering theory to two atoms in different spin states interacting
through U.ss (eq.(3.10))[85]. The idea of the calculation is to evaluate, within Born
approximation, the probability to change momentum and spin. Although the number
of spin states is reduced, the number of available momentum states is large and energy
redistribution is possible. The cross section associated with the collision (mq,mq) —
(m}, m}) of spin s atoms is [85]:

— O_Spin

T (m1,ma)—(mf,m})
S=2s
* 2
= 47T| E 7(m1,WL2)CS,Ms;m17m2CS,MS;m’l,m’QaS| (328)

S=0,even

With ¢gmg:my m, the Clebsch-Gordan coefficient associated between an atom pair |s, my; s, mg >4
and a molecule |S, Mg >pr. Y(m,,m,) 1S @ symmetrization factor which ensures the nor-
malization of the spin part of the incoming wavefunction. For m; = ms we have v =
1, and for my # ms we have v = /2. The cross section associated with spin dynamics
results from the sum squared of the different possible scattering lengths weighted by
the appropriate Clebsch-Gordan coefficients. The rate associated with incoherent spin
dynamics is thus:

FSpin

ORI — g SPiny, (3.29)
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For example, the rate associated with an incoherent (ms, = 0, my; = 0) — (mg = 1,
ms = —1) collision of an s=1 atom is:

2
Ty it = nv x 47r(“2 . “0) . (3.30)

Both coherent and incoherent collisional processes change the population in a spin
state (as shown by the sketch Fig.3.3) and can be measured by monitoring the popu-
lation of each spin state. In section 3.3, to illustrate these two different processes we
shall describe two experimental results obtained in the laboratory.

¢) When do we have which process?

Again, to assert which process dominates, one compares:

; 1 47h?
AR 7;1 nAa (3.31)
and [P = pgSPiny, (3.32)

If T2 > 757" \we may observe spin oscillations before thermalization. The damp-
ing rate of the oscillations will then be of the order of T3P However, there exists
additional damping processes which occur on different timescales than the one set by
the thermalization of the spin degrees of freedom. For example I';,., which ensures
thermalization of the mechanical degrees of freedom, may damp coherent spin oscil-
lations on a faster timescale [108]. A very important point to consider when dealing
with spin dynamics is that incoherent scattering is not the only possibility to provide
dissipation in the spin sector: environment inhomogeneities such as fluctuations of
the magnetic field or residual magnetic gradients may introduce inhomogeneous phase
shifts (an additional position and spin state dependent phase shift) which will decohere
the sample.

3.3 Experimental realization of coherent and inco-
herent spin dynamics

In the following, to illustrate our discussion we shall present two different experiments
performed in our laboratory for which coherent and incoherent spin dynamics were
observed.

3.3.1 Coherent process

To illustrate an experiment with coherent collisions, I will briefly present an experiment
performed during Aurélie de Paz’s thesis [37].
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Figure 3.3: Sketch illustrating coherent and incoherent collisions when including the
spin degrees of freedom. a) Spin changing coherent collisions: two atoms in spin state
m,s = (0 may change spin state after a coherent collision. These collisions are reversible
and do not lead to thermalization b) Spin changing incoherent collisions: two atoms in
spin state m, = 0 may change spin state after an incoherent collision. These collisions,
by themselves, are reverisble but they are many and they do not evolve in phase and
are thus irreverisble. These collisions lead to the thermalization of the spin degrees of
freedom. Here in the sketch we did not account for the symmetrization of the problem.

In this experiment, a BEC of spin polarized my, = —3 atoms is loaded into a
3D lattice to produce a Mott state [110] with on average 2 atoms per site. These
atoms are then excited to ms = —2 and we measure spin dynamics (see chapter 8 or
[37, 91] for more experimental details). The evolution of the fractional populations in
ms = —3,—2,—1,0 are shown Fig.3.4. They observe damped coherent oscillations for
each spin state. The dynamics is interpreted as spin changing collisions due to contact
interactions in doubly occupied sites.

Assuming a perfect preparation of an initial state of two atoms per lattice site of
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Figure 3.4: Evolution of the fractional populations in ms; = —3, —2, —1,0 as a function

of time after spin preparation in an excited spin state through a coherent Raman
process. FError bars show statistical uncertainties. Full lines are fits to the data.
We observe coherent spin oscillations. The dynamics is interpreted as driven by spin
changing collisions due to contact interactions in doubly occupied sites of an optical
lattice. Image adapted from [91].
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spin s = 3 in spin state my = —2, in the molecular basis we can write:
W(t=0)>=a|S=6,Mg=—4>y +5|S=4,Ms = -4 >y (3.33)
. . 6 . 5 . .
with a = (/37 and 8 = —,/77 the appropriate Clebsch-Gordan coefficients. The

interaction part of the Hamiltonian I:L;m will drive the evolution of the system and
after a time ¢ at the beginning of the evolution we have

() > = eHmt/My(t =0) >
ael/MS = 6,m, = —4 >y +Be NS =4, my = —4 >y (3.34)

because |S = 6,ms = —4 >, and |S = 4,m; = —4 >, are eigenstates of H,,; with
respective eigenvalues gg and g4. The population in my = —2, I1_5(1), is:
Mo(t) = | <ms=—-2,mg=—2|V(t) > |?
= % + % cos(¢(t)) (3.35)
with ¢(t) = @. The population evolution in m, = —2 can thus be seen as a

beating set by the difference in interaction energies between molecular potentials.

The theoretical period of this oscillation, which can be extracted from the exper-
imental details given in [91], is T:ﬁ = (280+£30) ps. This is in good agreement
with the experimentally measured oscillation period (320£50) us.

3.3.2 Incoherent process: determination of q

In this section, I will describe an experiment performed during my PhD in which we
measured spin dynamics resulting from incoherent collisions between atoms in different
spin states. The analysis of our data provides the first measurement of the scattering
length of the S=0 molecular potential of Chromium. I will purposely omit experimental
preparation details in order to concentrate on collisional processes. The experimental
preparation is an extension of the experimental preparation detailed in chapter 7, and
can also be found in [37, 111].

Experimental situation

We load 10* chromium atoms in spin state m, = —3 in a double well trap. Each
well contains half of the atoms. We selectively prepare the atoms of one well in spin
state mgs = 4+3. The double well trap is then removed (for more experimental details
on spin preparation or the double well trap see chapter 7. However the double well
trap is no longer of use and one should not need to focus on the preparation of the
initial conditions to understand the message of this section). The initial condition is
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the following: we have 10* thermal atoms at T=(1.24 0.1) K in an ODT of trapping
frequencies v, . = (520,615,400) Hz. At ¢t = 0, the initial fractional populations are:

N_3

%M — 0.404+0.08
-2

%M — 0.084+0.02
-1

%Ot — 0.024+0.01
0

%M — 0.00+0.01
1

]]\\f;t — 0.02+0.01
2

%;Ot = 0.0840.02
3

N;ot = 0.40 £ 0.08.

We let the system evolve for a time ¢, turn off the ODT and then spatially separate
the different spin components with a Stern-Gerlach technique to measure the number
of atoms in each spin state.

Even though spin states with opposite spin projections should have the same atom
number due to the way we prepare the sample, we find a reduced signal for atoms with
ms > 0 due to our imaging procedure. Even though a spin dependent coefficient can
be introduced to account properly for the number of atoms in each spin state, our best
signal to noise ratio is obtained for spin states with m,; < 0 and we focus our analysis
only on these spin states.

We show in Fig.3.5 the evolution of the fractional populations for ms; = —2, —1,0.
We observe an increase of the my = —2, —1, 0 populations with no spin oscillations. The
observed spin dynamics is, to within our signal to noise ratio, at constant magnetization
for the first 200 ms.

Incoherent dynamics

We first estimate the timescale associate with coherent and incoherent spin dynamics:

1

ﬁrgf;’;f ~ 3x107"m?. 57! (3.36)
1 .

—IP 3% 107 Bm? . g7 (3.37)
n

with n the density, Aa = ag — ay = 2.1 nm (ag and a4 are the scattering lengths

associated to the molecular potentials S=6 and S=4), and v = 4\/% = 3.1 cms™!
at T= 1.2 puK.
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Figure 3.5: Evolution of the fractional populations in my = —2, —1,0 as a function of

time after spin preparation (see chapter 7 for more details on the spin preparation).
Error bars show statistical uncertainties. Full lines are guides for the eye.
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We find Fgﬁi}? > Ffrf’cm, however we do not observe any coherent spin oscillations
in Fig.3.5. This is due to the fact that the different spin states are initially in an
incoherent mixture. The time ¢,,crge between spin preparation and the moment the
two gases are merged is long: e = 20 ms. Assuming a thermal distribution for the

ms = +3 gas, the peak density is:

0 mw? 3/2
nys = NH(Q]{:BT) (3.38)

= 35x10%¥ m™3 (3.39)

with N, 3 the number of m; = 43 atoms, w:(wxwywz)l/ 3 the mean trapping frequency,
and kg is Boltzmann’s constant. The timescale 7 for an incoherent collision between
m, = +3 atoms is estimated to be:

22

nf s8magu
~ 30 ms
Emerge. (3.40)

The ms= +3 cloud has therefore lost its coherence by the time the traps are merged
and we do not observe any spin oscillations.

Moreover, the magnetic field at each trap position is different, which leads to a
relative phase between the m, = —3 atoms and my; = +3 atoms. Due to fluctuations
in magnetic field between experimental realizations, the relative phase between the spin
components fluctuates. Most likely, within the mean field picture [112], spin dynamics
are highly sensitive to the relative phase between spin components. Because the relative
phase is not well defined, coherent oscillations may not be sustained.

Fixed magnetization

We interpret that magnetization is constant by the fact that dipolar magnetization
changing collisions do not intervene in the observed dynamics. Indeed the Zeeman
splitting is much larger than the thermal energy (as B = 50 mG and T= 1.2 uK, we
have Ezeeman = hx 140 kHz and Egperma = hx 25 kHz) therefore dipolar ” promotion”
events where thermal kinetic energy is transferred into magnetic energy (such as the
collisions involved in demagnetization cooling in [113]) which would lead to production
of my, = —2 atoms can safely be ruled out.

Also, the cross section associated to a dipolar relaxation collision, e.g. (m, =
+3,ms = +3) — (ms = +3,ms = +2) at B=50 mG and T=1.2 uK, is [87]:

o) ~ 1.5 x 107 "m? (3.41)
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where we used eq.(3.16). The timescale 7 associated with a dipolar relaxation event is
of the order of:

2v/2

0 -
N4304ip?

~ 17s (3.42)

T ~

forv =4,/ l‘;f—mT: 3.1 ecm.s~!. 7 is much larger than the experiment timescales, therefore
dipolar magnetization changing collisions can be safely omitted to understand the
dynamics for the experimental times considered.

The observed spin dynamics therefore results from spin exchange interactions, which
can be triggered either by dipolar interactions or by spin dependent contact interac-
tions.

Analysis of my; = —2 population: exclusion of dipolar dynamics

As a first study, in order to deduce the relevant timescales of dynamics, we focused on
the time evolution of ms; = —2 population. Since only the my = —3 and my = +3 spin
states are macroscopically occupied, in this first model we assume that the production
of an mg = —2 atom is set by the timescale of the spin conserving (-3,+3)— (-2,+2)
collisions which consists of a dipolar term and a contact term:

dn,g (t)
dt

= 0'(737+3)*>(,27+2)Un_3(t)n+3(t) (343)

with o(_3 43)(—2,42) the collision cross section associated to a (-3,43)— (-2,4-2) event,
v = 4,/%L the average atomic relative velocity, and n,; the density of atoms in

m™m

state ms; = 4. Assuming a Gaussian distribution for the density of state n;(r) =
1

n?e’ima’z’"z/(kBT) and that n;(t)=n_,(t), integrating eq.(3.43) over space yields

dN_o(t o(— _9.49)V
2(f) 343 5(-242) R0 N (1) (3.44)

dt 2v/2

with N; the number of atoms and n? the peak density of m, = i atoms. In this model,
the time constant 7 for the time evolution of the m; = —2 is given by:

L 03432427
- = ’ : Ny g. 3.45
= Tt (3.49

A linear fit to the data based on the first 50 ms dynamics yields an experimental
cross section of o, = (1.25 £ 0.5 £ 0.4) x 107'"m? where we indicate successively
statistical and systematic errors.
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The cross section for spin exchange interactions due to dipolar interactions is esti-
mated (see eq.(3.15) or [87]) to be:

ol A 3x 107" m?. (3.46)

The associated timescale for spin dynamics given our experimental parameters is 7 ~
7 s: such a cross section is insufficient to account for the observed spin dynamics. We
therefore attribute spin exchange dynamics due to spin-dependent contact interactions.
To account for the spin dynamics, we shall consider only spin exchange interactions
mediated by contact interactions.

A first estimate of a; extracted from the main collisional channels

In our experiment, m,=-3 and m,=+3 are the most populated spin states and it is
collisions between atoms of these two spin states which will mostly drive the dynamics.

There are three collision channels for a (-3,4+3) collision: (-3,+3)— (-2,+2), (-
3,+3)— (-1,+1), (-3,43)— (0,0). From eq.(3.28), we can extract the contact scattering
cross section for each of these channels within the Born approximation:

1 3 2
O(-s49)(-242) = 8T(=a¢ + 704 — Zao)’, (3.47)
5 6 5 2
O(—343)>(-141) = T (154 6t 5% gt 7a0)2, (3.48)
5 9 5 1
0(—3,43)=(0,0) — 167(—616 — 5504 — 5702 — —00)2-

231 7 21 7

For chromium, all scattering lengths are now well established except for aq [87, 83].
Therefore we can extract from our simulations the value of ag which fits best the
experimental data shown Fig.3.5.

As a first analysis, we plotted o(_3 3)—(—2,+2) as a function of a¢ (red line in Fig.3.6).
Due to the parabolic dependence of this collisional cross section upon ag, there are
two values of ap which match with the experimentally measured cross section o, =
(1.25 £ 0.5 £ 0.4) x 10717 m? deduced from the evolution of the m, = —2 population
(red shaded area in Fig.3.6).

The time evolution of the my = —1 and my = 0 populations are similar (Fig.3.5),
and a linear fit to the first 50 ms gives o(_3 y3)(—1,41) & 0(=3,43)—(0,0) X 0(=3,43)—(—2,+2)-
As seen from Fig.3.6, only values of aq close to 0 lead to comparable rates for the three
dynamics. We infer from our experimental data that ag = 12 415 ag which is obtained
from the three main collisional channels at play.

Model with all possible collision channels

Since our initial experimental conditions shows non-negligible fraction of atoms in other
spin states than mg, = +3, we established a more refined model in order to compare
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Figure 3.6: Cross sections for processes (i)o(—343)—(—242) (full line, red), (ii)
0(-3.43)—>(-1,41) (dashed, green), and (iii) o(_343)-(0,0) (dotted, blue) as a function
of ag . Red shaded area corresponds to the experimental outcome.

experimental data and numerical simulations. In our numerical simulation, we consider
that the evolution of the fractional population in a given spin state m is solely governed
by spin changing contact collisions:

dn,,
W = E O(my1,m2)—=(mm)m1Mma = O (m,m’)—(m1,ma) tmTm/, (349)
ml,m2

with v the mean relative velocity, n,, the density of spin state m, and m’ fixed by
m' = my + my — m in order to conserve the spin during the collision.

Using our initial experimental parameters, we simulated eq.(3.49) for different val-
ues of ag and compared them to the experimental data. The value of ay which best fits
the data was then determined via a x? test (see chapter 9 for more information).

Determination of ag

Independant fits for each spin population of the experimental data for population dy—
namics during the first 50 ms in m, =-2,-1,0 leads to ag = 13 {0ap, 13.57|32ap, 1.577 2ap,
respectively with error bars denoting a 68.3% statistical confidence level. These values
are all compatible with each other. As absolute population measurements in m, = 0
may be underestimated due to a less efficient absorption process, we believe that there
is a slight bias for the corresponding inferred value of ag towards the negative side.
Therefore, we rely on the data for ms; = -2 to make our final estimate (the spin state
which we measure best). We therefore have ag = 13.5%5a.

This scattering length is small, and most likely positive. As we shall see in chapter 5,

this value of ay has an important consequences for the spinor ground state properties
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of a Chromium BEC at very low magnetic field since it means the ground state of
Chromium is expected to be cyclic [100].

3.4 Conclusions

In this chapter, we established the different collisional processes which can take place
in our gas. We distinguished two types of collisions: coherent collisions and incoher-
ent collisions. Incoherent collisions ensure thermalization of the different degrees of
freedom. For a gas with a spin degree of freedom, these collisions lead to spin dynam-
ics due to differences in the scattering lengths of different molecular potentials. An
analysis of such spin dynamics led to the first measurement of ay for Chromium, the
scattering length of the S=0 molecular potential. Coherent collisions on the other hand
do not thermalize any degrees of freedom. They introduce phase shifts, which can also
produce spin dynamics.

In the next chapter, we will present experimental results of the co-evaporation
of 52Cr and 3Cr which led to the production of a **Cr Fermi sea. We analyze the
thermalization of the mechanical degrees of freedom during evaporation and are able
to extract the inter-isotope scattering length.

Then in chapter 5, we derive the thermodynamic properties of a Bose gas with
a spin degrees of freedom and present two experiments. In the first experiment we
explore an intriguing between spin dynamics and Bose condensation dynamics as a
thermal multi-spin component gas is rapidly cooled across the Bose Einstein phase
transition. In the second experiment, we take advantage of the thermalization of the
spin degrees of freedom with temperature at low magnetic field in order to perform a
spin selective cooling experiment.
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CHAPTER 4

A 23Cr Fermi sea

In this chapter, we present experimental results of the co-evaporation of 2Cr and ®3Cr.
We produce a fermionic gas ®Cr at temperatures below the degeneracy temperature: a
3 Or Fermi sea. We analyze the thermalization processes of the mechanical degrees of
freedom during evaporation and are able to extract the inter-isotope scattering length
CLBF:80 + 10 ap.

4.1 Introduction

The first degenerate Fermi gas was realized with °K [22], and was produced signifi-
cantly after the first degenerate Bose gases [6, 7] despite the similarities in cooling tech-
niques employed to produce them. The success of producing Bose Einstein Condensate
came from the very efficient evaporative cooling techniques. Evaporative cooling relies
on removing the most energetic atoms, and letting the atomic ensemble thermalize
at a lower temperature. One of the main difficulties in cooling polarized fermions to
degeneracy is the incapability of polarized fermionic atoms to collide (and therefore
thermalize) through s-wave contact interactions at low energy, rendering evaporative
cooling to degeneracy of polarized fermions colliding through short wave potentials
impossible. To circumvent this problem and cool fermionic atoms to degeneracy, two
major strategies are employed. The fermionic ensemble can be prepared in two distinct
spin states. This enables s-wave collisions. Then thermalization processes between
atoms of different internal states are possible and evaporating fermions is no longer
inefficient. This strategy is commonly used and has produced degenerate Fermi gases
of e.g. 19K [22] and SLi [114]. Another strategy is to evaporate together a mixture
of bosons and fermions. This technique is called sympathetic cooling. Here, fermions
collide with bosons and thermalize. This also is a commonly used technique and has
allowed to produce Bose-Fermi mixtures of *°K-8"Rb, %Li-"Li,%Li-**Na [78, 115]

Early experiments studied the thermodynamic properties resulting from Fermi
statistics [77]. Attention was then brought to creating Fermi systems with tunable in-
teractions. This was achieved by preparing a degenerate Fermi gas in two internal states
and then tuning the interaction with a magnetic field close to a Feshbach resonance
[13]. Strongly interacting Fermi gases were observed and studied [116, 117, 118, 119].
Ultracold molecules were then produced from a cold Fermi gas [120, 121, 122, 123] and
successfully condensed [124, 125, 126]. The BEC-BCS crossover was experimentally
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achieved [127, 128], and evidence of superfluidity in a strongly interacting Fermi gas
demonstrated [129].

Fermi gases have also been loaded in optical lattices, a Mott insulator state was
prepared [130], and have even been observed with a Quantum gas microscope [131].
The recent production of new cold gases of species with SU(N) symmetry (such as Sr
or Yb [132, 133]) will allow for the exploration of exotic magnetism [134, 135].

Although this is a very active area of research, only a few ultracold Fermi gases with
long range interactions have been cooled to degeneracy. Such systems are extremely
appealing since long-range interaction are the leading interaction terms for the polar-
ized case. Cold molecules with a strong electric dipole moment have been produced
[32, 136], along with degenerate dipolar Fermi gases of Dysprosium [66] and Erbium
[67]. With dipolar species, low temperature collisions become possible even for identi-
cal fermions. The long range potential leads to an elastic cross section independent of
energy, where antisymmetric orbitals contribute to the total cross section even at zero
temperature.

This very peculiar consequence of DDIs, first observed with Dy [66], was used to
produce an Er Fermi sea [67]. However for Cr the dipolar elastic cross section is ~ 20
times smaller than for Er, as it scales as d*m? (d being the permanent magnetic dipole,
and m the mass). In addition we only manage to trap in a conservative trap about
30 times less atoms than in [67] and at considerably low phase space density, which
renders direct evaporative cooling of spin polarized **Cr atoms very challenging, if not
unfeasible. This is why we chose to perform sympathetic cooling of >*Cr fermions with
the bosonic *2Cr.

4.2 Thermodynamic properties of a gas of fermions

4.2.1 An ideal polarized Fermi gas
a) General description of a Fermi gas based on [137]

Polarized fermions cannot occupy the same quantum mechanical state. This is in stark
contrast with polarized bosons. The distribution of spinless fermions follows the Fermi-
Dirac distribution. The probability that a fermion, at thermal equilibrium with a large
reservoir at temperature 7' and chemical potential y, has an energy e is:
fuleT) = —p— (11)
eksT +1
A gas of N fermions at zero temperature, will have each energy level filled by an
atom up until the Fermi energy, which is the energy of the N** atom. The Fermi
energy, which is the relevant energy scale when dealing with a fermionic gas, can be
determined and has the following explicit form in a 3D harmonic trap:

E; = ho(6N)'3 (4.2)
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with @ the mean trapping frequency. To this energy scale, we can associate the Fermi
temperature Ty through E; = kgTy. A gas of fermionic atoms is considered degenerate
when the temperature 7' of the gas is smaller than Ty (7" < T%) and is considered
completely degenerate in the ideal limit when 7" = 0.

The chemical potential y of a gas is the energy one needs to give to the system,
at constant temperature and entropy, in order to add a particle and for the system to
keep it and remain at thermal equilibrium:

OF

=7 1.
H=N o (4.3)

with F' the free energy.

For a Fermi gas at a temperature T, there is no analytical expression for the chem-
ical potential (since it involves computing Dirac integrals) but we can compute pu(7')
numerically as shown Fig.4.1 for a 3D harmonic trap. For T=0, one retrieves the fact
that (7" = 0) = Ey. The physical picture being that to add a new particle to a com-
pletely degenerate gas, the energy of the particle must be equal to the Fermi energy
(since all lower energy states are occupied). p(7") then decreases for increasing 7'/T
and cancels for T'/Ty ~ 0.55.
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Figure 4.1: Chemical potential of a Fermi gas as a function of T'/T}.

b) Extracting experimental quantities

In our experiment, we perform absorption images of our gas in order to extract physical
quantities. In the following, we will discuss how we measure the temperature of our
Fermi gas and its size.

Temperature measurement

To extract thermodynamic quantities such as temperature, we acquire absorption im-
ages after turning off the trapping potential and letting the gas ballistically expand. If
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the size of the gas after expansion is much larger than the initial size of the Fermi gas,
the atomic distribution after expansion reflects the initial in trap momentum distribu-
tion [23].

The momentum distribution of a fermionic gas in an isotropic 3D harmonic trap is
[138]:

1 kT \*? a2
n = — —ekBTe 2mkpT 4.4
FD(p) (27T)3/2h3 (mwg) g3/2< ) ( )
with @ the mean geometric trapping frequency, T the temperature of the gas, and
gn the polylogarithmic function of order n defined as g,(z) = >.,.,2"/k™. In the
high temperature limit, this expression is equivalent to the expression obtained with a
classical gas:

N 2

noip) = (2w)3/2(kaT)3e_W' (45)

with N the total atom number.

In the experiment, we measure the doubly integrated signal nyy. We calculate the
exact doubly integrated distribution expected for a gas at temperature 7'/77=0.50
(eq.(4.4)), and we fit this distribution by the doubly integrated classical distribution
(eq.(4.5)). The fit yields T'/T;=0.525, overestimating the real temperature by 5%. The
result of this procedure is shown Fig.4.2a.

In our experiment, we obtain temperatures as low as 7" = 0.67%. In this regime,
fitting temperatures with the classical distribution or the exact distribution leads to
differences in measured temperatures less than 5%. In the following, we will therefore
use eq.(4.5) in order to determine the temperature of our gas.

Size measurement

To determine the characteristics of our Fermi gas, we measured the size of the gas
in situ. From Fermi-Dirac statistics, the distribution of a Fermi gas in an isotropic
harmonic trap at temperature T is:

(mkpT)>?? n _ma? 2
n(r) = = Gyarag e — T HaT) (4.6)

with @ the mean geometric trapping frequency, and g, the polylogarithmic function
of order n (gn(z) = > 4o 2"/k™). In the high temperature limit, this expression is
equivalent to the expression obtained for a classical gas:

_2 mLIz2
nen(r) = N( o T)e-<%BTr2> (47)

with N the atom number. Using Mathematica, we calculate the doubly integrated
distribution expected with Fermi-Dirac statistics (eq.(4.6)) at T'/Ty = 0.6 and 1000
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Figure 4.2: a) In red dots, doubly integrated momentum distribution of a gas at tem-
perature T'/Ty= 0.50 using Fermi-Dirac statistics. In blue, a gaussian fit to the points.
In this regime, the fit yields the same temperature with an error less than 5%. b) In
red, doubly integrated density distribution of a gas of 1000 atoms at a temperature
T/Ty= 0.60 using Fermi-Dirac statistics. In blue, a gaussian fit to the points. The fit
yields the same gas size with an error less than 5%.

atoms, and fit the calculated points with the doubly integrated classical distribution.
The width of the classical fit matches the width of our gas down to the percent level.
The result of this procedure is shown Fig.4.2b. We will therefore use eq.(4.7) in order
to extract the size of our gas.

4.2.2 The Bose-Fermi mixture of *2Cr and **Cr in metastable
states

As mentioned at the end of subsection 2.3.4, the ZS 53 beam strongly reduces the
number of atoms in the bosonic MOT. As we chose to cool **Cr atoms employing
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Figure 4.3: Evolution of bosonic and fermionic atom number as a function of the
bosonic loading time At (see text). We load fermionic atoms in metastable states in a
1D FORT. We then turn off all fermionic lights. We then make a bosonic MOT and
load the same 1D FORT with bosonic atoms for At. We measure the evolution of the
fermionic atom number (red triangles) and bosonic atoms (blue diamonds). We also
measure the fermionic atom number as a function of At when no bosonic atoms are
present (black diamonds). The presence of bosonic atoms leads to extra fermionic losses
which we attribute to inelastic collisions between metastable bosons and fermions.

the most abundant 52Cr cloud as a coolant, it is important to store as many bosons
as possible in the 1D FORT. We therefore implement a sequential scheme: we first
produce a fermionic MOT and load a 1D FORT with 33Cr metastable atoms for 800
ms (accumulated from a MOT, see subsection 2.3.4). We then turn off all fermionic
lights (MOT, ZS, TC, R2), make a bosonic MOT and accumulate **Cr MOT atoms in
the dipole trap.

In Fig.4.3 we show the evolution of the number of bosons (blue diamonds) and
fermions (red triangles) as a function of the loading time At of boson atoms in the 1D
FORT. We also show the number of fermions as a function of At but without making
a bosonic MOT (black diamonds). Clearly, the presence of both isotopes in the 1D
FORT trap leads to extra fermionic losses. We attribute these losses to inter-isotope
inelastic collisions. In order to extract properly the inter-isotope contribution in the
loss processes, we first analyse the losses when no bosons are present (black diamonds
in Fig.4.3), then the loading of the bosons (blue diamonds), and finally we focus on
the losses when both isotopes are present (red triangles).
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Metastable fermion-fermion collisions

When no bosons are present, fermionic losses result from collisions with background
atoms and from collisions between unpolarized metastable fermions. The evolution of
fermionic density is:

an
dt
with np(r,t) the fermionic density profile, Sr_p the two-body metastable inelastic
collision rate and v the one-body background collision rate estimated! at v = 0.1 s7L.
Assuming a thermal gaussian density profile for ng, eq.(4.8) can be integrated over

space yielding:

= _BF—FTL%? —nrF (4.8)

dNp BFfF mw? 3/2 19
— = = (—— )" N2 —~4N 4.9
dt \2\/5(27rkBT) FoAE (4.9)

Br_F

where N denotes the fermionic atom number, w the mean trapping frequency, and T
the temperature of the gas. The solution of eq.(4.9) is:

_ —No.ry
Br-rNo — (7 + Br_pNo)ert

with Ny p the initial number of fermionic atoms. A fit to the first 100 ms of the data
yields BF—F: 8.4 x 107° s7!, from which we could deduce Bp_r as long as we know
the trapping frequencies and temperature. However, we did not measure the trapping
frequencies of the 1D FORT trap at the time. Since our trap actually consists of two
"parallel traps” (see Fig.1.6), it is difficult to estimate them a posteriori. We therefore
will only compare the fermion-fermion inelastic rate to the boson-fermion one.

Np(t) (4.10)

Boson loading

The evolution of the bosonic atom number is considered not to be affected by the
presence of the fermionic isotope since we are rapidly in a situation where Ng >> Np.
The evolution of the boson atom number is then given by the loading of the 1D FORT
which we fit with:

N5(t) = Npmae(1 —e7V7). (4.11)

We obtain Np e = (6.45 £ 0.6) x 10° atoms and a loading time 7 = 73 & 7ms. These
values show that the loading was not performed in an optimal situation because in the
"normal” situation we have Np ,0,=1.2 X 10° and 7 ~ 60 ms. In these conditions, a
100 ms loading time gives approximatively 1 x 10° atoms in the optical dipole trap.

'We measured the same one-body loss rate for the bosonic isotope.
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Metastable boson-fermion collisions

When bosons are loaded in the 1D FORT, an extra loss mechanism for the fermions
is introduced. We attribute these fermionic losses to two-body metastable inelastic
collisions between fermions and bosons in metastable states. The evolution of the
fermionic density is thus given by:

an

I —Bp_pnpnp — Bp_pny — YN (4.12)

with Bp_r the two-body boson-fermion metastable inelastic collision rate and ng(r,t)
the bosonic density. Assuming that both isotopes share the same temperature, the
evolution of the fermionic atom number is then:

dNr m>2=530,2 3/2 Br-r , mw? 3/2 Ar2

— = —fp_p(—L——"ro- Np — Nz —vNp (4.13

dt ?B P oatgr ) NN 2v/2 Gatgr) Nr—7NE (419
BBfF B;iF

with m?275% the Bose-Fermi reduced mass and Npg(t) the bosonic atom number. There
is no analytical solution to eq.(4.13). However, Mathematica can solve this differential
equation numerically. A fit of the first 100 ms (see Fig.4.4) gives Bp_r = (0.29£0.04) x
Br_p. This collision parameter is smaller than the Fermi-Fermi collision parameter.
However in practice, due to large differences in atom number between fermions and
bosons boson-fermion collisions are as detrimental as fermion-fermion collisions.

The starting point for evaporative cooling is therefore a trade-off. When At in-
creases, Np increases, but Np decreases. We fix the loading time to be the shortest
possible (leading to lower initial bosonic numbers before evaporation) but still allowing
the production of BECs of (1.0£0.1)x 10* atoms. Experimentally this corresponds
to At =90 ms. In these conditions, we obtain the following optimal mixture before
evaporation: Np = (3.0 £0.5) x 10* and Ng = (1.0 £ 0.1) x 10°. This corresponds to
the situation where we have the minimum number of 52Cr atoms required in order to
produce a BEC with as many %3Cr atoms as possible.

4.3 Evaporation of a Bose-Fermi mixture of **Cr
and **Cr

4.3.1 A %Cr Fermi sea
a) Evaporation

Once atoms are optically pumped to their absolute ground state (|s = 3,ms = —3 >
and |F' = 9/2,mp = —9/2 >, respectively), the crossed dipole trap is implemented by
transferring 80% of the IR power to the vertical beam in 9 s. The total IR power is
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Figure 4.4: Evolution of the fermionic atom number as a function of the bosonic loading
time (same evolution as the red triangles in Fig.4.3). The fit corresponds to the solution
of eq.(4.13) with Bp_p = (0.29+0.04) X Bp_p
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Figure 4.5: Time evolution of **Cr temperature (Tz) and atom number of both isotopes
during evaporation. The crossed dipole trap is fully loaded at t=7 s. The evaporation
ends at t=12 s. Inset: in-situ absorption image of a degenerate fermionic 3Cr cloud
of 10® atoms, with corresponding integrated optical depth.

then reduced to 1 W (starting from P= 40 W at t=4 s in Fig.4.5) in 8 s. We actually
use the same form for the evaporation ramp as shown in Fig.1.8.

Throughout the evaporation ramp, we monitor for each isotope the atom number
and cloud size through an absorption imaging process after a time of flight expansion
tror. The experimental determined temperatures are obtained by fitting the momen-
tum distributions imaged after a ballisitc expansion by a bimodal distribution for *?Cr
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(see section 1.4), and by a Boltzmann distribution® for **Cr.

Fig.4.5 shows the evolution of the boson temperature Tz and atom numbers for
both isotopes. Thermalization between the two isotopes is relatively good during the
whole evaporation process as shown by Fig.4.6. Consequently, the boson-fermion cross
section opp has to be relatively large. On the other hand, thermalization is not perfect:
the fermion temperature Tr is measured to be about 20% higher than T during the
whole evaporation ramp (Fig.4.6). We thus infer that opp is smaller than the bosonic
cross section ogp. At the end of the ramp, a 52Cr BEC is obtained with typically
(1.0£0.1) x 10* atoms at T = (180 + 20)nK, while N ranges between 500 and 1000
with T = (220 £+ 20)nK.

b) Evidence for the achievement of a Fermi sea

In order to characterize the fermionic gas at the end of evaporation, we need to compare
the fermion temperature 7% to the Fermi temperature 7.

At the end of evaporation, the power of the IR laser is rapidly ramped up (to 5
W) to obtain a tighter trap and freeze evaporation. We measured through parametric
excitations the following trapping frequencies: w,, ., = 27 x(430,510,350)Hz (with 5%
uncertainty for each axis).

With these values, we calculate the associated Fermi temperatures (using eq.(4.2)):

77 = 370 & 20 nK for 1000 atoms
T = 29416 nK for 500 atoms

with the uncertainties resulting from the trapping frequency measurement.
We therefore obtain Tp/Ty = 0.66 £ 0.08 and a Chromium Fermi sea of Np =
500 — 1000 atoms (see inset of Fig 4.5).

c) Fermi sea characteristics

We measure the in situ size of the fermion ensemble: R, = (6.3 £0.6)um and R, =
(6.7 +0.7)um using a gaussian fit. This is not perfectly compatible with the expected
size of our gas, where we expect a theoretical size R;th) = (4.5 £0.2)pm and R =
(6.6 £ 0.3)um. We attribute this to the difficulty of in situ measurements: the probe
affects the distribution (e.g by heating the sample) and the resolution of the imaging
system broadens the measurement. Moreover, interactions with the Bose gas deform
the Fermi gas.

The theoretical peak density no of a gas of 1000 atoms at T'/Ty = 0.6 is on the
order of ng ~ 5x 10 at-m—3.

2as discussed in subsection 4.2.1, for T'/ Ty > 0.6 it is expected that fitting the Fermi-Dirac distri-
bution by the Boltzmann statistics leads to the same value of temperature within 5% at maximum.
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Figure 4.6: Comparison between the behaviour of the two isotopes during evaporation.
Left: Atom numbers showing the smaller losses for fermions. The (red) curve is the
prediction from eq.(4.30), the straight (blue) line assumes constant ratio between atom
numbers. Right: Temperature of the fermionic isotope as a function of the bosonic iso-
tope. High temperature represent the start of the evaporation ramp, low temperatures
the end of the ramp. The temperature of the fermion remains about 20% higher than
that of the boson during the whole sequence. The straight (blue) line corresponds to
identical temperatures.

d) Getting rid of bosons

To have a pure Fermi gas, we need to get rid of the bosons without affecting the
fermions. One must be careful when the two species are isotopes as they experience
approximatively the same trapping potential and their optical transitions are very
close. To get rid of the bosons, we adopted the strategy of performing a light pulse
resonant with the bosonic isotope. During a resonant absorption pulse of ¢, = 70
ps at I/l = 0.08, the number of photons absorbed by bosonic atoms N;’h is:

NYy = Rseat X tpuise = 50 (4.14)

with Rgeq: given in eq.(2.1). This pulse is non retro-reflected, therefore the expected
heating AT is of the order of

AT ~ (N3,)?Epec/kp ~ 5 mK

where Fg.. is the recoil energy. This energy scale is much greater than the trap depth
which is estimated to be in the K regime at the end of evaporation. We do not expect
any bosonic atoms to remain in the trap after such a pulse.

We produced a Fermi sea, and applied or not the bosonic resonant pulse. We
observed that without the pulse we had temperatures of 210 4+ 20 nK. When the pulse
was applied we measured temperatures of 260 + 20 nK. The temperature of the Fermi
gas is increased by about 10 % of the Fermi temperature when we apply a resonant
bosonic pulse.
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We do not attribute this heating to the fact that fermions absorbed photons during
the bosonic resonant pulse. Indeed, the bosonic resonant light is detuned 305 MHz
away from the fermionic resonance (see Table 2.2). We estimate that the number of
photons absorbed by fermionic atoms during a resonant light pulse on the bosonic
transition is Ngh o 1073, The heating induced is smaller than 1 nK. This is negligible
when compared to the temperature of the gas and cannot explain the increase in
temperature.

We attribute the heating of the fermion due to fermion-boson collisions as the
bosons escape the trap. In principle the energy of a bosonic atom is so large (AT ~
5 mK) that most of the collision should lead to fermionic losses. Most likely, a small
number of collisions produce hot fermionic atoms which remain trapped and heat the
sample.

In conclusion, we have developed a method to get rid of bosons. However, this
protocol induces a heating of the order of 10% of T'/Ty. We attribute this heating to
boson-fermion collisions as the bosons are expelled from the trap.

4.3.2 Evaporation analysis
a) Efficiency

For approximatively the same gain in temperature, there are less evaporative losses
for 53Cr atoms than for 2Cr atoms (Fig.4.6). This results in very efficient evaporative
cooling of the fermion.

The initial peak fermionic phase space density PSD;y; is ngA3. with ng the peak
atomic density and Ay the deBroglie wavelength. At the start of evaporation, we can
safely assume a gaussian atomic distribution and PSD;,; reads:

ho \?
PSD;,; = N(k:BT) : (4.15)
with @w the geometrical averaged trapping frequency. Again, having not estimated the
initial trapping frequencies it is difficult to be quantitative. However, the initial phase
space density for a bosonic gas of about 1 x 105 atoms was evaluated to be 5 x 10~7 when
BEC was first obtained in the group [43]. We believe that the initial phase space density
of the boson is not drastically different now, therefore we estimate that the initial phase
space density of a fermionic gas with 3 x 10* atoms is PSD;,; ~ 1.5 x 1078,

At the end of evaporation a degenerate gas is produced so PSDy;, ~ 1. This gain
in phase space is of the same order of magnitude than that of the boson. However, this
gain is achieved by losing a factor of 30 in fermionic atom number, compared to a factor
100 for the bosonic atom number. Therefore, although only 3 x 10* ?3Cr atoms are
loaded in the optical dipole trap at 120 uK before evaporation, degenerate Fermi gases
of up to 10? atoms can be produced. The evaporation efficiency ~, which is defined as:

_dlogPSD

4.16
dlog N ( )

’y:
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is therefore 3 times larger for the fermion than for the boson and is equal to ~ 4.5 even
though each isotope sees the same optical potential. Typical reported evaporation
efficiencies lie between 2.5 and 3.5 [58]. Our co-evaporation scheme is therefore very
efficient in cooling the fermionic isotope if we only consider fermionic losses. However,
if we consider the total atomic losses (i.e. fermionic and bosonic losses) in the definition
of the evaporation efficiency, then the evaporation of the fermion is as efficient of the
boson evaporation.

b) Determination of app

In the following section, we analyze our evaporation scheme and outline the decisive
role played by the numerical value of the inter-isotope scattering length agr in order to
ensure thermalization of the fermionic gas. For that we develop the following theoretical
model based on the scaling laws for evaporation first introduced in [139]. These scaling
laws reproduce the evolution obtained with a rather more complex analysis based on
the Boltzmann equation [59]. Moreover, the scaling laws were shown to be accurate
even for small atom number [140].

For quantitative predictions, these scalings suffer from an exponential dependence
onn = U/kgT, where U is the trap depth which is experimentally difficult to calibrate.
The main idea of our theoretical analysis is to greatly reduce this sensitivity on 7 by
performing differential measurements.

«) Assumptions

In our model, the main assumption is that polarized 3Cr atoms only collide with 2Cr
atoms.

This assumption is first motivated by the fact that the centrifugal barrier for the
p—wave collisional channel is of the order of 800 K (see eq.(3.3)), much larger than
the initial temperature of the cloud. As a consequence, collisions between polarized
fermions can be safely neglected.

As shown in Fig.4.5, thermalization between both isotopes is good, meaning that the
inter-isotope scattering length agr should be comparable to the boson-boson scattering
length agg = 103+4ap with ag the Bohr radius. Hence the contact inter-isotope cross
section ogp is expected to be of the order of

opr ~ 4many
~ 107"%m?. (4.17)

The expected scattering cross-section between identical fermions due to DDIs is esti-
mated to be (see eq.(3.15)):

ol ~ 1.0 x 10717 m?. (4.18)
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This is much smaller than the estimated cross-section for boson-fermion collision ogp
and we shall consider that fermions only collide with the more abundant *?Cr atoms,
through contact interactions. Due to large differences in atom numbers, we can also
assume that evaporative losses of bosons comes solely from collisions between bosons.

Furthermore, in order to appreciate the importance of bosons during evaporation
we can compare the rate of dipolar fermion-fermion collisions 7pp; to contact boson-
fermion collisions Tcontact - The collision rate 7 scales as

1

n;ov

T = (4.19)
with v the relative velocity of the colliding atoms, n; the atomic density of the isotope
7, and o is the contact or dipole-dipole cross section. For fermion-fermion collisions,
n is simply ng. For boson-fermion collisions, n is the bosonic density ng. Due to
the large difference in atom number, the fermionic density is roughly 30 times lower
than the bosonic density. This leads to a large difference in timescales associated with
a collision due to dipole-dipole interaction between fermions or contact interaction
between bosons and fermions:

TDDI ~ 300 x TContact- (420)

The rate associated with dipolar fermion-fermion collisions is negligible compared to
Bose-Fermi contact collisions. The presence of bosons during the evaporation is crucial
in order to assure efficient cooling and thermalization.

B) A differential measurement

One major difficulty in applying this model to quantitatively describe evaporation is
that the rate of evaporation depends exponentially on 1 and is given for n > 4 by [141]:

2/2[e(2n — 6) + e (0 + 41+ 6)])] |

fn) ~ 1—e 2202 +2n+1)

(4.21)

Fig.4.7 shows a plot of eq.(4.21). It is usually difficult to precisely measure the trap
depth in an experiment (e.g. due to uncertainties in estimating waists of laser beams
in situ). However, the trap depth is almost identical for the two isotopes (the isotopic
shifts are much smaller than the detunings of the IR laser for all optical transitions). In
our analysis, we therefore strongly reduce the sensitivity to the trap depth by comparing
the rate of evaporation of fermions to that of bosons.

v) Evaporation rate equations

During evaporation, both the number of bosons and fermions diminish. This is due to
(1) one-body losses with the background gas and (ii) evaporation losses due to collisions
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Figure 4.7: Plot of log, f(n) for n € [4,15] (eq.(4.21)). As explained in the text cali-
brating f(n) correctly is crucial due to its exponential dependence on 7.

with bosons. Given these assumptions, the evolution of the number of bosons and
fermions read:

dN _
d_tB = _UBBnBVBBf(nB)NB — ’)/NB (422)
dN _
d_tF = —O'BFnBVBFf(UF)NF — ’}/NF (423)

where NNV; is the atom number, n; the average density, and ¢« = B, F' stands for boson
or fermion; V;; = (8kg(m;T; + iji)/ﬂmimj)l/Q is the mean of the relative velocity
for particle ¢ and j, v is the one-body loss coefficient, independently measured to be
v = 0.1 s71. 5 is the ratio between the trap depth U and the thermal energy kT
(n = kBLT), and f(n) is the average evaporation fraction for the trapped ensemble
(discussed in more detail below). For a large n very few atoms are evaporated and f(n)
is close to 0 whereas it is the contrary for small 7. The first term of eq.(4.22) accounts
for evaporation losses due to collisions with bosons, and the second term represents
background losses.

In thermal equilibrium, the kinetic energy and the potential energy in a 3D har-

monic trap with N atoms are Ej;, = Epot = %N kgT. The total energy E is thus given
by:
E = Ekzn + Epot
= 3NkpT

Since the total atom number changes during evaporation, the total energy of the system
varies accordingly. Its evolution reads:

d(3N5Ts)
dt

d(3NpTr)
dt

= _UBBnBVBBf(nB)(nB + 1)NBTB — 3YNpTp (4.24)

= _JBFnBVBFf<77F)(77F + 1)NFTF — 3YNpTr (4.25)
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The second term in eq.(4.24) and eq.(4.25) accounts for the energy removed from the
sample once an atom has collided with the background gas. This atom has a typical
energy equal to the mean atom energy 3kgT. The first term accounts for the energy
carried away by an evaporated atom, where (1; + 1)kgNV;T; corresponds to the energy
per evaporated particle of isotope 7 [142].

Dividing eq.(4.22) (eq.(4.23)) by the boson (fermion) atom number one obtains:

dlog, N _
% + = —O’BBTLBVBBf(nB) (426)
dlog, N _
%JFV = —oprneVarf(nr) (4.27)

and dividing eq.(4.26) and eq.(4.27) together gives the following differential equation:

dlog, N -
TR B |y _ oesnsVeaf(nB)

+ 7y B UBF”BVBFJCO]F).

dloge Np (428)

To solve eq.(4.28), we first of all consider that Vpp/Vap is time independent. This
is a good approximation, since the ratio depends on time only if the temperatures of
each isotope evolve independently. As shown in Fig.4.6, the fermionic temperature is
always 20 % higher than the bosonic temperature but the temperature evolution seems
similar. If we assume Tr = 1.2 Tz, we obtain:

% 2
Vop _ [ 2mr (4.29)
VBF mpg + 1.2mF

~ 0.96

where mp (mp) is the mass of fermionic (bosonic) isotope. If we also assume that 7;
is constant in time (this assumption is justified a posteriori by the measurement of ng
see Fig.4.8 ), we can now integrate eq.(4.28) which gives for any values of ¢; and ty:

Np (t2) — %
loge( B(tQ)) +’7( 2 tl) _ OBB % VBB % f(”B) (430)

log, <%§EZ;) Ayt —ty)  osr Ver o f(r)

As seen from eq.(4.30), the sensitivity to trap depth is not completely suppressed
by the relative measurement, because the temperatures of both clouds are slightly
different, leading to values of np and np differing by up to 20 %. We therefore first
estimate the value of g by comparing the measured loss rate of bosons and the cooling
rate. From eq.(4.22) we obtain the following equation for np:

dlog, Np
€

n — [, L —
b UBBVBBf<77B)
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Figure 4.8: Experimental value of g as a function of ¢5. The value of ng is computed
using eq.(4.33) and the experimental points are the same ones as for Fig.4.5. We find
that np is approximatively constant during evaporation and obtain a mean value of
ng = 6.1 £ 0.5.

Developing the left hand side of eq.(4.24) and eq.(4.25), dividing each side by NgTs
and substituting np using eq.(4.31) gives the following equation with np the only
unknown parameter:

log, (;Bg;) 2o [bge (xg;) (s — m} | (4.32)

We therefore obtain:

Tp(ts)
Tr(t)

ng = —3log,( ) x [log, (%ﬁ(t@) — Aty — )]+ 2. (4.33)

The analysis of our data using eq.(4.33) leads to Fig.4.8 for ¢; = 0 and ¢, spanning
over all evaporation times.
We find that np is approximatively constant throughout evaporation. This justi-

fies a posteriori the assumption we made on 7; in order to establish eq.(4.30). Our
experimental estimate is np = 6.1 £ 0.5. Using Tr =(1.240.1) T'5, we find:

f(773>
f(nr)

=24+0.3. (4.34)

9) Determination of |apr|

We can now use our experimental data of Fig.4.5, and estimate from eq.(4.30) the value
for the cross-section ogr. We can use different sections of the whole evaporation ramp
to measure the ratio ogr/opp as shown in Fig.4.9. In practice, we span the times ¢t; and
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Figure 4.9: Experimental measurements of the ratio of the boson-boson and inter-
isotope cross sections obtained using eq.(4.30), with ¢; = 10 s (see text). The error bars
show the systematic uncertainty associated with np p, which dominates over statistical
uncertainties (for clarity, only one error bar is shown).

to over the range of experimental times. Experimental values of ogr/opp all lie in the
interval 0.3140.05 regardless of the choice of t; and t5. This indicates that opr/opp is
insensitive to temperature within signal-to-noise. This is in good agreement with the
assumption that atoms collide mostly through s—wave and short-range interactions,
and with theoretical predictions [143].

An outcome of this analysis is the first measurement of the boson-fermion scattering
length |apr| when both atoms are in the stretched state of lowest energy. Indeed,
opr = 4ma%, describes collisions between (distinguishable) bosons and fermions, while
the value of the boson-boson scattering length which sets the cross section between
undistinguishable bosons ogp = 87?@233 has been measured to be agg = 102.5+0.4 ap
[87]. We are therefore able to provide an experimental value of |agp|:

4 2
OBF  _ TTUBE _ ()31 +0.05
OBB 8magp
— ]aBF] = (80 + 10)@3 (435)

¢) Mass scaling analysis

In principle, our analysis does not give insight on the sign of agr. Nevertheless, in the
following we present a mass scaling analysis [144] applied to the case of Chromium.
The good agreement of the theory with our measured value and to the scattering length
value associated to collisions between *°Cr atoms allows us to conclude on quite solid
grounds that agp > 0.

Gribakin and Flambaun established a simple analytic formula for the scattering
length @ in an atomic collision [84]:

)tan(® —

a(®) =all — tan(n — =2

). (4.36)
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Here, a is the mean scattering length determined by the asymptotic behavior of the
potential U(r) ~ —C,/r™ with n= 6 for atom-atom scattering, and ® is the semi-
classical phase acquired during a collision. The expression of the mean scattering
length is [84]:

5)

o . ngi,j)cr 2/(n— Q)F(n s L3
a= s TR = =) (4:37)

where ' are the Euler functions and mr' 7 is the reduced mass associated with an

isotope 4 and an isotope j (mi/= %)
® can be determined through the knowledge of the form of the real potential U(r):

/ DU () dr. (4.38)

However, eq.(4.38) is not easy to compute because U(r) are often complicated and
unknown functions. We determine ® using another method. The semi-classical phase

shift is related to the number of vibrational levels with zero orbital angular momentum
N; through [84]:

P n—1
N, = LT 2(n_2)} +1 (4.39)
where [ - ] is the integer part. For Cra, N is measured to be 29 [145]. We then
determined an interval for the semi-classical phase: ® €[89.9;93.1] rad.

Using eq.(4.36) and eq.(4.38), we may set P5o_59 (the semi-classical phase acquired
during a %2Cr-52Cr collision) to give the experimentally measured agp = 102.5 ap [87]
and verifies ® €[89.9;93.1] rad. We find ®55_5,=90.76 rad. Finally, we performed
a mass scaling operation and obtained the semi-classical phase shift for a ?3Cr-52Cr
collision @53_522

53,52
my”
61)53_52 = m52 52 (1)52 52 =~ 90.995 rad. (440)

We can calculate a(®s3_52) through eq.(4.36). We find a mass scaled inter-isotope
scattering length app(Ps3_52) ~ 68 ap. This value is at the limit of our error bars. A
similar protocol was applied for a ?*Cr-°Cr collision. In Fig.4.9 we report the measured
value of agp = 102.5 ap for *>Cr [87], the less well known value for *°Cr [83], as well
as our newly measured value for agr = 80(£10) ag. In both cases, the measured
scattering length is larger than the theoretical predictions based on mass scaling. The
good agreement with predictions based on mass-scaling [84, 144] indicates that agr > 0.

In our model, we did not consider Bose-Fermi dipolar collisions. Therefore in our
experimental value of a agpr there is a slight contribution of dipolar collisions. A full
investigation is however necessary in order to account properly for dipolar collisions.
Here we just suggest that there is a slight bias of the measured scattering lengths
towards larger values, due to dipolar collisions.
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Figure 4.10: Scattering lengths of Cr as a function of the semi-classical phase. The
solid line is the predicted scattering length using mass scaling of semi-classical phase
(see text). The points represent experimental values of app for 2Cr [87], for *°Cr, as
well as our newly measured value for agr = 80(£10) ag. The good agreement with
predictions based on mass-scaling [84, 144] indicates that agp > 0.

¢) Analysis conclusion

Our calculations therefore confirm that ogr < opp. As evaporation is optimized to be
achieved as fast as possible for the boson, it is not surprising that the Fermi cloud lags
slightly behind in terms of temperature. This analysis shows that our strategy to cool
fermions is efficient because (i) opp is sufficiently large to (almost) ensure inter-isotope
thermal equilibrium; (ii) o is small enough to reduce evaporative losses of fermions,
which leads to a gradual increase in the ratio of the number of fermions to the number
of bosons as evaporation proceeds (see Fig.4.6). This ratio increase is essential for the
positive outcome of our experiment. If we had agr = appg, the ratio between isotope
atom number would remain constant and we would have about 300 fermionic atoms
at the end of evaporation at Tp = (220 £ 20) nK. In these conditions, the Fermi
temperature is 250 nK and we would have T'/Ty ~ 1. If apr > app, there would be
no fermions left at the end of the evaporation sequence.

In other experiments where the fermionic isotope is cooled sympathetically with the
boson, the inter-isotope cross-section is tuned using a Feshbach resonance to a value
slightly smaller than the boson-boson cross section in order to optimize evaporation
(as for example in [146]).

4.4 Conclusion and perspectives
In conclusion, we have produced a **Cr degenerate Fermi gas at Tr /Ty = 0.66 & 0.08,

with up to 10% atoms, together with a BEC of 10* ®2Cr atoms by co-evaporating a
Bose-Fermi mixture. The Fermi sea is produced in an efficient way due to a favourable
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value of the inter-isotope cross-section ogpr. It is worth pointing out that for most
sympathetic cooling experiments, where evaporated atoms are mostly bosons, the size
of the bosonic gas is reduced faster than the size of the fermionic gas. Cooling can then
cease to be efficient because thermalization relies on a good spatial overlap between
the two gases. We should not suffer from this loss in efficiency since we evaporate
bosons and fermions in almost the same manner and we should always have a good
overlap. Moreover, since agr < agp and our number of fermions is small enough, the
entire fermion distribution resides like a fermionic ”core” within the Bose cloud (i.e.
no phase separation) [147]; smaller temperatures could then be obtained if evaporation
could proceed. Our procedure to produce **Cr Fermi seas seems optimized and it will
be difficult to load more fermionic atoms in the 1D FORT in order to have larger and
colder Fermi gases. Since the production of the degenerate Fermi gas is closely linked
to the production of BEC, one route would be to produce BEC in a more efficient
way. For example, we could implement a sub-doppler cooling scheme in gray optical
molasses in order to start evaporation at lower temperatures [148].

This boson-fermion degenerate mixture might have peculiar properties, due to the
strong imbalance in atom numbers. Fermions will experience a mean field potential
Eini = gprnp(T) from the interaction with bosonic atoms of density distribution ng(7).
gpr is the boson-fermion coupling constant:

2mh?

9BF = apr (4.41)

with mP% the interisotope reduced mass. In our experiment, we estimate Ej,; ~0.15
E; for np in the order of 10 at.m™?; the spatial mode of the Fermi sea should be
deformed by repulsive interaction with the BEC. This effect should be amplified close
to an inter-isotope Feshbach resonance, which are predicted to be large (> 40 Gauss)
and at fields of a few 100 Gauss (experimentally achievable) [143].

We tried to reveal the dipolar nature of the Cr Fermi sea by studying Pauli param-
agnetism at low magnetic field [137]. Quantum statistics is expected to lead to a very
different picture than that obtained for 52Cr. For the boson, as long as the magnetic
field is different from zero, a 52Cr BEC is polarized at equilibrium: only the m, = —3
spin component is occupied. Here DDI prevents the other spin states from condens-
ing [97]. For the fermion, at zero magnetic field all spin states are equally populated.
When the magnetic energy difference between two Zeeman states is lower than the
Fermi energy, atoms with an energy larger than this magnetic energy difference will
populate spin excited states through dipolar collisions(in order to minimize total en-
ergy). This would be very exciting because it would be a way of measuring the Fermi
energy directly and to observe an effect due to Fermi-Dirac statistics. Moreover the
physics involved in this experiment is non trivial since it is dictated by the compe-
tition between magnetic energy and the Fermi energy. Contact interactions between
fermions of different spin states may even play a role. This experiment would be an
exploration of the phase diagram of a degenerate dipolar Fermi gas. However, we did
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Figure 4.11: Fermi-Dirac (blue) and Boltzmann (orange) distribution for a gas at
a temperature T = 0.55 T (slightly lower than our experimental temprature) as a
function of E/h. When the magnetic field is reduced, it is energetically favourable for
fermions with energy larger than the Zeeman energy to change spin state. In order
to observe this effect due to the quantum nature of the gas, one must apply external
magnetic fields as low as 2 kHz.

not proceed with this experiment because at T /Ty = 0.6, the Fermi-Dirac distribution
and the Boltzmann distribution differ very little (see Fig.4.11). The distributions differ
substantially for E/h < 2 kHz. This requires that in order to observe a substantial
difference between the depolarization expected from a thermal gas or a degenerate
gas, we need to control the magnetic energy to the kHz regime which is experimentally
challenging. Depolarization due to Boltzmann statistics takes place when the magnetic
energy is of the same order as the thermal energy (which depends on the temperature).
Depolarization due to Fermi-Dirac statistics takes place when the magnetic energy is
of the same order as the Fermi Energy. In our experiment, the Fermi energy and the
thermal energy are of the same order. To perform this experiment and observe a clear
signature of quantum statistics, lower temperatures (in the 7'/7; ~ 0.2 regime) are
necessary.

In a 3D optical lattice, *3Cr should provide a good platform to study non-equilibrium
dynamics, even at relatively high 7'/T}. Indeed at low B-field, the XYZ Hamiltonian
could be realized [149]. Moreover, due to the quadratic Zeeman shift, the spacing in
energy between different spin states is non-degenerate and it would be possible to pre-
pare many different initial, well defined, spin states. This is not the case for the boson
where the spacing in energy between different spin states is the same and limits the
initial preparation. In an experiment with the boson presented in chapter 8, by intro-
ducing an optical quadratic shift, approximately 80% of the atoms in m, = —3 were
successfully transferred in mg = —2. For the fermion, with a simple Radio-Frequency
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Figure 4.12: Scheme of the experimental procedure to selectively measure a given spin
state. In this example, there are two spin states in the electronic ground state. In
order to image the ”green” spin state, we must first transfer the atoms in the "red”
spin state to an other hyperfine state and then apply the imaging pulse.

(RF) pulse, it would be possible to promote approximately 100 % of the atoms in
|F'=9/2,mp =-9/2 > towards |F = 9/2, mp = —7/2 >. From there on, the dynam-
ics from this out-of-spin equilibrium situation should be very intriguing and different
from the bosonic case. Here magnetism and transport are coupled due to the Pauli
principle (which implies that atoms cannot be in the same site with the same spin
state): the tunneling of an atom to a neighbouring occupied site depends on the spin
state of the atom pair. If the atoms are in the same spin state, the Pauli principle
inhibits this tunneling process.

To perform such an experiment, due to our low atom number we need to be able
to measure atoms of a given spin state in situ. We are not actually capable of such a
procedure. However this could be performed with an RF field. With a well calibrated
RF pulse, the desired spin state can be transferred into another hyperfine state which is
not resonant with the imaging beam. For imaging a given spin state we could use the
following scheme summarized in Fig.4.12: after performing an experiment involving
several spin states, one could transfer all atoms of the "unwanted” spin state through a
RF pulse to the |”Ss, I’ = 7/2 > hyperfine state. Then one can shine the imaging beam
on the |"S3, F = 9/2,mp = —9/2 > — |"P,, F = 11/2,mp = —11/2 > transition and
image only atoms in the spin state not perturbed by the RF pulse. A RF antenna has
been installed and characterized recently as part as Lucas Gabardos’ master’s project
[150], and loading fermions in a lattice promises to be an exciting avenue for the group.
However, for the remainder of my thesis, we did not perform any more experiments
with the fermionic isotope. We focused our attention solely on the bosonic isotope. In
the following I will present experiments where we were interested in the thermodynamic
properties of a Bose gas with a spin degree of freedom.
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CHAPTER 5

Cooling a spinor Bose gas

In this chapter I first recall general results for the thermodynamic properties of a Bose
gas with a spin degree of freedom. I then present two experiments. In the first experi-
ment, we rapidly cool a thermal multi-spin component gas across the phase transition
for Bose Finstein Condensation. We then study the interplay between internal and
external degrees of freedom in order to define which spin state may condense. In the
second experiment, we cool a polarized BEC using the spin degree of freedom to store
and remove entropy from the BEC.

5.1 Introduction

There is a wide selection of atoms and molecules which have been produced in the
ultracold regime. These particles are characterized by both their internal and exter-
nal degrees of freedom. The first BEC experiments were performed with gases in one
internal state and are referred to as scalar BECs. Very soon after, BECs in different
internal states were produced and are referred to as spinor BECs. The interplay be-
tween the external and internal degrees of freedom in the multi-component systems
leads to physics out of reach for scalar BECs. Not all cold gases can be easily adapted
to study spinor physics. In order to study the physics of different internal states, the
lifetime of each internal state has to be long compared to thermalization processes and
the experiment time. Furthermore, the confinement potential must be the same for all
the internal states.

Our Chromium gas is particularly well suited for the study of spinor physics. Its
relatively large electronic spin s=3 yields the possibility of having a gas in the electronic
ground state in 2s+1 different internal spin states. The lifetime of atoms in spin
excited states are limited by dipole-dipole relaxation processes which were intensively
studied and they can be negligible for sufficiently fast experiments [87]. As for Van
der Waals interactions, there are 4 different collision scattering lengths which have the
peculiarity of being very different, which lead to intriguing collision dynamics as shown
in chapter 3. Here the internal degree of freedom is the projection of the electronic
spin (i.e. associated to a Zeeman state). In addition, the confinement potential cannot
be a magnetic trap because they are spin dependent. We therefore will use an optical
dipole trap.

In this chapter we will first discuss general thermodynamic properties of a Bose
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gas with an internal spin degree of freedom. We will then present two experimental
results. We first study the interplay between internal and external degrees of freedom
of a Bose gas across the BEC transition. We then discuss how we can cool a polarized
BEC by storing entropy in spin excited states which are then removed from the trap,
thus cooling the sample.

5.2 Thermodynamic properties of a spinor Bose gas

5.2.1 An ideal polarized Bose gas
a) Bose distribution

The quantum statistical description of a non interacting Bose gas is a common subject
well described in many books (see for example [137]). The thermodynamic properties
of bosons may be derived from the Bose Einstein distribution. Consider a system of
N bosons at thermal equilibrium at a temperature 7', the Bose Einstein distribution
quantifies the average number of atoms 7, in state ¢ of energy E;:

) 1
il T) = “m et — 1

(5.1)

with p the chemical potential of the gas. The total atom number satisfies ) . n; = N.
For a given temperature and atom number, p is fixed with eq.((5.1)).

In state 4, the average occupation necessarily verifies n; > 0. This imposes u < Ejy
< FE; where FEj is the lowest energy level. For the case of an ideal gas we set the energy
scale so that Ey=0.

b) Saturation of the thermal gas and critical temperature for BEC

For a fixed value of temperature 7', the function describing the number of atoms in
excited states (), 40T = Nr) increases with p and reaches a maximum Ny 4, for
i = Eg = 0. There is an upper limit, for a given temperature, to the number of atoms
in excited states. A thermal gas cannot have more than Np s, atoms. In contrast,
there is no upper limit to the number of atoms in the lowest energy level. If a particle
is added to a gas with N = Np 7., atoms in excited states, it will necessarily occupy
the lowest energy level i = 0 (since the number of excited atoms is already maximum).
A macroscopic occupation of this state takes place if more particles are added. The
macroscopic occupation of the lowest energy state of the system is called Bose Einstein
Condensation. When a BEC is present, the chemical potential is u=0, meaning that
it does not cost any energy to add a particle to the BEC.

In literature, the situation when Ny = Np o, is referred to as saturation of the
thermal distribution. For a given T', the thermal gas is not saturated if Np e >
N =~ Nr and a macroscopic occupation of state ¢ =0 cannot take place. On the
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other hand, for a given T" where Nt a4 < N, the thermal gas is saturated and p =
Ep=0. There will be Ny = Np a4, particles occupying excited states and N — Nz arqz
particles occupying the ground state. The critical situation Nz pq, = N corresponds
to Nrajar = Np(T = T, = Ep) where T is the critical temperature. In the case
of N non interacting bosons in a 3D harmonic trap (which in practice will apply to
most of the experiments presented in this manuscript), the critical temperature has
the following form:

N (13
kgTe = hio(— 5.2
where ((s) = Y7, & is the Riemann Zeta function, and @ = (w,w,w,)'? is the

geometrical average trapping frequency. In the experiments presented in this thesis,
we cross the phase transition for T ~ 400 nK with typically N = 10* atoms and
w =2 x 7 330 Hz. For temperatures below T in a 3D harmonic trap, the condensate
fraction f of N non interacting bosons evolves in the following way with temperature

[23]:

f= % 11— (%)3 (5.3)

c) BEC and phase space density

Another description of BEC is through the concept of phase space density. In a de
Broglie picture, an atom can be seen as a wave of wavelength the thermal de Broglie

27 h?2
mk:BT

constant. The lower the temperature the longer A\;jg. When atoms are cooled to
a temperature for which A\yp is comparable to the inter-atomic distance, the atomic
waves overlap. At this temperature, the atoms undergo the BEC phase transition. The
temperature T, of this phase transition in a 3D harmonic trap is obtained from solving:

wavelength \gjp = where m is the mass of the atom and kg is the Boltzman

n\p = ((3) ~ 1.202. (5.4)

where n is the atomic density. By developing this expression, one retrieves eq.(5.2).
This ratio can be seen as the ratio between the particle density and the number of
significantly occupied states per unit volume. If this ratio is large, this means that there
are lot of particles for a small number of available states. The number of accessible
states is proportional to 1/nA35. Assuming equiprobability of each accessible state,
nA35 represents the probability of occupying one of these states (the ground state for
example). When a BEC forms, nA3; ~ 1 and only one state becomes accessible, the
ground state of the trap.
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d) Critical entropy for BEC

It is interesting to recast the phenomenon of BEC in terms of the existence of a critical
entropy .. The entropy per particle /N of a mono-atomic classical gas of N particles
at T' > Ty is:

Y
= - g ~ log(n\2y). (5.5)
This classical expression for entropy is called the Sackur-Tetrode equation [137]. Even
though this is a classical expression, we can already notice that a different behaviour
of entropy takes place depending on the relative sign of log(n\3z). Entropy has two
regimes: it can be larger or smaller than 3/2.
For an ideal gas of N particles in a box, the entropy X of a gas at T' < T is
inversely proportional to the phase space density [137]:

S 5 1
= kg5 (1 .
N 2 BmngW( ) (56)

where g,(1) is the polylogarithmic functions defined as g,(z) = >, 2"/k". From
eq.(5.6), we see that ¥ =0 at T=0, in agreement with the third law of thermodynamics.
This means that the condensed phase has no entropy. At any finite temperature, the
total entropy is entirely due to particles in excited states. The fraction of particles in

excited states (or thermal fraction) is fy, = 5= = (%)3 For T' < T, we can write the
entropy for a 3D harmonic trap in the following way [23]:
5 94(1) ( T )3
— = 4x kp| — 5.7
N 95(1) "\ T (5.7)
94(1)
= 4x k
e
- chth
~ 3'6kath

with Y. homogeneous to an entropy and that we shall now identify as the critical
entropy. At T' < T, each thermal atom carries an entropy equal to Y. A gas with
entropy > < NX,. has necessarily a condensed phase. On the other hand, a gas with
> > N, has no condensed phase. It is interesting to realize that Y. has a universal
character since it depends only on the dimensionality of the gas, and is independent of
temperature or trapping parameters such as the trapping frequency w. In that sense,
entropy is the correct figure of merit in order to characterize a gas.

5.2.2 An ideal multicomponent Bose gas

The existence of an internal spin degree of freedom modifies the thermodynamic prop-
erties of a Bose gas. We shall call N; the population in spin state ms; = ¢ and Np,; the
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total atom number. For a gas of spin s we have:
S
Nroo =Y N;. (5.8)
1=—S8
We denote as njy and N}, the number of condensed and thermal atoms in spin state i:

The magnetisation M of the gas is related to how the different spin states are occu-
pied. The relative magnetization of the BEC and of the thermal gas read respectively:

int
Mpgc = o
i=—s8 ng '
L N}
M= > o (5.10)
i=—s = th

with nl° the total number of condensed atoms and N2 the total number of thermal

atoms (nd? =327 _niand N =>"° N} ). We can then define the total relative
gas magnetization as:
S .
©N;
M= L (5.11)
i——s NTot

The interaction between the spin and the magnetic field gives rise generally to a
Zeeman energy term which comprises a linear term and a quadratic term. For an atom
of spin s and quadratic shift ¢g in a magnetic field B, the Zeeman energy term writes:

Ez(ms) = MsGranaciis B + qgm?B? (5.12)

with grange the Landé factor and ppg the Bohr magneton. The quadratic Zeeman shift
arises from the interaction between the nuclear spin and the electronic spin. Thus
atoms with no nuclear spin, such as 52Cr, do not have a magnetic quadratic Zeeman
effect. However, an optical quadratic effect can be induced by the optical trapping
potential. This optical quadratic term can be particularly large for Chromium' due
to its specific fine structure [151]. The strongest contribution term of the AC Stark
shift is scalar and for large detunings is the well known light shift term responsible
for optical dipole traps [152]. The following contributions to the optical potential are
tensorial. For large magnetic fields, we may consider only the diagonal contributions
which are of the form gzgm?. In the following we will write the quadratic contribution
to the energy as gm? which can be either of magnetic or optical origin.

IFor the experiments presented in this chapter with Chromium, we estimate that ¢rg ~ 10 Hz and
will not play a significant role.
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The scalar Bose distribution (i.e. bosons with just one spin state eq.(5.1)) for non-
condensed atoms can be generalized to include different Zeeman states in the following
way:

ms 1
ms ; SEAE — 1 (5.13)

with E; + E,(ms) the energy of a particle in excited state 7, which depends on the spin
state m, with E(ms) = msgrandeptn B + gm?.

In the following, we shall discuss the general thermodynamic properties of an ideal
spinor gas depending on the existence of the quadratic term? ¢ and the fact that total
magnetization M is constant or not. In the next section we will discuss how the
presence of interactions modify the ideal picture presented below. For each situation,
it is important to pinpoint the constraints on the system. Each constraint will be fixed
via a Lagrange multiplier (as was the case for p which is related to the constraint on
the total atom number). When magnetization is fixed the Lagrange multiplier will be
identified as a magnetic chemical potential. We then may derive properties for each
spin component at thermodynamic equilibrium.

The reader must not be confused about neglecting interactions but still discussing
thermodynamic equilibrium properties. Based on the discussion in chapter 3, we are
considering the case I';,. > I'.,p, for which collisions occur on a timescale much faster
than that required for interaction energy terms to play a significant role.

a) Fixed magnetization

The constraint of fixed magnetization can be taken into account by setting a Lagrange
multiplier. This Lagrange multiplier sets the magnetization and fixes an effective mag-
netic field B, sy which gives to the atoms an effective Zeeman energy [153]:

EMY = igranaciin Begy (5.14)
so that p; = pu— EM. (5.15)

In the following, we will discuss the behaviour of an ideal multi-spin component
gas of spin s = 1, with fixed magnetization at spin equilibrium?®. Here the only spin
changing process are associated to (ms=0,ms=0) — (ms=+1,ms=-1). The Zeeman
energy does not intervene when dealing with magnetization collisions and we may omit
the Zeeman energy when at fixed magnetization.

We will now discuss which are the different processes which will define which spin

state may condense, when no quadratic shift is present and then with a quadratic shift.

2Even if ¢ can be negative, we will only discuss ¢ > 0 which leads to a larger qualitative difference
than ¢ < 0

31n order to simplify the discussion we do not explicitly discuss the example of a s = 3 gas, which
has the same general behaviour in the ideal case than the s = 1 gas.
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«) No quadratic shift (q=0)

Let us consider the case with no quadratic shift and a negative magnetization. The
energy necessary to add a particle in state my = 0 is yo the chemical potential of spin
state mgs = 0. The energy necessary to add a particle in state my; = —1 is the chemical
potential p_q, and differs from py by the effective Zeeman energy:

H—1 = MO"’gLandé,uBBeff- (516)

In the same manner to add a particle in state my; = +1, one needs the energy:

H+1 = #O_gLandéﬂBBefﬂ (517)

In general for a spin s we have:

pi = s — (i + 5)GranacitBBess (5.18)

for i € [—s,s]. As the gas is cooled the internal chemical potential of each spin state
will grow and p_, will reach 0 first for a critical temperature (referred to as Tq). Thus
a BEC in my, = —s forms. As the gas is cooled further, the chemical potential of the
second-to-lowest spin state will reach zero (B, is free to evolve in order to fix the total
magnetization) for a second critical temperature (referred to as T¢o). Eq.(5.18) then
imposes that all chemical potential must be zero (B.fy is equal to zero): all other spin
states condense simultaneously [153]. There are two phase transitions, even if 2s + 1
spin states are present.

In the case M = 0 at thermal equilibrium, all spin states are equally occupied. It
costs the same energy for a particle to be in any spin state, B.ss = 0 and each spin
state has the same chemical potential. In that case, as the gas is cooled the chemical
potential of each spin state will reach zero simultaneously and there will be a BEC in
each spin state (the two phase transitions coincide).

f) Quadratic shift q>0

Most atoms, and in particular alkali atoms, have a nuclear spin, and therefore a non
zero magnetic quadratic shift (q70). It is interesting to study how the introduction of
the quadratic shift changes the result above. When the nuclear spin I is different from
0, it is convenient to work in the total angular momentum basis F' defined as:

F=1+J (5.19)

where J is total electron angular momentum.

Let’s discuss the example of a spin F=1 gas, with fixed magnetization. The presence
of the quadratic energy changes the equality eq.(5.18). The energy to add a particle
in spin state mp = 0 is pg. The energy necessary to add a particle in state mp = —1
is equal to the energy to add a particle in mrp = 0 minus the effective Zeeman and
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Figure 5.1: Sketch illustrating the energy scale for a spin s = 1 atoms, at fixed magne-
tization which introduces an effective magnetic field B.sy (see text), for a) no quadratic
shift, b) a non zero quadratic shift.

quadratic energy difference between the two. We may then write the chemical potential
of each spin state:

Ho = Mo
U1 = fo+ gLandé/LBBeff —q
M1 = Mo — gLandéMBBeff —dq. (5-20)

To make predictions on which states may condense, we will distinguish two scenarios
depending on the relative values of grandeitpBess and gq.

In a first scenario, let us consider the case where the most populated thermal state
is mp = —1: set by ¢ < grandgeftBess. Here, it is mp = —1 which has the largest
chemical potential, then mpr = 0 (see eq.(5.20)). As the gas is cooled the internal
chemical potential of each spin state will grow and p_; will reach 0 first for a critical
temperature T;. Thus a BEC in mp = —1 forms. Reducing the temperature further,
there will be a second critical temperature T where g = 0 and the mp = 0 component
will condense. As soon as o = 0, eq.(5.20) imposes:

fie1 = —2q < 0. (5.21)

The chemical potential of spin state mp = +1 will never reach zero (we considered
q > 0), therefore a BEC will not form in mp=+1 even if cooling proceeds.
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In a second scenario, let us consider the most populated thermal state to be mp = 0:
set by ¢ > granaettBess. Here, it is mp = 0 which has the largest chemical potential,
then mp = —1 (see eq.(5.20)). As the gas is cooled the internal chemical potential of
each spin state will grow and gy will reach 0 first for a critical temperature T;. Thus
a BEC in mp = 0 forms. Reducing the temperature further, there will be a second
critical temperature Too where u_q = 0 and the mp = -1 component will condense. As
soon as p_1 = 0, eq.(5.20) imposes:

p1 = —2q < 0. (5.22)

A BEC will not form in mp=+1: py; will never reach zero even if cooling proceeds.

If we had considered the case M > 0, we find the same results under the exchange
of mp = —1 with mp = +1.

This result differs substantially from the case q=0, there underneath the second
critical temperature all spin components condensed simultaneously. For ¢ # 0 not all
spin components will condense and depending on the relative values of grandcitnBefys
and ¢ it is not the same spin state which will condense first.

b) Free magnetization

We now consider the case where magnetization is not conserved. As illustrated in
subsection 3.1.2, Dipole Dipole collisions have collisional channels which allow the
magnetization of the gas to vary. There is no effective magnetic field which fixes
magnetization, which is instead fixed by the real external magnetic field B and the
temperature T of the gas.

a) No quadratic shift (q=0)

Let us first consider the case ¢ = 0 for an s = 1 atom. Here magnetic energy consists
only of the linear Zeeman term. The energy to add a particle in state mg = 0 is simply
to- The energy necessary to add a particle in state my = —1 is the chemical potential
i—1, and differs from pg by the Zeeman energy. We have for each spin state:

Mo = [o
H—1 = Mo — gLandé;uBB
fie1 = po+ JrandeptBB (5.23)

where B is the external magnetic field. For a spin s, we therefore have:

pi = fpi—s — (i + 8)granacpis B (5.24)

for i € [—s, s].
If the external magnetic field is exactly zero, the chemical potentials of each spin
states are equal. As the gas is cooled, all chemical potentials will increase in the same
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Figure 5.2: Sketch illustrating the energy scale for a spin s=1 atoms, at free magne-
tization, for a) no quadratic shift, b) a non zero quadratic shift. It is the same as for
Fig.5.2 except that here B is the external magnetic field and not an effective magnetic
field (see text).

manner and reach zero simultaneously: a BEC will form simultaneously in all spin
states.

In experiments, B is always finite and imposes that p_g is the highest chemical
potential. As the gas is cooled, u_, will reach zero at a certain temperature and
ms = —s will condense. However eq.(5.24) reveals that for a finite B, the other
chemical potentials will never reach zero: there is no second phase transition. The
BEC remains polarized.

f) Quadratic shift q>0

Let us now consider the case ¢ # 0. We must now take into account the quadratic
energy term. Even though Chromium has no magnetic quadratic Zeeman energy, it is
sensitive to the optical quadratic effect induced by the optical dipole trap. Again, puyg
is the energy to put a particle in spin state my = 0. We may then write the chemical
potentials associated to all spin states:

Ho = Mo
H—1 = po+ GranaetBB —q
Hi1 = Mo — YrandeiBB —q. (5.25)
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To make predictions on which states may condense, we will distinguish two scenarios
depending on the relative values of grunacptpB and q.

In a first scenario, let us consider the case where the most populated thermal state
is mg = —1. We then have ¢ < granaeptsB. Here, it is mg; = —1 which has the largest
chemical potential, then m, = 0 (see eq.(5.25)). As the gas is cooled the internal
chemical potential of each spin state will grow and p_; will reach 0 first for a critical
temperature. Thus a BEC in my = —1 forms. However eq.(5.25) reveals that for a
finite B, the other chemical potentials will never reach zero: there is no second phase
transition. For a spin s gas, we have the same behaviour except that it is in spin state
mg = —s that the BEC forms.

In a second scenario, let us consider the case where the most populated thermal
state is mg = 0. We then have ¢ > gupB. Here, it is ms = 0 which has the largest
chemical potential, then m; = —1 (see eq.(5.25)). As the gas is cooled the internal
chemical potential of each spin state will grow and pg will reach 0 first for a critical
temperature. Thus a BEC in my; = 0 forms. For a finite B, the other chemical
potentials will never reach zero: there is no second phase transition. For a spin s gas,
we have the same behaviour.

In the case of free magnetization, only one spin state may condense. The presence
of ¢ may however alter which spin state condenses.

5.2.3 Ground state in presence of interactions

The ideal picture presented above is modified by the inclusion of interactions between
atoms. When dealing with interactions, one can distinguish two parts: one spin de-
pendent and one spin independent. In the following we shall focus only on the spin
dependent interactions and on how the ideal picture is modified.

a) Fixed magnetization

The mean field ground state spinor wave function of an F=1 with fixed magnetization
gas is found by minimizing the free energy [154]:
Con Cam

K = /d3rnv+—+7<F> +<H,>-p<F,>| (5.26)

where the kinetic energy was neglected here, V' is the trapping potential, n is the
density, < F >=< £|F|¢ > where F is the angular momentum per atom and € is the
spinor part of the wavefunction, and < {|H,|§ > is the quadratic Zeeman energy in
an external magnetic field. p is a Lagrange multiplier which accounts for conservation
of magnetization (p = grandeitBess). The mean field energy in eq.(5.26) consists of
a spin_ 1ndependent part proportional to ¢y and a spin dependent part proportional to
¢y < F >2 with ¢y = 47;? #2240 The ground state of a spinor gas will minimize K for a
given p, < H, > and ¢y. The minimization of eq.(5.26) will drastically depend on the
sign of cs.
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«) Anti-ferromagnetic interactions a, > ay

Let us discuss the results for a mean field ground state at 7' = 0 in the case ¢ = 0
and as > ag > 0. If ay > ag, collisions through the S = 0 molecular potential will
be energetically favourable (because they lead to less repulsion) which corresponds
to anti-ferromagnetic interactions. In zero magnetic field, the condensate lowers its
energy by minimizing its average spin, i.e. by making | < F > | = 0. This can be
achieved for a spinor £ = (0, 1,0). All spinors obtained by a rotation of £ minimize also
eq.(5.26). £ corresponds to a degenerate set of spinors, the polar states, corresponding
0
to all possible rotations of the hyperfine state |mp >= 0: £ = U(a,5,7) [ 1 | with
0

U(a, B,7) = e e tuBe=i 2T where (a, 3, 7) are the Euler angles [154].

Let us now discuss the cooling of a thermal gas at non zero magnetic field. For
M < 0, below the first critical temperature a condensate will appear in the most
populated state, namely mp = —1 as in the ideal case. Below the second critical
temperature, a condensate will also appear in mp = +1. The mrp = 0 condensate
component never shows up in the limit ag + 2a, >> a, — a¢. This is a different result
from the ideal Bose system where all three components appear at lower T [153].

The presence of a quadratic shift ¢ changes this picture since it tends to advantage
the condensation of mr = 0 spin component. The phase diagram here is dependent on
q and the magnetization of the gas [155, 156, 157].

f) Ferromagnetic interactions ag > ay

If ay < ag, collisions through the S = 2 molecular potential will be energetically
favoured which corresponds to ferromagnetic interactions. Even in the case of zero
field, the condensate lowers its energy by maximizing its average spin, by making
| < F > |=1[154].

Within the assumption that all spin states share the same spatial wave function
(this approximation is called the Single Mode Approximation), below the first critical
temperature a condensate will appear in the most populated state namely mprp = —1.
Below the second critical temperature, the condensate will form in state |mp = —1 >y,
which is mr = —1 in the basis associated to any angle 6 fixed in order to have the
right magnetization. It is also proposed that below the second critical temperature a
phase separation could take place between the existing mpr = —1 condensate and the
"new” mpr = +1 condensate [153] and maybe then lead to triple condensation [158].

b) Free magnetization: the case of Cr

Due to its large spin, Chromium features non negligible dipole-dipole interactions which
free the magnetization, no magnetic quadratic Zeeman effect, and 4 different scattering
lengths. This leads to a very rich phase diagram. Santos and Pfau [100] (as well as
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Ho and Diener [159]) studied the phase diagram for Cr shown Fig.5.3. The different
regions show the possible phases, depending on the B-field (represented by p in their
study) and on the gy/ge ratio (unknown at the time). In addition to the ferromagnetic
and polar phases also predicted for spin 1 atoms, new phases such as the cyclic phase
are predicted. A large variety of cyclic phases are predicted, each with different spin
components which may condensed (indices represented in Fig.5.3) and with a specific
phase relations between the condensed spin components (see also [155]). We will discuss

0.4 7 FERROMAGNETIC

CY.;,

CY; 113

01 0 01 02 03
20/86

Figure 5.3: Chromium phase diagram adapted from [100]. It gives the ground state for
a spinorial Cr BEC, depending on the value of ay (unknown at the time the diagram
was performed) and the magnetic field relative to contact interaction through the S=6
molecular potential p/gs. The white solid line corresponds to the value deduced from
our experimental measurement of ag in chapter 3. Here p = granacitnB.

in the following that depending on the relative value of the Zeeman energy compared
to spin dependent energy terms, two different behaviours are obtained.

We define a critical magnetic field Bo for which the Zeeman energy is equal to
the spin dependent contact energy. For Chromium, the critical magnetic field has a
complicated expression and involves a linear combination of several scattering lengths
(namely ag, ag,and ag) [160]. Typical experimental values lead to B. ~ 200 uG and it
is challenging to achieve lower experimental magnetic fields.

«) High magnetic field (B >> B()

At high magnetic field (i.e B >> Bg¢), the ground state is a ferromagnetic state
(Fig.5.3). Therefore below a critical temperature the lowest Zeeman energy state con-
denses, and no other spin state will condense. The BEC is polarized. Atoms in excited
spin states are necessarily thermal atoms and a second phase transition is avoided.
This result is similar to what would be expected from Bose thermodynamics at free
magnetization section 5.2.2b)a).
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f) Low magnetic field (B << B¢)

Now let us consider the case of an experiment performed at low magnetic fields (i.e B
< B.).

After the first phase transition, we have a BEC in m, = -3. However, the ground
state is no longer a ferromagnetic state (Fig.5.3) and the gas has no reason to remain
polarized. If cooling is continued, below a second critical temperature the gas enters a
spinorial phase where different spin states condense. With our newly measured value
of ag = 13.5 £ 11lap, we have go/gs ~ 0.13 = 0.1: the ground state is expected to be
Cyclic.

c) Previous experimental study of the chromium phase diagram

The phase diagram with free magnetization has been studied with Chromium by our
group before my thesis work and the explored phase diagram will help us illustrate
the different phenomena [97]. The phase diagram of a spin s=3 gas is shown Fig.(5.4).
There are 3 distinct phases. Phase A corresponds to a thermal gas in each Zeeman
component; Phase B to a BEC only in m, = —3; Phase C to a BEC in all spin states®.

The vertical line corresponds to an exploration of the phase diagram at very low
magnetic field. In that case for high enough temperature the magnetization M remains
close to zero. At high temperature, we have a thermal gas in each Zeeman component.
As the temperature is reduced, the chemical potential of the lowest Zeeman state
reaches 0 at a first critical temperature: a BEC is formed in my; = —3. As the
temperature is further lowered, below a second critical temperature we enter phase
C where all other spin components condense simultaneously [99]. This double phase
transition was not clearly observed in the experiment (and could be investigated in
future studies) however a multi-spin component BEC was produced.

The second line corresponds to the case of B > Bs. At high temperature, phase
A is obtained with a thermal gas in each Zeeman component. As the temperature is
reduced, a BEC is formed in my = —3 as the first critical temperature is crossed. The
gas then spontaneously polarizes itself. And even if cooling proceeds, the second phase
transition is avoided and phase C is avoided [97].

d) Experimental study performed in this thesis

In the following we will present two experiments motivated by our understanding of
the thermodynamic properties of a Chromium gas.

As mentioned above, it is experimentally difficult to enter phase C of the phase
diagram since it requires working with B < B.. One route we will explore in the
next chapter is to prepare a multi-spin component gas with magnetization M > -3 in

4In this chaper, we will abusively call this transitory state with a BEC in all spin states as a phase
even though it is not a stable phase. For Chromium, we expect the ground state stable phase at T = 0
to be cyclic.
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Figure 5.4: Phase Diagram of a Spin 3 gas. The solid lines delimitate the 3 phases
predicted for a non interacting gas of bosons. Phase A: thermal gas in each Zeeman
component. Phase B: BEC only in mg = —3. Phase C: BEC in all Zeeman components.
The histograms represent typical experimental population distributions. The vertical
gray line corresponds to an experiment performed with B < Bg. In that case, in
practice, the magnetization M is always close to zero. The other gray line corresponds
to the case with B > Bg, then magnetization is free. Image adapted from [97]

phase A with B > B,., and reduce the temperature quickly compared to magnetization
dynamics. The goal is to determine whether it is possible to enter phase C, and
therefore to obtain a metastable spinorial BEC.

In section 5.4, we will take advantage of the fact that at B > B¢, BEC occurs only
in my = —3: any atom in a spin state mg #-3 is necessarily a thermal atom (whereas
atoms in mg =-3 can be thermal or condensed atoms). Thermal atoms carry all the
entropy of the gas. We therefore implemented a trap loss mechanism specific to mg #-3
atoms in order to remove efficiently entropy from the gas and thus purify the my = —3
BEC.
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5.3 Shock cooling a multi-component gas

In the following section, we present a joint experimental and theoretical effort to un-
derstand the spin dynamics resulting from a rapid quench across the Bose FEinstein
transition of a multi spin component gas.

5.3.1 Motivation

This work studies the dynamics of BEC in presence of a spin degree of freedom, and
it is closely related to early research on the dynamics of BEC for a polarized gas.
After the first Bose-Einstein condensates were obtained, Miesner et al. investigated
how the BEC nucleates [161]. They measured in real time the formation of the BEC
as the temperature was reduced across the phase transition. They found that the
formation of the condensate is a Bose stimulated process. More recently, in a quasi-
two-dimensional box trap experiments performing a temperature quench below the
superfluid transition investigated the dynamics of spontaneous symmetry breaking and
revealed the production of long-lived topological defects [162, 163]. The number of
topological defects created as a function of the quench parameters is predicted to
follow universal laws.

This work extends the dynamical studies of Bose-Einstein condensation to the case
of a multi-component Bose gas, in order to establish the mechanisms to reach both
superfluid and magnetic orders. We present an experiment aiming to study the out-
of-equilibrium properties of a spin 3 gas and determine if a multicomponent BEC can
be produced. To do so, we prepare a thermal multi-spin component gas at a given
magnetization and rapidly cool the gas across T at a magnetic field B > Bs. At fixed
magnetization, a spinor BEC should be produced. At free magnetization, the BEC
is polarized (phase B). If the cooling is performed fast compared to magnetization
dynamics, the experiment could show how the gas may relax from phase C to phase B
due to dipole-dipole interactions (see Fig.5.4).

We find that the dynamics of Bose-Einstein condensation is affected by spin-changing
collisions arising from relatively strong spin-dependent interactions. Thermalization of
the spin degrees of freedom is influenced by the occurrence of BEC, and in turns influ-
ences which multi-component BECs can be produced. In practice, phase C is barely
reached. This is not due to dipole-dipole interactions (as was the case in [97]) but to
spin exchange mechanisms and a lack of spin thermalization.

5.3.2 Experimental protocol for a multi-component gas with
M=-2.504+0.25

a) Preparation of a thermal multi-spin component gas

Our experiment starts with a thermal gas of 1.5 x 10* *2Cr atoms in an ODT, at
T = 1.1 x T. = (440 £ 20)nK. The trapping frequencies are v’  =(288,335,410) Hz.

A
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The thermal gas is initially polarized in the Zeeman lowest energy state m; = —3.
The initial magnetisation is M=-3. To prepare a mixture of thermal gases in different
spin states, we adiabatically reduce the magnetic field B to a small value such that
the Zeeman energy is of the same order as the thermal kinetic energy of the gas. The
magnetic field is calibrated by Radio-Frequency spectroscopy. Experimentally the field
is reduced to Bzp= 1.5 £ 0.3 mG. Depolarization of the cloud is spontaneously driven
by magnetization-changing collisions associated to dipole-dipole interactions as shown
in Fig.5.5 [97, 113]. The initial peak density is ng ~ 10" at.m™3 and we estimate the

= | &
' AE >> kT L

A
AE ~ kgT
4 ¥

my=-J m;=-J+1 my=-J m;=-J+1

Figure 5.5: Sketch illustrating spin preparation. Image adapted from [113]. We prepare
a thermal gas in my; = —3 at high magnetic field (granaepep B >> kgT). The magnetic
field is then reduced so that grunaeptsB ~ kgT. ms; > —3 atoms are spontaneously
produced by magnetization-changing collisions associated to dipole-dipole interactions.
In the figure, the final step where atoms of each spin state rethermalize.

timescale 74, associated to dipole-dipole collisions to be:

1
No0T dipv
~ 1s (5.27)

Tdip ™

Once B = B.,p, we wait for 1.5 s for dipole-dipole collisions to take place in order
to obtain a gas at spin equilibrium. Magnetization is a function of the applied ex-

ternal magnetic field and temperature. Using eq.(5.10) and eq.(5.13), we can express
M(B,T):

1

i x N (B, T 5.28
Ntotz in(B.T) (5.28)

i=—5

M(B,T) =

with N}, the number of thermal atoms in spin state i and Ny = Y ;_ N}, the total

atom number. At a magnetic field of B = 1.5 mG, we expect a magnetization of M =
-1.6. This is far from our experimentally measured magnetization of M = —2.50+0.25.
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We ascribe such a difference to an underestimation of the atom number in spin states
ms > -3 and that spin was not completely thermalized. We know that our imaging
process is only perfectly resonant for m, =-3. When we performed this experiment,
we did not calibrate the efficiency of our measurement of higher excited spin states.
Therefore we do not know how to count efficiently the number of atoms in spin excited
states. We focused our analysis on the populations in m; = -3, my = -2 and m, =
-1. In a later experiment (discussed in chapter 8), the absorption coefficient for each
spin state was measured. This coefficient was very close to 1 for mg = -2 and typically

1.4 for m, = -1. Therefore our measurement of the absolute population in m,= -1 is
probably underestimate by 40 %, however the population in m,=-2 is well accounted
for. In the following, our analysis will focus on spin states my = —3 and m, = —2,

for which no corrective absorption coefficients are needed. The initial (uncorrected)
measured populations are:

N_3 = 7000 =£ 700
N_5 = 5000 =£ 500
N_; = 2000 =% 200.

The initial population in states mg; > —1 are negligible.

b) Shock cooling and measurement

We then quickly and adiabatically reduce the trap depth to the final trap frequencies
y£7y7zz(166,195,235) Hz. In a normal evaporation sequence, this would correspond to
the "end of evaporation” see Fig.1.8. The trap depth is reduced by applying a linear
ramp to the voltage control of the trapping laser AOM. Due to the AOM transfer
function, the trapping frequency ramp is not perfectly linear. However, for our exper-
imental parameters, there are barely any differences between a linear ramp and the
actual ramp. In the following we shall therefore consider the ramp as linear.

The laser intensity is reduced so that the trapping frequencies go from v* to v/
in a time tg, resulting in fast forced evaporative cooling of all Zeeman states. In
the following, we will refer to this evaporation ramp as ”shock cooling” (see Fig.5.6)
because (i) in a normal evaporation sequence there is 2 s between the two values of
trapping frequencies ' and v/, whereas here we will be dealing with shorter times, and
(ii) because the cooling process is non adiabatic with respect to magnetization physics
as long as the experiment time ¢ < 74,.

After a time ¢t (which can be smaller than tg), we turn off the dipole trap and
study spin dynamics and condensation by measuring both the spin and momentum
distributions after a 6 ms Time Of Flight (TOF). The different spin components are
separated via a magnetic field gradient pulse present during the TOF (as explained
in subsection 1.5.2). As an example, we show in Fig.5.7 the total atom number as a
function of time for a shock cooling time tg = 500 ms. The final total atom number
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Figure 5.6: Experimental sequence showing the reduction of the ODT intensity in a
duration tg. An absorption image is taken after a time ¢ (which can be smaller than

ts) and Stern-Gerlach separation.

(~ 5000) is about twice lower than one would expect with a ”classic” evaporation

sequence.
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Figure 5.7: Total atom number as a function of time for a shock cooling time tg =
500 ms. Dashed (red) vertical line highlights the end of the shock cooling evaporation
ramp. The final total atom number (~ 5000) is about twice lower than one would
expect with an optimal evaporation sequence of 2 s.
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5.3.3 Results
a) A BEC in my, = -3

We performed three shock-cooling experiments with different tg in order to evaluate the
impact of the speed of the shock cooling procedure on the external degrees of freedom
of the gas (see Fig.5.8). After a time ¢ (which can be smaller than tg), the m; = —3 gas
reaches the same condensed fraction for tg equal to 250 ms, 500 ms, and 1 s. We infer
that the external mechanical degrees of freedom (characterized by the temperature)
reach the same equilibrium for the three shock cooling experiments.

Fig.5.9 shows a typical absorption picture taken at ¢t = tg for tg = 500 ms. It
reveals a BEC in m, = —3, and a thermal gas in spin excited states. We extract the
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Figure 5.8: Evolution of the BEC fraction in my = —3 for three shock-cooling times

ts as a function of time t. At the end of the shock cooling procedure, the external
degrees of freedom of the gas reach about the same thermal equilibrium for the three

shock-cooling times, as the final BEC fraction is about the same. Lines are guide to
the eyes.

number of thermal and condensed atoms of a given spin state through bi-modal fits
accounting for Bose statistics: a Thomas-Fermi fit accounts for condensed atoms and
a gaussian fit for thermal atoms. We plot in Fig.5.10 the thermal atom numbers as
well as the condensate fractions in ms = (—3,—2) as a function of time ¢ for a shock
cooling time tg = 500 ms. We found similar results for tg = 250 ms and tg = 1 s. For
ts > 1s (= Tap), the gas should spontaneously polarizes itself in m,= -3 as in [97] due
to dipolar non conserving magnetization collisions.

Optical Depth

> e, -~
- R s -

e e

Figure 5.9: Typical absorption picture taken at t = tg = 500 ms with the corresponding
optical density along the axis of the Stern-Gerlach. We can see a BEC in my, = -3 and
thermal gases in spin excited states.
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Figure 5.10: Experiment for a shock cooling time tg = 500 ms. a) Number of thermal
atoms in my; = —3 (black diamonds) and m, = —2 (red circles) as a function of time
t. As soon as cooling starts, my; = —3 and m, = —2 share the same thermal atom
number. b) Condensate fraction in mgs = —3 (black) and mg = —2 (red) as a function
of time. A large BEC in mg = —3 is obtained but condensation in m, = —2 remains
small. The shaded region highlights the moment when cooling takes place.

b) A saturated m;= -2 thermal gas

The gray area in Fig.5.10 highlights a relatively long cooling time during which the
ms, = —3 and ms; = —2 gases hold the same number of thermal atoms, and during
which there is a BEC in the lowest state my = —3 but only a small one in m, = —2.
The presence of a BEC in spin state m, =-3 signals that the thermal m,= -3 gas
is saturated. The m, = —2 and m, = —3 thermal atoms have the same measured
mechanical temperature (within our 5% experimental uncertainty) and experience the
same optical trapping potential. If dealing with ideal gases, this is enough evidence
to claim that the my = -2 gas is also saturated. The inclusion of interactions slightly
modifies this discussion since repulsive interactions between the BEC and the thermal
gas reduces the density of the thermal gas and affects saturation condition (see [164]
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for an experimental study of the effect of interactions on saturation). However, both
the mgy = —2 and my; = —3 thermal atoms interact exclusively through the S=6
molecular potential with the existing m; = —3 BEC. Therefore we can assess that the
ms = —2 cloud is saturated even taking into account interactions, and should condense
for further cooling.

However, BEC does not occur in this state until t < 700 ms. Only for t &~ 700 ms
do we distinguish a small BEC also in mgy = —2. The error bars are then large because
it is difficult to differentiate between a BEC and a thermal cloud due to small number
of remaining atoms. This experimentally demonstrates that a BEC in m; = —2 hardly
forms, although the m, = —2 thermal gas is saturated and cooling proceeds.

5.3.4 Interpretation
a) Initial incoherent dynamics

The first point to clarify is whether the spin dynamics is set by coherent or incoherent
collisions. The initial preparation of the thermal gas reaches spin equilibrium through
incoherent collisions. The thermal gas is then in an incoherent mixture of spin states
and, initially, the dynamics will be set by incoherent processes. For an incoherent
mixture the spin dynamics rate I';,. is set by the density of the cloud through I';,. =
nov with n the atomic density, v the average relative atomic velocity and af’ ’jl the cross
section of the spin changing collision (i,7) — (k,[) (see eq.(3.28)) associated a priori
to contact or dipole dipole collisions.

b) Fixed magnetization

Magnetization is constant, within our signal to noise ratio, over the experimental times
(see Fig.5.11). We therefore may consider only magnetization conserving dynamics
which in principle can result either from dipole-dipole interaction or contact interaction.

However, the timescale associated to dipolar collisions (eq.(5.27)) is larger than
that of shock cooling dynamics and can be neglected®. Spin dynamics is therefore
entirely controlled by spin exchange interactions at constant magnetization, driven by
spin dependent contact interactions. The spin dynamic rate I';,. = nov is extremely
sensitive to the presence of a BEC (which enhances n). Therefore, the emergence of a
BEC in a spin-excited state should trigger faster spin dynamics.

c) Emergence of coherent dynamics

Once a small BEC in m; = -2 is formed, coherent processes are possible. Therefore,
in addition to energy redistribution through spin-exchange processes, the formation of
BEC also triggers coherent spin oscillations due to forward scattering. The typical rate

%it is actually the whole point of the experiment to cool the gas on a faster timescale than the
timescale associated with dipole-dipole interactions
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Figure 5.11: Magnetization as a function of time ¢ for a shock cooling time tg =
500 ms. The measured initial magnetization, set by the temperature of the gas and
the external magnetic field, is 2.5 £ 0.25. Magnetization is roughly conserved during
the experiment. We therefore may consider only magnetization conserving dynamics
resulting mostly from contact interaction.

of a (ms =i,ms = j) — (ms = k,ms =) coherent spin collision channel of an atom of
spin s is:

Fk’l o 147Th2
o hom
2s

X Z as < 8,1;8,j|S,mg =14+ j >< S,ms =k +1|s, k;s,1 > (5.29)

S=0,even

n

where the sum holds for even S, and spin projection is conserved (i + j=k + [).

d) Timescales of the main collisional processes
«) Thermal gas timescales

The full rate equation for each spin state would be similar to eq.(3.49). In the follow-
ing, to grasp the timescales at play we will only consider the main collisional chan-
nels. For an my = -2 gas, the main collisional channels are (-2, —2) — (—1,—3) and
(—=2,—2) — (—2,—2). The first process accounts for spin exchange collisions. Both
ensure thermalization of spin state my= -2.

Spin exchange rate from m, = —2

The main rate equation for spin exchange in m,= -2 reads:

dn_g —3,—

1
e —o_yun?,(t). (5.30)
For a thermal distribution, integrating eq.(5.31) over space yields:
dN_, . _noT,I;rf:Z—z(t) —3,—1

= oUN_5(t .31
dt 9032 0_9 U 2(1) (5.31)
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where nf "™ o (t) = N_o(t)(5ep :(Ft))g/ 2. The initial peak density in m, = —2, assuming
a thermal distribution and N_y= 5000 atoms, is nd ™ ,(0) = 7.7 x10'® at-m~3

The rate of the dominant spin exchange term is thus:

Therm -3,-1
0,my=—20—2 2V

Finc -
71 2\/§

~ 2s7 %

(5.32)

for a thermal gas at T' = T-= 400 nK, with relative velocity v = 4 kBT =18 cms !,

and o 2’_2 8w (ag — as)? = 3.4 x 107" m?. Therefore a typical t1mescale of a few
seconds is thus necessary in order to reach spin equilibrium.

Mechanical thermalization rate of m, = —2

The rate of the dominant thermalization rate of the mechanical degrees of freedom of
an mg= -2 gas is

(5.33)

Finc =
72 2\/5

~ 20s!

with o_ 2 = 87 (6ag + Hag)? = 4.76 x 10716 m?

Linca >> Tline1 insures that the mechanical degrees of freedom thermalize faster
than the spin degree of freedom. Therefore without other collisional processes a small
ms=- 2 BEC can in principle be formed faster than it is depleted by spin exchange
mechanisms.

Mechanical thermalization rate of m; = —3

The dominant thermalization rate of the mechanical degrees of freedom of my= -3 is
associated to 0_3 3 = 8ma2= 7.39 x107'% m?, and has a rate Ij.3 ~ 40 s71. We
find that I'jc3 ~ I'inc2. Since the thermalization rate of my = —3 is large enough to
produce a BEC in mgy = —3, the thermalization rate of m; = -2 should be large enough
to produce a BEC also.

f) BEC timescales

In the Thomas-Fermi approximation [23], a BEC has an inverted parabola distribution.
This is very different from the thermal gaussian distribution and leads to a different
expression for the average atomic density.
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Incoherent spin exchange rate

For a Thomas Fermi distribution, integrating eq.(5.31) over space yields:

dN_ 15%/5 "
72 - — = me )N 6 TI TN L (t). (5.34)
i h 11—1(66L6 + 5(14)
"(}inEE:—z

Once the ms=- 2 BEC is formed, it takes only 120 condensed atoms in order to have
the same averaged atomic density than 5000 thermal atoms at 7' = T (then ngfnf:_z
~ ngherm ). However, for a BEC of 100 atoms the Thomas-Fermi approximation
is at the limit of being valid (Rrrp ~ ago where ago is the length of the harmonic
oscillator). For 500 atoms in the condensate, we have Fgfcﬁc) ~ 7 s~! which is of the
same order as the the thermalization rate I';,.2. Therefore the mechanical degrees of
freedom and spin exchange process from m, = —2 take place on similar timescales

(mechanical thermalization is still three times faster).

Coherent spin exchange rate

Once a m,=- 2 BEC is formed, two mg, = -2 atoms can undergo a forward scattering
event. The rate associated to a coherent (-2, —-2) — (—1,—3) is:

3 1 47h? V30
Leon = F_g:_é = E m n(]fﬂf:_gT(aﬁ - &4). (535)

For 500 atoms in the condensate, we obtain F:g::é ~ 60 s~'. The rate of coherent
spin exchange, for this condensed atom number, becomes three times larger than the
mechanical thermalization rate (eq.(5.33)).

e) Our scenario

Our scenario is the following and is summed up in the sketch Fig.5.12. We rapidly
cool thermal gases in different spin states. The rate associated to thermalization of
the external degrees of freedom is here larger than any spin exchange rate. Almost
no spin exchange takes place initially, and a BEC in mg, = -2 can form. However, as
soon as the BEC is formed, spin exchange processes (such as (—2,—-2) — (—1,-3))
are of the same order as thermalization processes and take place, preventing formation
of a large my, = —2 BEC. Since the m, = —3 gas is saturated, any "new” atom in
ms=-3 will directly be added to the existing condensate. In m;=-1 the thermal gas is
not saturated, and any added atom in that state, originating from a BEC or not, will
become a thermal atom.

Thus spin exchange collisions deplete the m,= -2 BEC as fast as it is created and a
multi-component BEC cannot be sustained due to fast spin dynamics emptying m,=
-2 and to the lack of saturation of the my=-1 thermal gas.
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Figure 5.12: Sketch illustrating our interpretation. Before shock cooling, we have
thermal distribution in each spin states. As shock cooling proceeds, a BEC in my= -3
is formed. Even though the thermal m, = -2 is saturated, a BEC cannot be sustained
in this state because fast spin-exchange processes (—2,—2) — (—1,—3) deplete the
BEC as soon as it is produced.

5.3.5 Numerical simulations
a) Classical Field Approximation

The Gross Pitaevskii equation (GPE) describes well the properties of the condensate
at zero temperature. However, the dynamics of a Bose gas at non-zero temperature
remains a challenge from the theoretical point of view. One successful approach re-
lies on two-gas models [165]. In these models, one assumes that the system at finite
temperatures consists of two distinct components: the condensate and the thermal
cloud.

To simulate data relative to our non zero temperature experiment, we started a col-
laboration with Mariusz Gajda from Warsaw and Miroslaw Brewczyk from Bialystok.
They use the Classical Field Approximation (CFA) in order to numerically simulate
data for T # 0. In this approximation, the bosonic field operator is replaced by a
classical field. The classical field describes the condensate in dynamical equilibrium
with the thermal cloud. According to CFA, the GPE determines the evolution of the
classical field which is a complex function carrying the information on both the con-
densed and thermal atoms [166, 167, 168] (this model is thus intrinsically different to
the two-gas models). Once the time evolution is obtained, the condensate is defined as
the dominant term in the spectral decomposition of the time-averaged single particle
density matrix associated to the classical field.

In Fig.5.13, we illustrate this process. Once the evolution of the classical field is
performed, a time averaged single particle density matrix is constructed. If there is a
dominant term in the spectral decomposition of the density matrix it is defined as the



5.8 Shock cooling a multi-component gas

125

condensate. Here the population of different spin states is plotted as a function of the
mode number. We read that, for this experimental sequence, there is a BEC in m,=

-3 of ~ 2500 atoms and a thermal gas with typically 100 atoms per mode. No BEC is
obtained in my= -2 or m,= -1.
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Figure 5.13: Illustration of the classical field approximation. Here, a classical field is
associated to each spin state. Once the evolution of the classical field is performed,
a time averaged single particle density matrix is constructed. If there is a dominant
term in the spectral decomposition of the density matrix it is defined as the condensate.
Here the population of different spin states is plotted as a function of the mode. We
read that, for this experimental sequence, there is a BEC in my= -3 of ~ 2500 atoms
and thermal gas with typically 100 atoms per mode and no BEC in ms= -2 or my= -1.

b) Simulation of the experiment

The initial classical field corresponds to about 13.10% of ®Cr atoms at equilibrium at the
critical temperature of about 400 nK and with the experimental Zeeman distribution.
To describe such a sample, M. Brewczyk and M. Gajda followed the prescription given
in Ref.[168].

Evaporative cooling is mimicked by adding a purely imaginary potential to the
GPE simulations at the edge of the numerical grid which discretizes space. This purely
imaginary potential accounts for evaporation and acts as a cut off: it defines a boundary
for removing atoms from the system. Simulations use the same trap geometry as the one
in the experiment, and more specifically the same time-dependent trap frequencies. The
temperature of the system is very sensitive to the choice of the cut-off for evaporation.
The value of the cut-off was fixed empirically in order to match best the experimental
sequence (i.e. atom number evolution in time).
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Numerical simulations were performed with and without including dipole-dipole
interactions. The simulations show that dipole-dipole interactions play a negligible
role (as expected), except when the magnetic field is well below 1 mG where they then
play an important role for the spinor phase (and therefore well below the experimental
situation).

The simulations of M.Gajda and M.Brewczyk confirm the absence of a significant
condensate in my; = —2 and the formation of a large BEC in mg =-3 (see Fig.5.14).
Their simulations also show that the my; = —3 and m, = -2 thermal gases hold the
same atom number and temperature. Thus, as in the experiment, m,= -2 is a saturated
thermal gas.

0.8 —
0.6 —

0.4 —

Condensate fraction

02 —

0.0 —1

T T I I 1
0 200 400 600 800

Time (ms)

Figure 5.14: Numerical Simulation. Evolution in time of the condensate fraction of
ms = —3 and mg, = —2 for different values of a4 after a cooling duration time tg= 500
ms and a final temperature of 7" = 120 nK. The data in blue diamonds corresponds
to the BEC fraction in m, = —3 where as the data in red circles is my, = —2. Filled
markers correspond to simulations where a4 was set to its true value i.e. a4y = 64ap
where ap is the Bohr radius. Empty circles correspond to simulations where a4 was
set equal to ag. The impact of the value of ag — a4 on the dynamics is striking since
by setting this value to 0, a macroscopic BEC in m, = —2 is enabled.

c) Simulation with a4 = a4

To evaluate the impact of spin-exchange processes on the dynamics of condensation,
they reproduced these simulations with a modified value of a4 such that ay = ag. In this
case, all the rates associated to spin-exchange processes (—2,—2) — (—1, —3) vanish
(Tine and F:g::; scale respectively as (ag —a4)? and (ag —a4) ). As shown in Fig.5.14,

a large BEC then forms in the spin excited state my, = —2. At T = 0, we expect
the same condensate fraction in each spin state (all atoms are condensed). The lower
condensate fraction of the my = —2 compared to m, = —3 is interpreted as being due

to the initial spin distribution: the mg = —2 condenses for a lower temperature than
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mg = —3 and the condensate fraction of m, = —2 is ”behind in time” compared to the
condensed fraction of my, = —3.

These simulations confirm the crucial role of spin-dependent interactions in order
to understand the dynamics of BEC.

5.3.6 Thermodynamics interpretation

Let us recall the accepted scenario for the thermodynamics of non-interacting multi-
component Bose gases at low temperature, fixed magnetization, and no quadratic Zee-
man effect (see [153] or subsection 5.2.2). In this picture, a ferromagnetic BEC, polar-
ized in the most populated state (m™"™ = —3 in our case), forms below a first critical

temperature. Due to the absence of a quadratic Zeeman effect, the chemical potentials
of all spin states are linearly spaced

i —p—s = —=bli+s) Vi € [—s,s]. (5.36)

As a consequence, once a second component mg saturates (i.e. f,, = 0) b = 0 is
required, and all the other thermal spin states saturate simultaneously. In our situation,
both the experiment and the numerical simulation indicate that the external degrees
of freedom have reached equilibrium after shock cooling.

We observe the production of a BEC in the most populated lowest energy state
below a critical temperature. This temperature is obtained shortly after shock cooling
starts (see Fig.5.10 for tg = 500 ms). However, as shock cooling proceeds and lower
temperatures are obtained, although the thermal clouds of the lowest two spin compo-
nents are saturated, the other thermal clouds (ms > —2) are not saturated. This is in
contradiction with the basic prediction of the Bose thermodynamics of large spin atoms
with no interaction, which shows that the spin degrees of freedom in our experiment
remain out of thermal equilibrium.

This lack of thermal equilibrium in the spin degree of freedom results from the fact
that spin exchange processes for the thermal gas are slow in regards of condensation
dynamics. In the experiment, we cannot wait for spin thermal equilibrium due to
incoherent collisions to take place since magnetization changing collisions take place
on a similar timescale. Indeed the timescale associated to spin thermalization is of the
order of several 1/T,.1 (eq.(5.33), similar to 74,.

Besides, if exchange rates in the thermal gas were larger or equal than thermaliza-
tion rates, collisions at fixed magnetization would lead complex dynamics where at the
end all spin states could saturate simultaneously.

In our experimental conditions, non-saturated spin-excited states thus act as a
reservoir into which population may be dumped, thus preventing BEC but in the
stretched state, the only one which is collisionally stable. Indeed, let us consider a
(—2,—2) — (—1,—3) process between two condensed atoms. Since the thermal gas in
ms = -1 is not saturated, the condensed atom produce in my = —1 will de-condense
and occupy an excited state. However, since a BEC is present in mg, = -3, the atoms
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produced in my; = —3 will be added to the existing condensate. It is only when all spin
states are saturated that a multi-component BEC can be sustained.

5.3.7 Experiment for a gas with M = —2.00 £ 0.25

To deepen our understanding of the combined effects of Bose-Einstein condensation
and spin dynamics, we performed a second series of shock cooling experiments, this
time with a lower gas magnetization M = —2.00 £ 0.25.

a) State preparation

In this set of experiments the initial spin distribution is prepared by applying a Radio-
Frequency pulse (the effect of a RF pulse on a BEC is explained in detail in section 8.4.1.

Here we performed a 27/7 RF pulse.) to a m, = —3 thermal gas of 1.8 x 10? atoms at
T= 1.1 T¢ and letting the different spin components decohere. The initial fractional
population in my; = —3, —2, —1 and 0 states are:
N_3
= 0.314+0.03
NTot
N_s
= 0.4040.04
NTot
N_y
= 0.214+0.02
NTot
No
= 0.06 +0.01.
NTot

The initial population in states ms > 0 are negligible. We did not rely on magneti-
zation changing collisions for the spin preparation as in the first experiments for two
reasons. First, lower magnetization requires lower experimental magnetic fields, with
associated technical difficulties. Second, depolarization via a small RF pulse allows for
a more balanced population between spin populations in mg; = -3, -2, -1. When depo-
larization is obtained via magnetization changing collisions, equal population in each
state requires granaeitpB/kgT — 0 which is experimentally difficult and also results
in 7 spin states, each with low population. Here with a RF pulse, we can reach an
interesting situation where saturation may be reached more or less simultaneously for
3 spin states.

b) Experiment

After the RF pulse, we then perform a shock cooling ramp between the initial and
final trap frequencies v* and vf. For shock cooling times similar to the one in the
first experiment (ts = 250 ms, 500 ms, 1 s), we do not observe any condensed fraction
in any spin state. However for shock cooling times tg < 100 ms, we observe the
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production of small condensates in all three lowest energy states (a typical absorption
picture of the multi-component condensates is shown in Fig 5.15). In Fig.5.16 we show
magnetization and total atom number as a function of time for g = 50 ms. We observe
that magnetization is constant, and that the total atom number is significantly reduced
after approximatively 30 ms of the 50 ms shock cooling ramp.

Optical Depth

Figure 5.15: Typical absorption picture taken at ¢t = tg = 50 ms with the corresponding
optical density along the axis of the Stern-Gerlach for an initial magnetization M = —2.
We can see very small condensates in mgy= -3, -2, and -1.

We define the total condensate fraction of the gas as the total number of condensed
atoms over the total atom number (i.e. > 7 n;/Npy with n; the condensate fraction

in spin state 7). We plot in Fig.5.17 the total condensate fraction of the gas at t = tg
as a function of t¢g.

c) Interpretation

Since the effect of the shock cooling ramp on atom number lags (this can be seen by
the delay in decrease of atom number Fig.5.16), it takes several tens of ms before any
dynamics takes place. Assuming a thermal atom distribution, the initial peak density
is ng ~ 10 at.m™3. The timescale 7;,. associated with an incoherent (—3,—3) —
(=3, —3) collision at a temperature T'= 1.1 x T, is:

2v/2
Tine = 5

~ 25 ms (5.37)

with v the relative velocity. In practice, along with the presence of magnetic gradients
(which dephase the different spin components), 7;,. is short enough to ensure that all
the different spin components have decohered (see section 3.2).
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Figure 5.16: a) Magnetization as a function of time for a shock cooling time tg = 50
ms. Spin preparation is performed by a RF pulse. The experimental magnetization is
2.0 + 0.25. b) Total atom number as a function of time for a shock cooling time ¢g
= 50 ms. The total atom number is significantly reduced after approximatively 30 ms
of the 50 ms shock cooling ramp. Dashed (red) vertical line highlights the end of the
shock cooling evaporation ramp.

We observe that the average magnetization is roughly conserved during the timescale
of the experiment (Fig.5.16).

We interpret the observation of multi-component BECs by the fact that shock
cooling is now performed on a similar timescale as the rate of exchange processes.
Each component is cooled very fast. Spin dynamics is slow enough that a spinor BEC
is first produced in my; = —3, -2, —1. However, spin excited states with my, > 0 are
not saturated so that spin dynamics then tends to populate the non saturated states
and empty the condensates. The condensates are thus only metastable. Spin-dynamics
has again a very profound influence on the dynamics of condensation.

d) Magnetization fluctuations

An important observation regarding the multi-component condensates which are ob-
tained is that their magnetization shows strong fluctuations. From shot to shot, we see
that the condensed fraction in a given spin state fluctuates. We measure fluctuations
of the magnetization of the condensate fraction at the end of a shock cooling experi-
ment with tg= 50 ms about twice larger than fluctuations of the magnetization of the
thermal gas (Fig.5.18). Unfortunately, due to our relatively low signal to noise ratio a
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Figure 5.17: Total condensate fraction of the multi spin component gas (i.e.
> . ni/Nrot) at t = tg ms as a function of time tg. We observe small short lived
multi-component condensates only in the 3 lowest energy states. The line is a guide to
the eye.

full experimental investigation of magnetization fluctuations has not been performed.
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Figure 5.18: Magnetization of the condensate fraction as a function of the magneti-
zation of the thermal gas at the end of a shock cooling experiment with tg= 50 ms.
The gray straight solid line (of unity slope, crossing the origin) is given for reference.
Although the data is noisy, the general trend suggest that the error bars along the ver-
tical direction are about twice larger than the error bars along the horizontal direction.
This suggests that magnetization fluctuations of the BEC are larger than fluctuations
of the thermal gas.

To give a first insight into why shock cooling might lead to magnetization fluctua-
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tions in the BEC phase, we first write the mean-field equations of the spin dynamics
for the multi component BECs. For pedagogical reasons, since we are not interested in
solving this problem but to illustrate the different contributions of the different terms,
we will only write terms which involve the three lowest spin states:

3
ih_; = 9—3,—1;—2,—2\I/i1\11_2\11_2+29—3,—j;—3,—j(‘1’fj\1’_j)\1’—3

Jj=1

3
th¥_, = 2973,71;72,72\11*_2\1173@71+ngZ,fj;fZ,fj(\Ij*_j\ijj)\pr

j=1

3
iy = g5 10 20 U W 5+ gy (U0 )0, (5.38)

J=1

where ¥; = n,-l.ei‘f’ is the classical field associated to spin state ¢ with phase ¢; and pop-
ulation n;, and g; ;5 is the interaction strength associated to a coherent (m,=i,ms=j)
— (mgs=k,ms=l1) collision. The first term describes spin exchange collision, whereas the
second term represents collisions where the spin of each atom is conserved but affects
the phase ¢; of ¥;. The key point in eq.(5.38) is that spin dynamics depends on the
phases of the different spin components.

Our interpretation for magnetization fluctuations is that Bose-condensation of the
different spin-excited states introduce a spontaneous symmetry breaking as the phase
of each condensate (in a given my) is built up randomly. Phase fluctuations lead to fluc-
tuations in spin dynamics (eq.(5.38)) [112], and therefore in the magnetic state which
is eventually obtained. Since spin dynamics may lead to populations in non saturated
states, spin dynamics at constant total magnetization may lead to a modification of
the magnetization of the BEC. Therefore fluctuations in spin dynamics may lead to
BEC magnetization fluctuations.

Numerical simulation

M.Gajda and M.Brewczyk performed numerical simulations to test this scenario. As
the CFA does not provide a direct way to provide symmetry breaking at the BEC
transition, they applied a random relative phase to the wave-functions describing the
thermal atoms in different spin components before condensation. This provides an
empirical way to simulate symmetry breaking. They performed a series of numerical
simulations for different sets of relative phases between the Zeeman components. They
then obtained small condensates with fluctuating magnetization. Furthermore, we also
observe that spin and condensation dynamics are also significantly modified by the
applied random phases. Due to large computational time for each run, a systematic
study of BEC magnetization as a function of initial phases has not yet been performed
and remains to be thoroughly investigated. However, while the magnetization fluc-
tuations obtained in the numerical simulations are typically three times smaller than
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the experimental measurements, these preliminary results support the scenario that
the combined effect of spontaneous symmetry breaking and spin dynamics lead to the
observed spin fluctuations.

5.3.8 Conclusion and perspectives

We performed fast cooling across the BEC transition starting with a multi-component
spin thermal gas. We were expecting to obtain multi-BEC components and then ob-
serve how the system polarizes itself towards its ferromagnetic ground state. Actually,
in the first set of experiments we found that even though the first thermal spin excited
state was saturated, the other spin components were not, and a BEC in mg = -2 was dif-
ficult to form due to a strong interplay between Bose condensation and spin dynamics.
In a second series of experiments, we started with larger populations in the first spin
excited states and produced small short-lived BECs which decay due to spin changing
collisions. Our experiments show that even though the mechanical degree of freedom
is thermalized, it is difficult to thermalize the spin degrees of freedom. This effect has
to be taken into account for large spin systems (such as Dy [17] and Er [18] which have
17 and 13 spin states respectively), where all spin states must be fully saturated for a
stable multi-component BEC to be produced at thermal equilibrium. Finally, we point
out that when a multi component BEC is dynamically produced, spontaneous symme-
try breaking leads to independent phases within the BEC components which triggers
spin fluctuations. Although these experiments only focused on the collisional aspect
of the interplay between spin dynamics and condensation, we believe that the subject
could be further explored. Law, Pu, and Bigelow showed that anti-ferromagnetic cou-
pling leads to a unique ground-state which has super-Poissonian fluctuations in the
population of each spin state [169]. It would be interesting to deepen the study of
fluctuations in the experiments. A larger atomic sample could also allow saturation for
all spin states. Then we would have an experiment where the condensation of a given
spin state would result from an interplay between superfluid order and magnetic order.
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5.4 Removing entropy of a polarized BEC through
spin filtering

In the following section we propose a cooling mechanism where the spin degree of free-
dom s used to store and remove entropy from a polarized BEC. We develop a non
interacting model which accounts well for the data and suggests that this cooling mech-
anism should work for non dipolar species as well.

5.4.1 Introduction
Current cooling limitations

Evaporation has proven to be a very efficient way of cooling atomic gases. When
the temperature 7" of the gas is greater than the interaction energy gsn (with n the
density and gg the interaction strength), most of the energy carried by an atom is
thermal. Therefore removing the most energetic atoms results in an efficient cooling
of the sample. When kgT < p, the cooling efficiency reduces owing to the fact that
the chemical potential accounts for a non negligible part of the energy carried away
by each evaporated atom. This reduction in efficiency of evaporation was recently
observed [170]. They showed that evaporation still continues despite the reduction of
efficiency, and extremely low entropies of X/N ~ 1073kp were produced. This reported
value of entropy represents a huge leap since, for comparison, reported entropies for a
500 pK BEC are /N ~ 1.5kp [171].

Why a new cooling mechanism?

In a lattice, when the internal degree of freedom is included in the thermodynamic
picture, such as spin, a critical value of entropy X, exists below which quantum
magnetic ordering and magnetic correlations become accessible. For example, an atom
of spin s pinned to a lattice site can be in 2s + 1 spin states. The entropy per atom
associated to accessible independent magnetic states is

YMag = kplog(2s + 1). (5.39)

If the sample has an entropy lower than ¥y,g, it is necessarily in a correlated magnetic
regime where exotic quantum phases are expected. Despite impressively cold temper-
atures achieved (sometimes ranging in the pK regime [171]), only recent experiments
have been able to observe short range magnetic correlations in optical lattices with
fermions [172, 173, 174].

The hope to study magnetic correlations of atoms in optical lattices, and the pos-
sible connections to exotic superconductivity are major motivations to obtain systems
with lower entropies than currently available [175]. It is therefore important to find
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new ways to remove entropy in degenerate quantum Bose or Fermi gases loaded in
optical lattices [176, 177].

Most cooling techniques involve only the mechanical degrees of freedom. It is likely
that the difficulty to reach low spin entropy is associated to the fact that most cooling
schemes are spin insensitive. This motivates the need to implement a cooling mech-
anism which directly involves the spin degrees of freedom. Here, we propose to use
the spin degrees of freedom to efficiently store and remove entropy from a polarized
Bose-condensed gases to reach temperatures below the current limitations set by evap-
orative cooling. This experimental campaign was performed before the extremely low
entropies reported in [170]. Our cooling mechanism is expected to lead to even lower
entropies, if ever even lower entropies turned out to be necessary.

Principle of the experiment

Our cooling mechanism takes advantage of the thermodynamic properties of spinor
gases. As discussed earlier, the non interacting phase diagram for a large spin and
barely any quadratic shift, like in Chromium, predicts three phases. Phase A corre-
sponds to a thermal gas in each spin component. Under a first critical temperature, we
enter phase B: a BEC forms in the lowest Zeeman energy state. Population of other
spin states are necessarily thermal. Under a second critical phase transition, all spin
states condense simultaneously (phase C). When magnetization is free, such is the case
for Chromium, the second phase transition is avoided as long as the magnetic field B
is greater than a critical magnetic field B, which is predicted in the 100 G regime
with the given experimental parameters.

Our cooling mechanism takes place in phase B. There, we induce a selective loss
specific to atoms in m, # -3. These atoms are necessarily thermal and an efficient gain
in condensed fraction and therefore a reduction of entropy is possible, even at large
trap depths.

5.4.2 Experimental protocol
a) Initial starting point: a BEC in m, =-3

Our experiments starts with preparing a *?Cr BEC in the absolute ground state m, =
—3 with an initial condensate fraction f; of typically 1 — 2 x 10* atoms. The initial
condensate fraction is set by varying the final value of the IR power of the evaporation
ramp, thus defining an initial thermal population and an initial number of condensed
atoms. See Step 1 of Fig.5.19.

b) Preparing atoms in m, #-3

The magnetic field, which is initially B;=40 mG, is then lowered in 50 ms to a final
value By, low enough to trigger depolarization of the thermal gas (gupB; ~ kgT'). See



136

5 Cooling a spinor Bose gas

BEC -1

Step 1: Thermal gl’lBB>>kBT -2
ms—-3 k.T

Step 2: g uBBNkBT
e
Excited Spin states

Step 3: Spﬂl
Excited Spin states

Figure 5.19: Sketch of the experimental procedure. Step 1: Produce a BEC in my, = —3
at high B field (i.e. gupBy >> kgT). Step 2: Lower the magnetic field so that
gupBy ~ kgT. Dipolar collisions between thermal atoms spontaneously take place
and populate spin excited states. Step 3: Get rid of atoms in spin excited states.

Step 2 of Fig.5.19 but high enough that a BEC may form only in ms; = —3 (we remain
in phase B). For T" = 400 nK, grunacitpB = kpT leads to a B field of approximatively
3 mG.

We then let the cloud evolve at By for ¢,,,+=150 ms. This timescale is long enough
for inelastic dipolar collisions to ensure depolarization. Indeed, the typical peak density
associated to a thermal gas of 2 x 10% atoms at 7' = 250 nK with a mean geometrical
trap frequency @ = 2 x 7 250 Hz is ng ~ 2 x 10! at-m=3. The typical rate for these
collisions for a magnetic field in the 1 mG range is 15 s~! and it takes several dipolar
collisions to thermalize the spin degrees of freedom (see [87] or eq.(3.16)).

By is calibrated by use of RF spectroscopy, and it can be controlled to the 100 puG
level (see [178] for magnetic field stabilization).

c) Removing atoms in m; #-3

We then proceed to remove atoms in spin excited states (see Step 3 of Fig.5.19). This
spin filtering procedure consists of i) raising the magnetic field to 30 mG (this ensures
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that we go away from the low magnetic field region in a controlled way so that we do
not cross B,); ii) changing the trap in order to spill out atoms with mg; > —3. For that
we reduce the trap depth and add a vertical B field gradient (of about 1 G-cm™') as
illustrated by the sketch Fig.5.20. During this experimental sequence only my, = —3
atoms remain trapped while m, > —3 atoms are lost. my > —3 atoms fall out of the
trap because optical and magnetic forces are insufficient to compensate gravity. In
Fig.5.21, we illustrate the form of the potential at the point of minimum IR power
(see Fig.5.20) along the vertical direction for 3 different spin states, and a magnetic
gradient of 0.8 G-cm™!. We can see that under these conditions, m, = —3 atoms can
still be trapped, whereas m, > -3 are expelled from the trap.

IR Power

Multi-spin

m=-3 gas
component gas S g

t=10ms 17ms
Gradient
Voltage Command @
: : 2t :
H 40ms H

Figure 5.20: Sketch of the experimental filtering procedure. We apply a magnetic
field gradient along the vertical direction. We then reduce the trap depth up to a
certain value where optical and magnetic forces are insufficient to compensate gravity
for my > —3 atoms. We then recover the initial optical trap, remove the magnetic field
gradient and recover the initial trapping conditions. The 40 ms time between applying
the magnetic gradient and the beginning of the reduction of the IR intensity is set by
the induction time of the coils. This times typically sets the timescale for spin filtering.
The IR ramp time of 10 ms is the shortest possible allowed by the voltage control of
the AOM and in practice is long enough to allowing for spin filtering.

We checked that no evaporation is induced by the filtering procedure. We per-
formed a spin filtering protocol without depolarization (i.e. an experiment performed
at granaeitp By >> kpT see Fig.5.22). We measure a 5% difference in condensed frac-
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Figure 5.21: Illustration of the form of the potential along the vertical direction at the
point of minimum IR power (see Fig.5.20) for 3 different spin states, and a magnetic
gradient. The trap depth in these conditions is estimated to be 1.4 K and the IR beam
waist is estimated to be 50 ym. The gradient creates (in the calculation taken to be 0.8
G-cm™!) a force maximally opposite to gravity for m, = —3 atoms. We can see that
under these conditions, ms; = —3 atoms are still be trapped (full blue curve), whereas
mg > -3 are expelled from the trap (for clarity reasons, an energy offset between the
potentials is introduced and we only represent my; = —2 and my, = —1 in dashed
magenta and dotted gold respectively).

tion (within our signal to noise ratio) for a procedure performed at relatively high initial
temperature, which we expect to be sensitive to any extra evaporation. In addition,
we measured through Stern-Gerlach analysis that indeed the losses induced by the new
trap are almost total for mg > —3.

The spin filtering is performed rapidly, as fast as possible actually (in 60 ms),
to ensure that no dipolar relaxation occurs. This would correspond to typically one
dipolar collision with the timescale calculated above. However, 60 ms is the total
amount of time to raise the magnetic field, apply magnetic gradients, and lower the trap
confinement. The whole process decreases density and separates in situ the different
Zeeman components. As a consequence it is difficult to assess precisely the time for
dipolar relaxation. Experimentally, we observe no heating of the BEC which would
be a consequence of dipolar relaxation. Finally, we recover the initial (purely) optical
trap at B;, and measure the new BEC fraction.
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Figure 5.22: Measured T'/T¢ for a BEC in my = —3 with the spin filtering method
(abscise 0) or without (abscise 1). We measure the same temperature within our
experimental error bars. We conclude that our spin filtering protocol does not introduce
any extra cooling or heating. Any cooling observed will thus be attributed to our
cooling mechanism.

d) The thermodynamic operations

Fig.5.23 shows a sketch of the experiment in the (M, T') diagram and qualitatively de-
scribes the thermodynamic operations of our cooling mechanism. Fig.5.23a represents
our initial conditions. We have a BEC in m,= -3 and all the thermal atoms are in
ms=-3. We then lower the magnetic field to a value of the magnetic field By. By
is low enough that sufficient thermal atoms may change spin states, but high enough
so that By > B, and that phase C is avoided. The gas is cooled and magnetization
increases (see Fig.5.23b). Atoms in m, > -3 are then selectively removed. The total
atom number is lowered, thus the critical temperature for condensation is lowered also.
This process can result in a gain of condensate fraction (Fig.5.23c).

5.4.3 The experimental results

We performed the cooling mechanism for different values of the magnetic field By and
for different initial condensate fractions. As mentioned above, the initial condensate
fraction is set by varying the final value of the IR power of the evaporation ramp
resulting in different trap frequencies parameters.

a) Measuring condensate fractions

To accurately measure BEC fractions is not an easy task, especially for high BEC
fractions due to small thermal component. Here, we release the atoms from the trap
by switching off the IR trap and take an absorption picture after a time of flight of 5
ms. The difficulty of accurately measuring condensate fractions resides in the fact that
temperature sets both the width of the gaussian describing thermal atoms and the BEC



140 5 Cooling a spinor Bose gas

a)
£
=
=
0.0 05 -1.0 -15 2.0 25 3.0
Magnetization
b) A
o
=
=
0.0 05 -1.0 -5 2.0 25 3.0
Magnetization
c)
&
=
=

0.0 -0.5 -1.0 -1.5 -2.0 -2.5 -3.0

Magnetization

Figure 5.23: Sketch of our cooling mechanism represented on the phase diagram of a
spin 3 atom. a) Representation of our initial conditions. We have a BEC in my= -3
and all the thermal atoms are in my=-3. b) We then lower the magnetic field to a
value of the magnetic field By low enough that sufficient thermal atoms may change
spin states, but high enough so that By > B, and that phase C is avoided. c¢) Atoms
in mys > -3 are then selectively removed. The total atom number is lowered, thus the
critical temperature for condensation is lowered also, thus the vertical scale is modified.
The dashed line represents the "old” critical temperature. This process can result in a
gain of condensate fraction provided the "new” T'/T. is lower than the initial one.
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fraction. We perform a two-stage analysis of the images. A first fit is used to measure
the total number of atoms, and with the knowledge of the trapping frequencies we can
deduce the critical temperature T, (eq.(5.2)). A second bi-modal fit is then performed
where the temperature is a free parameter and the total atom number and critical
temperature are fixed by the first fit (a Thomas-Fermi profile fits the condensate and a
gaussian fits the thermal atom distribution). This procedure was optimized in order to

ensure good measurements of thermal fractions down to ten percent, or BEC fraction
up to 90%.

b) Proof of principle

We first performed a proof of principle experiment, where we did not filter the thermal
excited spin states and checked if the BEC fraction becomes larger or not in the mg =
—3 component after a Stern-Gerlach separation.

The experiment starts with a thermal gas in m,= -3 at B;. We then cool the gas
and produce a BEC in m = -3. The initial condensed fraction is:

3
fi=1- (g) : (5.40)

We then lower the field to By= 1 mG. After a time t,4;, we turn off the dipole
trap and measure both the spin and momentum distributions after a 5 ms TOF. The
different spin components are separated via a magnetic field gradient pulse of approx-
imatively 3.5 G-cm™! present during the TOF (as explained in subsection 1.5.2). We
define (T /T ) as the temperature of the gas divided by the critical temperature which
is calculated by considering only the number of atoms in m,= -3:

N g\
T, = (2= 5.41
s (N) (5.41)

This is not the real critical temperature of the gas, since it does not consider the
total final atom number, but would be if the m, > —3 atoms were removed.

In Fig 5.24, we show (T}/T. ) as a function of (7;/T.;) for By= 1 mG. The black
curve represents (T/T. ;) = (T;/T¢;). We find that our cooling mechanism produces
a BEC polarized in the lowest energy state with an increased condensate fraction,
provided the initial thermal fraction is low enough: this marginally demonstrates that
our cooling mechanism works, however error bars remain large due to magnetic field
fluctuations.

c) Spin filtering a polarized BEC

We now use the whole experimental protocol to filter the excited spin states. The
experiment starts with a thermal gas in m,= -3 at B;. We cool the gas and produce
a BEC in m,= -3. The initial condensed fraction is f;. We then lower the field to By.
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Figure 5.24: Proof of principle for purification of a *?Cr BEC. After depolarization
occurring at a B field of By=1 mG, we measure the final condensate fraction in m,=-3
and hence the effective final reduced temperature (red squares), as a function of the
initial reduced temperature. Error bars show statistical uncertainties. The (red) solid
line is the result of our model. The (black) straight solid line (of unity slope, crossing
the origin) is a reference (i.e. no cooling). Data follows the general trend given by the
model. However experimental error bars are large due to magnetic field fluctuations.

After a time t,,.;, we perform the spin filtering protocol which is sketched Fig.5.20.
At the end of the filtering process, we turn off the IR trap and let the gas expand
for a TOF of 5 ms, after which we perform an absorption pulse imaging sequence. In
Fig.5.25 we show the final condensate fraction, f, as a function of B for different
initial condensate fraction f;. In full lines we show the result of our non-interacting
model (see subsection 5.4.5).

When By is large, we find fo = f;: the cooling protocol has no effect on the con-
densed fraction. For the smallest initial condensate fractions f;, fo gets smaller than
fi at the lowest By. On the other hand, when f; is large enough, f, gets significantly
larger than f;. There also seems to be an intermediate regime where f; first increases
as By is lowered, and then decreases. These features are present in the non-interacting
model we established (see subsection 5.4.5).

d) First interpretation

Our experiments shows that increased condensed fractions can be observed after our
cooling process as long as the initial condensate fraction is large enough.

To gain insight on the physics at stake, we plot in Fig.5.26a the number of thermal
and condensed atoms, as a function of B for a relatively high initial condensate fraction
fi. Fig.5.26b shows the measured final condensed fraction f, for an other set of data
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Figure 5.25: Experimental results for spin spilling with an s = 3 52Cr BEC, for different
initial BEC fractions f; (represented by different colours). For each initial BEC fraction,
the BEC fraction after spilling (i.e. f2) is plotted as a function of By. When By is
large, we find fo = f;: the cooling protocol has no effect on the condensed fraction.
For the smallest initial condensate fractions f;, fo gets smaller than f; at the lowest
By. On the other hand, when f; is large enough, fy gets significantly larger than f;.
Full coloured lines are predictions of our non-interacting model (see subsection 5.4.5).
Dashed blue lines seperate, based on our non-interacting model, three regions where
different behaviours may be observed depending on the initial condensed fraction.

but shows the same behaviour and helps illustrate the discussion.

For large values of By we measure f; = f;: the procedure has no effect on the
condensed fraction, which makes sense since for large By all thermal atoms stay in
ms = —3. For small values of By, we measure a reduction in the number of thermal
atoms and condensed atoms. For this particular value of f;, the losses result in an
increase of the condensate fraction. We interpret this behaviour as the consequence of
the competition between three effects. (i) As population in spin-excited states is purely
thermal, spin filtering leads to purification of the BEC. The number of thermal atoms is
reduced therefore the condensed fractions has increased. (ii) As the thermal gas in my=-
3 depolarizes and populates spin excited states, the number of thermal atoms in m,=-3
decreases. The BEC must "melt” to maintain saturation of the thermal m, = —3 gas.
(iii) As BEC atoms have zero energy [23], this cools the thermal gas which can then be
saturated at a lower temperature, as already observed in [179] and [180]. Competition
between these effects can lead to an increase in condensate fraction, provided the initial
BEC atom number is large enough. However, if the initial condensed fraction is too
small, depolarization can lead to a complete melting of the BEC in order to re-saturate
the thermal gas. In the case shown here, the initial condensate fraction is large enough
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Figure 5.26: Experimental results for spin spilling with an s = 3 2Cr BEC. a) Number
of atoms after spin spilling: in the BEC (top), in the thermal component (bottom).
Lines are guide to the eye. b) Final condensate fraction as a function of By, for an
initial BEC fraction of f; =0.6740.05. The solid line for the condensed fraction results
from our theoretical model (see subsection 5.4.5).

so that spilling results in an increase of the condensate fraction.

5.4.4 Applicability to non dipolar gases

We have shown that our experimental protocol can result in an increased condensate
fraction. In our experiment, population in spin excited states is provided by dipolar
collisions. However, there are only two criteria necessary for our cooling mechanism:
(i) a BEC in only one spin state and (ii) thermalization of the spin degree of freedom
in order to populate spin excited states. Therefore our cooling scheme should work for
non dipolar gases with contact spin changing collisions.

For example let us consider a spinor s=1 BEC of Rb or Na which have a non
zero quadratic shift and for which only magnetization conserving collisions are al-
lowed. Spin-changing collisions associated with the difference in scattering lengths in
the molecular potentials S = 0 and S = 2 redistribute population between m, = 0
and mgy = +1 at constant magnetization. As explained in section 5.2.2, the positive
quadratic Zeeman effect provides an energy shift gm? between a pair of atoms in the
ms = 0 state and a pair of atoms in states my = +1, which favors BEC in m, = 0,
and it "costs” 2q for two atoms in mp = 0 to perform a spin changing collision. The
quadratic Zeeman energy can be reduced so that ¢ ~ kgT', then contact spin changing
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collisions ensure populations in spin excited states with thermal atoms®.

The process is completely analogous to the dipolar case: instead of having (—3, —3) —

(—2, —2) collisions and be sensitive to the linear Zeeman energy, here (0,0) — (—1,+1)
collisions ensure population of the excited spin states and the energy scale is set by the
quadratic Zeeman energy.

5.4.5 Theoretical model

We elaborated a simple non interacting model to compare our results and estimate

the efficiency of the mechanism. When magnetization is free (case of dipolar particles)

the magnetic energy includes the linear Zeeman effect, whereas when magnetization is

fixed (as for example for Rb and Na atoms), the linear Zeeman effect is gauged out and

the magnetic energy only includes the quadratic Zeeman effect ¢. In both cases, we

denote the lowest energy spin state m™" (m™" = —3 for Cr with free magnetization,
min

m7*" = 0 for Rb or Na at fixed zero magnetization).

a) Model principle

Let us here briefly introduce the main steps for our model. The initial state considered
is a BEC in m™™", with all the thermal atoms in m™™, at an initial temperature of
T = T; and magnetic field B;. We then consider a virtual state after the magnetic field
was reduced diabatically to a value By, but before thermalization of the spin degrees
of freedom occurred. The transformation is diabatic with respect to the spin degrees
of freedom: depolarization has not yet taken place. Therefore we have still a BEC in
m™" with all the thermal atoms in m™" at a temperature T; but now the external
magnetic field is By. We then compute the equilibrium state assuming thermodynamic
equilibrium is reached through a transformation with total energy and atom number
conserved (no dissipation process). The gas now occupies different spin states and is
at a temperature Ty. We may then remove atoms in excited spin states and compute
the new condensate fraction.

min

b) Initial state: a BEC in m™"

We consider a polarized BEC at a finite temperature 7; in the lowest energy spin state
m™". We set the initial magnetic energy to zero. We assume that a BEC is only
present in state m7"", so that pi,ms = 0. The initial condensed fraction f; in a 3D

harmonic trap is:

min
s

3
No,q T;
= =1 5.42
f Ntot,i (Tc,i> ( )

6The linear Zeeman effect plays no role in the case of a fixed magnetization since the initial linear
Zeeman energy is equal to the final linear Zeeman energy.
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with Ny ; the initial total atom number and ng; the initial condensed atom number
and T ; the initial critical temperature for condensation given by

Ntot 1/
¢ (3)> '

The initial number of thermal atoms is thus Nt(,?lfnm) = Nioti — No.i-
The initial energy of the gas in a 3D harmonic trap with a BEC present is thus:

kpT,; = ﬁw( (5.43)

ETrap,i

—_———
E; = FEini+ Epoti (5.44)
s (kgT:\?
O

fuw
<(4> ngni"

(@)

with Ey.p the sum of kinetic and potential energy, g, the polylogarithm function of
order n, ((n) the Riemann function ({(n) = ¢,(1)), w the geometric average of the
angular trapping frequencies and § = 1/kgT;. €k, is the single-particle energy of
the trap harmonic oscillator state k, thus €y ,,mn = 3hw/2, and we make the usual
assumption that Segpmn << 1.

ksT; (5.45)

c) Depolarization

The magnetic field is set to a value By to allow depolarization. To compute the equilib-
rium state after depolarization, we assume thermodynamic equilibrium at temperature
Ty, conservation of the total atom number, and of total energy (no dissipation).

The spin composition in the final state will be entirely characterized by the thermal
atom number in spin state i, Ny, ;, and the final condensate atom number in mJ*" ng ;.
We also define Ny,  as the total thermal atom number in the final state:

+s
Ning =Y Ny (5.46)

i=—s

Premise

As long as we have a BEC in m™" in the final state, the number of thermal atoms in
m™™ in the final state is proportional to the temperature to the power three, as the
trap is a 3D harmonic trap:

min

Ny = AT} (5.47)

with A a constant which depends on the trap and on the total atom number Ny ;.
This equation is valid for all values of the magnetic field By. In particular, it has to
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be true for the case where By is infinite in which case we recover the initial state. All
the thermal atoms are then in m™" so that:

min

Nf}:ff = Ny (5.48)

Ny = Ny (5.49)

Ty = T, (5.50)

Therefore at the limit of condensation, Ty = T;; and Ng}};m = Niot; so that A =

Niot.i/T3;, and we obtain:

c,i)

mmin Ntot,i
th - 3
Tc,i

T} (5.51)

At high magnetic field all atoms are in m™", there is no depolarization, and the
critical temperature does not change.

Now let us use eq.(5.51) to discuss the case By = 0. In that case, the thermal
populations in each spin state are equal:

th  2s41

At the limit of condensation, we define Ty = T, y, with T ; the final critical temperature
for condensation. Using the fact that at T, r, Niptot = Niori, €gs.(5.51) and (5.52) give:

NinTot- (5.52)

1/3
T (B =0) = T, x (ﬁ) , (5.53)

which is the critical temperature at B=0 and corresponds for example to the critical
temperature at M = 0 of Fig.5.4.

Atom conservation

We assume a BEC in m™" and conservation of the inital total atom number Nry ;.
Eq.(5.51) allows us to relate the thermal atom number in m™™ after depolarization,
N:}ng;m, to the temperature T after depolarization:

In the thermodynamic limit, the thermal population in each spin state reads:

ksTy\’
Vit = 3 fm 0 % (e o) (H222) (5.54)
k

where €q,, = 3hiw/2 + (Mg — M) granacitn B in the case of a linear spin. Assuming

again that all condensed atoms are in m™", additional atoms are then condensed in
state m™n:

nos = Nrot — » _ Njvs. (5.55)

where ng ¢ is the number of condensed atoms after depolarization.
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Energy conservation

The energy after depolarization is:
Ly = Emaps+ Epag.s

kpTr\®
= Z(3szTg4(e—ﬁ€Ovms)(Hf) + NJps€om,)- (5.56)

ms

Erqg,r is the gain in magnetic energy acquired by thermal atoms having changed spin
state.

Final condensed fractions

The final temperature 7y and BEC atom number ng ; are thus derived and can be

compared to initial values T; and ng;. Any atom in spin-excited state m, # m”" can

be removed (by means of magnetic field gradients, micro-wave transitions, and/or a
resonant push laser beam). After depolarization, we define

no?f

= 5.57
fl NTot,i ( )

the BEC fraction relative to the total number of atoms, and
fr= 0 = (5.58)

(no.s + Nt(}Tfm)) Nrot,f

the BEC fraction relative to atoms in state m™" with Nrot,p the final total atom
number (i.e. after spin filtering).

These two condensed fractions correspond respectively to not filtering and spin
filtering the spin excited states. In the following we will evaluate f; and f, to discuss
the physics at play, first for By=0 and then By #0.

d) The case of B;=0

Let us first discuss the case By=0 (although unfeasible experimentally, it will help in
understanding the physical processes involved). After depolarization for By=0 , the
thermal populations in each spin state are equal:

4 ‘ 1
tzh,f = th

hf = mNth,f vV (1,j) € [-s,s]. (5.59)

Eq.(5.51) gives:

Nthf Tf 3
—= = (2 1 . 5.60
Ntoti ( s )<Tcz ( )
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E; is given eq.(5.45). We now compute Ey (eq.(5.56)), the energy after depolarization.
There is no magnetic energy term, for By = 0. We find:

4 T
= s+ 1) X 3—=Npokple il = same thermal population in each state
E; 2132E3;NkT,Tf4 hermal population in each
Ey = 3C<4)N kT i 5.60 5.61
f = @ th,fKB4L f <US111g eq.( . )) ( . )
Conservation of energy imposes that:
E, = Ey
N T, = Ny Ty, (5.62)
Using eq.(5.62), we have:
Nowg Tr_ Nog T
Ntat,i Tc,i Ntot,z' Tc,i
= (=)= £
= (1=f)" (5.63)

Eq.(5.60) yields

Nth7f Tf o Tf 4
Ntot,i f,z B (28 * 1> <Tc,i)
1-h

as 1 — fi = Ny, ¢/Niot; by definition.
Using egs.(5.64) and (5.63) we may express the condensate fraction f; without
filtering the spin excited states:

fi = 1—(1-f)@2s+ 1) (5.65)

We may also express the condensate fraction f, when spin filtering is performed:

fy = No,r . 10,7/ Niot,i
2 - min) N.
no,f + Nt(;Ts ) N0,/ Nioti + #jﬁ{/Ntot,i
S

fit s
1—(1—f)(2s+1)/4
(2s+1) —2s(2s + D)V4(1 — f;)’

We plot in Fig.5.27 f; and f5 as a function of f; for s=3.

= (2s+1) (5.66)
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Figure 5.27: f; (purple dashed) and f> (gold dotted) for B;=0 and f; (blue line) as
a function of f; for s=3. When spin filtering is not performed, the final condensed
fraction after depolarization is lower than before depolarization, i.e. f; < f;. If f;
< 0.385, we no longer have a condensate after depolarization. When spin filtering is
performed (f5, golden line) we have fo > f; as long as f; > 0.449. See text for more
information.

Interpretation for f;

Eq.(5.65) imposes that f; < f;: when spin filtering is not performed, the final condensed
fraction after depolarization is lower than before depolarization. Our interpretation is
that, when depolarization occurs, the thermal gas in m™" is no longer saturated. The
BEC then melts to re-saturate the thermal gas. The total number of thermal atoms
increases during this process, and the number of condensed fraction is lowered. Thus

the condensed fraction can only be lowered.

If f; < 1- (2s4+1)~Y/* (for s=3, this imposes that f; > 1- 774 ~ 0.385 ), we have
negative values for f;. A negative condensate fraction has no physical significance and
our model therefore has no meaning in that case. For f; < 1- (2s+1)~'/4, depolariza-
tion melts completely the BEC fraction. The initial BEC fraction is too weak that
the number of thermal atoms which changed spin state is larger than the number of
condensed atoms to re-saturate the thermal gas. This sets a lower limit to f; for our
cooling mechanism to work, and for the model to have a meaning.
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Figure 5.28: Gain in condensate fraction when spilling is performed ( fo- f;) as a function
of initial condensate fraction f; for s=3. At best, the condensate fraction can be
increased by 0.19 for f; = 0.63.

Interpretation for f,

f2 > 0 as long as f; > 1- (2s+1)~'/4. This is the same criteria than for f;: if the initial
condensate fraction is too weak, the BEC will completely melt.

We also have f, > f; as long as f; > (1 +2s — (1 + 25)3/4)/(2s). For s=3 this
leads to f; > 0.449. Filtering spin excited states after depolarization results in a gain
in condensate fraction, provided a large enough f;.

These results are summed up in Fig.5.27 for s=3. We also show Fig.5.28 the gain
in condensate fraction when spilling is performed f>-f; as a function of f;. At best, the
condensate fraction can be increased by 0.19 for f; = 0.63.

Melting cools

Let us now look at how temperature is affected during the cooling mechanism.
Eq.(5.63) can be expressed as (23—1—1)(%)4 = (%)4 Aslong as the final condensate

fraction is positive, we have the following femperatﬁre relation:

T
Tf — (25+1)" 4~ 061 fors = 3. (5.67)

When the BEC melts to saturate the thermal gas, the number of condensed atoms
lowers, however the thermalization of BEC atoms (at 7=0) with the thermal atoms

(at T= T;) lead to a cooling of the gas (Ty = (2s + 1)~Y4T; < T;) which can then
saturate at a lower temperature.
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e) The case of By # 0

Let us now consider the case By # 0, and once again assume that a BEC is only
formed in m™". In the following we will consider the case of a linear Zeeman energy.
We start with a gas polarized in m™"=-s, with initial condensed fraction f; = ]\Zit
The magnetic field is then lowered to By > 0. ’

The chemical potential of spin state m, =-s is 0 because we start with a BEC in
that state. The chemical potential of each spin state is simply:

i =—=b(i+s) Vi € [—s,s]. (5.68)

Population in each spin state

The population in spin state i relative to the one in spin state m™™ is (see eq.(5.13)
adapted to the case of a 3D harmonic trap):

Nt(f?f gs(em )

NPT )
with y = %, GLande the Landé factor and pp Bohr’s magneton.
The total thermal atom number can be evaluated with eq.(5.51):
T} Y gale )
NTot _ _ f Lui=—s393
NG = Z Nty = Nraigs ==
T} S(y)
At
obyi T o 5.70
T C(B) 10

where we define S(y)= >_7___ gs(e”(+9)v).

Energy of each spin state

We now proceed to compute the energy associated to each spin state. Each spin state
has a different chemical potential.
The trap energy and magnetic energy of each spin state can be expressed as:

Tot (Tot ST'ra (y)

E’;rap),f = 3Nthf )k Tf S(I’) (571)
To N

E](V[a;)f = kBTf S( ) ySMag( ) (572)

where St,ap(y) = i L ga(e™ ) and Sirae(y) = S (i + 5)gs(e~+9¥). Energy
conservation leads to:

STrap (y) + %SMag(y>

s (Tot)
C(4)Nth,zﬂ - C(g)Nth,f Tf S(y)

(5.73)
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Final condensed fractions

Eq.(5.70) and eq.(5.73) lead to:

T \* Y
(Tf> (STrap(y) + gSMag<y)) = (1 - fi)4/3 (574)
This defines an implicit equation for %, with y = %(%)_1. This equation
can be solved numerically for a given value of f; and %. We can then deduce
the values of the condensed fraction without spin filtering or with spin filtering using
eq.(5.70):
Sy (Tr "
= 1—-—= 5.75
i (B3) \T.; 575)
. no,f B 10,7/ Ntot
2 - mmin — mmin
nO,f—f—Nt(hj ) nO,f/NTot'}_Nt(h,; )/NTot
fi

= — 5.76
f1+(77~3i)3 (5.76)

We plot in Fig.5.29 f; and f> as a function of By for different values of the initial
condensed fraction in the case of s=3.

Interpretation for f;

Let us first discuss the case of f;, the condensed fraction when spin filtering is not
performed.

The same general behaviour is observed no matter f;. We see Fig.5.29 that f; starts
by increasing as the magnetic field is reduced. f; then decreases and becomes smaller
than f;. The lowest value of f; is obtained for B;=0.

For high enough B field, depolarization of the thermal gas leads to an increase of the
condensed fraction. This effect is associated with demagnetization cooling, a process
previously demonstrated in the thermal regime where kinetic energy is transformed into
magnetic energy as an atom occupies a spin excited state, and then is pumped back to
the ground state [113]. When the experiment is performed at non-zero magnetic field,
demagnetization of thermal m; = —3 atoms is accompanied by cooling, as the process
is endoenergetic. Therefore cooling associated with the transfer between magnetic and
kinetic energy can lead to an increase in the BEC atom number even without spin
filtering: ng s > ng,;, and hence f; > f;, as shown in Fig.5.29a). However, this effect is
small compared to the three major effects described above.

Interpretation for f,

Let us now discuss the case of fy, the condensed fraction when spin filtering is performed
for the case s=3.
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Figure 5.29: f; (in purple short dash-dotted line) and f; (gold, long dash-dotted line)
as a function of By for s=3 and initial condensed fractions a) f; =0.4, b) f; =0.6,and
c¢) f; =0.8 (blue full line). We also indicate values of f1(B = 0) and fo(B = 0) for each
initial condensed fraction. The same general behaviour is observed for f; no matter f;.

For f, there is three regimes depending on the value of f;: f; < 0.449, 0.449 < f; <
0.63, and f; > 0.63.
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The situation is a little bit more complex and we define three regimes depending
on the value of f;, the initial condensed fraction.

If f; > 0.63, f> constantly increases as By is lowered. The maximum value for f,
is obtained for By=0.

If f; < 0.449, f5 first increases as the magnetic field is lowered and a maximum
value is obtained for a magnetic field By > 0, and then decreases and becomes smaller
than f;. The minimum value is obtained for By = 0.

If 0.449 < f; < 0.63, fo first increases as the magnetic field is lowered. Then a
maximum value for a magnetic field By > 0 is obtained. Finally f, decreases but
always remains larger than f; no matter By.

We plot in Fig.5.29 fy as a function of By for each regime. We also indicate these
regimes on our experimental data Fig.5.25.

Comparison with data

We superimpose to our data shown in Fig.5.25 and Fig.5.26 the prediction of our non-
interacting theoretical model. Our model, with no free fitting parameter, accounts
well for the experimental results, even if the experimental error bars are quite large.
We thus are confident that it grasps the main physical processes at stake and we will
rely on it for accounting for the cooling efficiency of our protocol and the limits of the
cooling mechanism.

Cooling efficiency

To assess the efficiency of this cooling procedure we consider the reduction of entropy
after one cooling cycle. Below T, all entropy is contained in the thermal fraction, and
each thermal atom has a temperature-independent entropy of approximatively 3.6 kg
(see eq.(5.7)). As a consequence, selectively removing thermal atoms is an excellent
way to remove entropy. With ¥; the mean entropy per atom before depolarization,
and X; the mean entropy per atom after spin filtering. We have:

Yy Ny 1-5 (5.77)
S N 1 |

This expression is minimal for B;=0 and f; — 1, and reaches W In Fig.5.30 ;—’:
is shown for different values of By, as a function of 7j, in the case of Cr with s = 3.
Ef remains significantly smaller than 1 even at very low T;, provided a low enough By
ﬁeld a reduction of entropy by a factor of at least two is obtained until kgT; ~ gupBy.
Then, a lower By must be reached so that cooling may continue.

As T approaches 0, the thermal fraction gets smaller and smaller. Therefore spilling
affects less and less atoms. However, the gain in entropy remains good, provided a low

enough By. As a consequence, the efficiency of our spin cooling mechanism, defined as
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Figure 5.30: Theoretical results for the s=3 *?Cr BEC. Ratio of final (after spin pu-
rification) and initial mean entropy per atom as a function of initial temperature, for
B;=0.3 mG (dashed) and B;=0.1 mG (solid). The horizontal dotted line corresponds
to the maximal gain, reached at By — 0 and 7; — 0 (given by eq.(5.66)). The vertical
lines indicate the qualitative limit for cooling, set by gupB; >~ kgT'. The dots (black)
correspond to experimental data taken at By = 0.2 & 0.1 mG, including statistical
uncertainties.

the gain in phase space compared to the number of lost atoms, diverges as T" — 0:

ni3
log(755) log &

1 Nrot, s - 1 Nrot, s \,/OO (5'78)
Og Nr, t,i Og NTOtl T—0
because ]J\\ZZJ: — 1 while % = m (<1)if By — 0.

The evolution of the efficiency of our cooling mechanism as a function of temper-
ature is opposite to the one for evaporation. Evaporation is very efficient at high
temperatures (where most of the energy carried away has a thermal origin), and in the
quantum regime is not as efficient (where the chemical potential accounts for a non neg-
ligible part of the energy carried away by each evaporated atom). In contrast, the spin
cooling mechanism discussed here is inefficient at high temperatures, and extremely
efficient at low temperatures.

f) Limitations
Cooling limits

There are two limits in our cooling mechanism, one experimental and the other fun-
damental. (i) The control of the magnetic field experimentally sets a limit to the
experiment. (ii) The value of the magnetic field below which the BEC is no longer in
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one spin state. Indeed, our cooling mechanism assumes a BEC polarized in a well de-
fined Zeeman state, which in general depends on conditions set by interactions between
the atoms.

In the experiment reported here with Chromium which has a predicted cyclic ground
state, a magnetic field larger than 100 uG is necessary in order to have a polarized
BEC only in m; =-3. This sets a limit of our cooling mechanism down to 30 nK.

For alkalis, we recall that a polar state is necessary to apply our mechanism for
these non dipolar species. For Rubidium the ground state is ferromagnetic for a zero
quadratic shift. At typical densities of 10'* at-cm ™3, a quadratic energy shift of typically
10 Hz, provided by a magnetic field of 380 mG, is necessary to ensure that the BEC
is polar. Temperatures of the order of 500 pK could be obtained with such magnetic
fields (kpT = hx 10 Hz).

For Sodium, spin dependent interactions favor a polar m, = 0 BEC. This is the
most favorable scenario. Na, with a quadratic effect of 280 Hz/G?, could achieve
temperatures in the 100 pK range with B fields below ~ 100 mG. In this extreme
regime, thermal population of spin-excited states is possible as long as kgT' > ¢. This
limit ensures that the mesoscopic polar BECs does not suffer from spin fluctuations,
so that the BEC is in a well defined spin state [181, 182]. If ¢ > kT /N with N
the condensed atom number, spin fluctuations are a mesoscopic effect and the ground
state cannot be considered polar anymore so that our cooling mechanism would not
be efficient in this regime. This sets a practical limit to cooling in the pK range for
sodium.

Inclusion of interactions

The effect of interactions was taken into account by including in €, the effect of spin-
dependent contact interactions within the Bogoliubov approximation. Calculations
were performed by P. Pedri. They show that interactions between particles lead to a
stronger reduction in entropy at low temperature, due to a larger density of states in
spin excited states.

Since the inclusions of interactions changes only quantitatively the non interacting
picture, and not qualitatively, I will not discuss here these calculations. If one wants
to deepen his understanding, please refer to Annexe 10.

Cooling with magnons

In parallel to this work, Olf et al. performed a similar cooling experiment [170]. In
their experiment, they produce a polarized BEC of 8"Rb in state |[F = 1,mp = —1 >.
They then perform a radio-frequency pulse and populate spin state |F' = 1, mp = 0 >.
Immediately after the RF pulse, the population in spin state |FF = 1,mpr = 0 > has
the same characteristics as the initially polarized degenerate Bose gas (namely it has
the same condensed fraction). Thermalization leads for spin state |[F' = 1,mp = 0 >
to a decrease in the number of condensed atoms (with zero energy) and an increase of
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the number of thermal atoms (with typical energy kgT). Thus the condensed fraction
in [ = 1,mrp = 0 > is lowered. The entire thermalization process takes place at
constant energy. Therefore the increase in energy of the |F' = 1,mp = 0 > component
is accompanied by a lowering in energy of |[F' = 1,mp = —1 >, and an increase of its
condensate fraction.

This cooling mechanism bears strong similarities with the one presented in this
chapter, it has however differences. Our loss mechanism is specific to thermal atoms.
Here, the demagnetization process uses radio-frequency pulses, and therefore does not
allow one to engineer a loss specific to non-condensed atoms. However, a cooling cycle
with an RF-pulse does not take as much time as the one we propose here and does
not need a precise control of magnetic field. It is relatively easy to perform several
cooling cycles with a RF pulse. In our case, due to technical difficulties in controlling
the magnetic fields, we were unable to perform spin cooling twice in an experiment.

An optimized spin cooling protocol would achieve spin filtering continuously: as
atoms occupy spin excited states they are straight away lost. If performed with high
enough initial condensate fraction, this could rapidly lead to very pure condensates.

Therefore, although our cooling mechanism is more efficient and has promising
prospects, their process is more adapted to multiple cooling cycles and has already
demonstrated its efficiency.

Measuring very cold samples

As very pure condensates are obtained, measuring small thermal fractions is a challenge.
It is then advantageous to use the spin degree of freedom for thermometry, as explored
in [97, 170]. At thermal equilibrium, atoms in different spin states share the same
temperature. Preliminary results indicate that thermalization remains efficient even
for very low temperatures [170]. Measuring the temperature or the number of thermal
atoms in spin-excited states offers a background-free measurement, contrarily to the
case of a bi-modal distribution when a BEC is present.

5.4.6 Conclusion and perspectives

In conclusion, we investigated an efficient cooling mechanism using the spin degree of
freedom. It is based on redistribution of entropy among the spin states. Thermal atoms
flow from the spin state where the BEC is present (ms= -3 for Chromium) towards
excited spin states. The BEC then melts in order to maintain saturation of the m,= -3
thermal gas. This melting leads to a cooling of the thermal gas since condensed atoms
are at T' = 0 K. The thermal gas can then be saturated at a lower temperature.

In addition, cooling by spin filtering can be repeated an arbitrary number of times.
Since each cycle leads to typically a factor of two reduction in mean entropy per
atom, we foresee that this scheme could indeed be a way to reach new regimes of
deep degeneracy.
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Finally, one of the interesting pending questions is whether this scheme will help to
remove entropy for BECs loaded in optical lattices. Indeed, even though low entropies
are reached in the bulk, higher entropies are obtained in the lattice. It is accepted
that most of the entropy lies in the superfluid shells surrounding the Mott plateaux
characteristic of the typical wedding cake distribution [183]. If our cooling mechanism
could be extended to be performed in the lattice, it could efficiently remove entropy
and help the system in reaching low spin entropies.

Summary of Part 11

In this part of my thesis, I focused my attention on thermodynamics questions. We first
established how the mechanical and spin degrees of freedom can thermalize. We then
analysed the co-evaporation of the fermionic isotope and extracted the scattering length
of the Bose-Fermi scattering length. We then presented two experiments involving a
Bose gas with a spin degree of freedom. We investigated the different dynamics for
thermalization of the spin degrees of freedom and the mechanical degrees of freedom as
a multi-spin component gas was cooled across the phase transition of BEC. Finally, we
proposed and demonstrated a new cooling mechanism where the spin degree of freedom
was used to store and remove entropy from a polarized BEC.

In the following part, we will focus our attention on spin dynamics. We will perform
two experiments where the goal is to observe spin dynamics, due to dipole-dipole
interactions, after our system is prepared out of spin equilibrium.
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Part 111

From classical to quantum
magnetism using dipolar particles






CHAPTER 6

Classical and quantum magnetism

In this chapter, we will first show that a classical behaviour comes when correlations
can be neglected. We then present how cold atoms are a platform to study quantum
magnetism and establish how dipolar interactions may provide an interesting tool to in-
vestigate quantum magnetism. In chapter 7 and chapter 8 we present two experiments
where atoms, prepared in spin excited states, interact via both contact and dipolar in-
teractions. We hope to observe signatures of quantum correlations from the subsequent
spin dynamics. We shall focus our attention primarily on dynamics due to dipolar
interactions, the main originality of our system.

6.1 Classical magnetism of spins in a magnetic field

In the following we will establish the dynamics of N spins interacting in a magnetic
field. Although we will talk about the spin of an atom, which has a quantum origin, the
dynamics will be well described by particles which do not exhibit any spin correlations
and are accounted for by classical equations (as a dipole would be).

6.1.1 One spin

Let us consider the magnetic moment of an atom due to electronic origin. For a spin

s, electron charge q. = —¢q, and electron mass m.:
ﬁ gh 1,
= —(Landé — — 6.1
H JLand om, hS (6.1)
~—~—~
UB

with grenge = 2 the Landé factor and up is the Bohr magneton. We can define the
gyromagnetic factor v such as v = granacpn/h-
If the atom is subject to an external homogeneous magnetic field B.,;, the equation
of motion reads [184]:
d§ —
— = —78 X Bey. 6.2
dt v t (6.2)
The spin will precess at the Larmor frequency 2 = ~B.,; which is independent of
the length of the spin. Therefore, the precession rate at high magnetic fields of the
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electronic spin of Chromium atoms or Rubidium atoms (which have different electronic
spin) will be the same.

The potential energy associated to the interaction between a spin and the magnetic
field is given by

E = —~5 Bey (6.3)

and the associated Hamiltonian is simply:

H= —7§.§m (6.4)
6.1.2 Two spins

Let us consider two classical spins of magnetic moment fi; in a magnetic field éewt. The
evolution of each spin is simply:

d_’ — = D/ —

L = i x (B + i)

d_’ — = 5/ —

2 = i x (Bur + B(n)) (6.5)

—

where E(Mz) represents the field created by fi; and felt by ji;. The field created at a
position 7 by a dipole ji at a position 7 takes the following form:

e ) = 10 (TP SRy

 4n |7 — 75

(6.6)

This function has the same expression under the permutation of ¥ with 7" if fi = i’ which
is the case if the dipoles are aligned by the external magnetic field. Each dipole therefore
experiences exactly the same magnetic field and will evolve in the same manner. The
two dipoles will therefore precess in synchronization and the total spin of the system
will be conserved in time.

For an inhomogeneous system, for example two dipoles with different moments, each
dipole will precess at different frequencies and the total spin might not be conserved
even for a classical system.

6.1.3 N spins: mean field dynamics

We now extend the reasoning to N spins and adopt a quantum formalism. The Heisen-
berg evolution of the spin operator associated to one given spin reads:

d< S > i .
e § &

= <S8 % (Be+ Y _Bi) > (6.7)
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with B; the field created by dipole 7.
If one neglects correlations in eq.(6.7), the average of the product is then equal to
the product of the averages, then the equation of motion reads:

% ~ 7<5’> X(Eewt+zi:<§i >). (6.8)
Each dipole will precess around a magnetic field given by the sum of the external
magnetic field with the one created by all the other dipoles. We recover a classical pre-
cession equation. This shows that spin dynamics is classical provided correlations are
neglected. In the specific case of a BEC, neglecting correlations allows to approximate
the BEC wavefunction as a product wavefunction and to retrieve the Gross Pitaevskii
equation [23]. One must not be shocked at identifying the GPE to a classical equation
since with the GPE we retrieve the classical Euler equations of hydrodynamics for a
fluid.

6.2 Quantum correlations

Why should we go beyond this mean field approximation? Correlated states are at the
heart of quantum mechanics and to overlook correlations is equivalent to overlooking
some of the most fascinating aspects of quantum mechanics (e.g. entanglement cannot
be understood in a classical way). Over the last decade, both theoreticians and exper-
imentalists have been providing huge efforts towards creating and detecting N-body
correlated systems.

The main approach of our work is to load atoms in an optical lattice and create a
system which will evolve following a Hamiltonian under which correlated states may
arise.

6.2.1 Cold atoms in optical lattices

Cold atom experiments offer a clean and controllable environment. Atoms can be
loaded in an optical periodic potential. The depth of a lattice site, the tunneling
between sites, the dimensionality, and the even disorder can be controlled [110].

Bosonic atoms in a lattice exhibit two distinct regimes separated by a quantum
phase transition: the superfluid and the Mott regime. This phase transition was ob-
served in 2001 in Munich [185] and is considered as the birth of the study of strongly
correlated states of matter using cold atoms in optical lattices.

In the superfluid regime, the interaction strength U between particles occupying
the same site is too weak compared to the atomic kinetic energy (”.J” term) to keep
atoms in a given site. Each atom is delocalized over the system and the gas has a global
coherent phase. In the Mott phase, U/J is large enough that each atom is pinned to a
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given site (because it costs too much energy to have two atoms in the same site) and
the gas loses its global phase coherence.

The Hamiltonian associated to cold bosonic atoms loaded in an optical potential is
very similar to the Bose-Hubbard Hamiltonian of condensed matter [110]:

A e 1 ot .
Hpp = —J Z ala; + §UZ alalaa; + Z(V; — p)ala. (6.9)

<1,5>

with @; (a]) the bosonic annihilator (creator) operator applied to site i, and J represents
the hopping of an atom between neighbouring sites. The main difference with the Bose-
Hubbard Hamiltonian of condensed matter is in the third term where the energy offset
between neighbouring sites due to a slowly varying external trapping potential V'(x) is
taken into account.

6.2.2 Quantum magnetism

We have not yet addressed the question of how the spin of the atoms organize them-
selves. Do spins prefer aligning themselves with their neighbour or would they rather
anti-align themselves? What are the magnetic properties of Mott insulator systems?
How do interacting spin systems evolve? These are the questions that the field of
quantum magnetism attempts to answer to and in this part of my thesis we will focus
on bringing answer elements to the last of these questions.

Condensed matter systems

Let us first see how magnetism arises in condensed matter systems and consider a 1D
chain of N fermions of spin s = 1/2 which models the behaviour of electrons in a 1D
cristal. For a finite on site interaction U between fermions of different spin states, two
fermions can temporarily be in the same site after one atom undergoes a tunneling
event. There are then two possibilities: (i) the same atom can sucessively tunnel
back, thus leaving the system unchanged, or (ii) the ”"other atom” can tunnel. This
is depicted in Fig.6.1. This latter double tunneling event (called super-exchange) is
equivalent to a spin flip of the atom pair. The rate associated to a super-exchange
event is JUQ and the spin flip is associated to S; S;; + h.c. operators. The double
tunneling event which does not result in any spin exchange is equivalent to an Ising
term. Thus the total Hamiltonian of the system is equivalent to:
4.J*

] 2J2 G— & o+ Q— Gz Oz
H = Z +7(Sz Si—’:H + Si+51'+1) + 75’1 i1 (6.10)

which can be cast under the form of the Heisenberg hamiltonian of magnetism:

H=7.Y 8.5 (6.11)



6.2 Quantum correlations

167

-
+—+

Figure 6.1: Cartoon illustrating a spin flip process mediated by super-exchange inter-
actions. The atom in the left site can tunnel to its neighbouring site. Then the other
atom has the possibility to tunnel to left site. This double tunneling process, called
super-exchange, is equivalent to a spin flip process. Image adapted from [186].

U
+— +i-
U

with J., = % (see [186] for an exact derivation using perturbation theory). The super-
exchange process is equivalent to an effective spin-spin interaction. Thus magnetism
arises without any magnetic interaction. This super-exchange mechanism is at the
origin of magnetism in insulators. There are two cases to consider: J., >0 and J., <
0. For J.. < 0, the interaction energy of two spins favors them to be parallel. This
corresponds to the ferromagnetic case. For J., > 0, two spins would rather be in an

antiparallel configuration. This corresponds to the anti-ferromagnetic case.

Cold atoms systems

In cold atom experiments with different spin states, super-exchange mechanisms also
take place. Thus a cold atom experiment can properly engineer the Heisenberg Hamil-
tonian. This is very appealing system to study magnetism with effective spin systems,
with Bosons or Fermions.

Numerical exploration of Fermi-Hubbard model is more complicated than for the
Bose-Hubbard one, and ground state properties for fermions other than for half-filling
(i.e. for an s = 1/2, this corresponds to the situation with one atom per site) are
still not well known. One possibility explored in cold atomic systems, is to prepare
fermions in a lattice and investigate the properties of the Fermi-Hubbard model. The
goal of these studies is to understand the behaviour of electrons in solids. The Graal
would be an explanation of high 7, superconductors. Even though no complete theory
of high-temperature superconductivity exists, it is suggested (see [187] for example)
that the Fermi-Hubbard model may contain its essential ingredients. For an unpo-
larized Fermi gas, J and U are both positive which implies that the ground state is
an anti-ferromagnetic singlet state [188]. This anti-ferromagnetic order is predicted at
temperatures lower than the Néel temperature 7' < Ty for half-filling (which is the
condensed matter equivalent of no doping). Properties away from half-filling remain
unknown. Fig.6.2 shows a sketch of the phase diagram of a high-temperature supercon-
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HIGH TC SUPERCONDUCTORS

AFM
ORDER

DOPING

J

Figure 6.2: Sketch of the phase diagram of a high-temperature superconductor taken
from [190]. At zero doping and low temperatures, they exhibit anti-ferromagnetic
order. As hole doping is introduced, their anti-ferromagnetism disappears in favour of
a superconducting state with high critical temperature.

ductor. However, it is difficult with a cold atom experiment to reach as low entropies
Y as in condensed matter systems. Indeed, the Fermi temperature Ty of a typical solid
is ~ 10000 K [189]. A condensed matter system at liquid Nitrogen temperature is al-
ready at T/Tr < 0.01 (X o< T'/Tr). To my knowledge, the lowest entropy systems with
cold atomic Fermi gases are at best T —=0.05. However, some experiments have started
exploring this anti-ferromagnetic reglme by cleverly redistributing entropy within the
system and have observed anti-ferromagnetic correlations [172, 173]. From there on,
the goal is to reach lower entropies deep in the anti-ferromagnetic regime. Then the
filling can be tuned to see if the Hubbard model contains the essential ingredients in
order to enter the superconducting phase. Hence the importance of working on new
cooling method such as the one described in chapter 5.

The Bose-Hubbard model has been intensively studied numerically and most of the
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ground state properties are known. However, out of equilibrium properties are not yet
well understood and it is one of the main interests in loading bosons in a lattice and it
is the interest of the experiments I will present in the following chapters.

6.2.3 Quantum magnetism with a dipolar system

As mentioned above, the effective spin-spin interactions (called super-exchange inter-
actions) give rise to the Heisenberg Hamiltonian. However, it is possible to study
magnetism with a "real” spin-spin interaction between particles. One approach is to
study interactions between polar molecules. Their induced electric dipole moment be-
ing large, spin exchange processes between polar molecules loaded in a lattice have been
observed [34]. Despite the challenge of producing cold molecules; it is an appealing sys-
tem since one may tailor the relative contribution of the Ising and spin exchange term
of the Hamiltonian. Here in Villetaneuse, we explored Quantum Magnetism driven by
magnetic dipole-dipole interactions between Chromium atoms.

Effective dipolar Hamiltonian

Dipole-dipole interactions create an interaction between lattice sites nearly independent
of the lattice depth. I recall the form of the dipole-dipole Hamiltonian:

. P 1e o AL a a
Hgyp = ﬁ(ﬁ(suﬂ%— + S1-801) + 5125%)

P -
- S—B(SleQZZQ
T
AoA 2T AoA TaZ
+ (SIZ52_7+ + Sl_sgz%> + c.c.

~ ~ 7’2
-+ (SlJrSQJrZ_ + C.C.)

+ (8145, T‘Z* + c.c)) (6.12)

where d*=p10/47(Jranaeits)* (110 being the magnetic permeability of vacuum, granqe the
Landé factor, and pp the Bohr magneton) and r is the distance between atoms.

The Hamiltonian has two different types of collisions: collisions which conserve mag-
netization and collisions which do not. Keeping in eq.(6.12) collisions which conserves
transverse magnetization, the dipolar Hamiltonian then has the following form:

2
g =y Id— (5;5: L + Sjsj)) 1357 (6.13)
T

This Hamiltonian is known as the secular dipolar Hamiltonian in the context of Nuclear
Magnetic Resonance [191]. It shares strong similarities with the Heisenberg Hamilto-
nian: they have the same operators but with different relative coefficients.
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The Heisenberg Hamiltonian describes an effective isotropic spin-spin interaction
between spin 1/2 fermions. Here, the effective dipolar Hamiltonian describes a long
range anisotropic spin-spin interactions between particles. Therefore each atom inter-
acts with all the other atoms. Can magnetism arise in our situation? Also, the ratio
of the coefficients in front of the spin operators are different (we would have +1/2
instead of -1/4). This difference breaks the rotational symmetry of the spin part of the
Hamiltonian. The spin dynamics in a lattice observed in chapter 8 will be attributed
to this ratio difference. Particles may also have a larger spin than 1/2, this leads to
spin exchange dynamics where the population in a given spin state may evolve in time
(whereas no population dynamics takes place for s = 1/2).

Also, large spin atoms have several scattering lengths associated to different molec-
ular potential which, as discussed in chapter 5, leads to contact spin dynamics.

Turning off magnetization changing collisions

Despite the long range character of dipolar interactions, dipolar relaxation is a local

process at the scale of the lattice [87]. The inter-particle distance Rgz) at which a

dipolar relaxation collision takes place is:

16Ah
3my/m(j X granaetinB)

Ry (6.14)

where j denotes which dipolar relaxation canal was used (see subsection 3.1.2). In the
experiments presented in chapter 8, we perform experiments in a lattice with a spacing
Rpra = A/2 = 266 nm. The typical magnetic fields for each experiment is 10 mG and
360 mG. This corresponds to RS},(B = 10 mG)= 140 nm and RE)D(B = 360 mG)=
23 nm.

In the first set of experiment of chapter 8, intrasite magnetization changing collision
are suppressed by setting the magnetic field to a low value such that the magnetic
energy released during a magnetization changing collisions is smaller than the first band
excitation. In an optical lattice, dipolar intrasite magnetization changing collisions
are a resonant process which can be suppressed [192]. In this experiment we have
B = 10 mG, leading to Rgzj(B = 10 mG) < Rpq: intersite magnetization changing
collision might not be completely negligible. However the experimental magnetization
is constant over the experimental timescales indicating that intersite dipolar collisions
occur on a longer timescale and can in practice be neglected.

In the second set of experiments of chapter 8, the experiments were performed at
high magnetic field (typically 360 mG). Here, we have Rrp << Rpq: dipolar relaxation
in a lattice may only occur between particles in the same lattice site. The magnetic
energy released during an intrasite magnetization changing collision is transferred into
kinetic energy. If the kinetic energy is much larger than the trap depth, the pair of
colliding atoms are lost. Therefore, atoms remaining in the trap have only experienced

magnetization conserving collisions and have evolved through I—Algf;f . Losses can be
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accounted for in the model independently with a spin dependent loss term. However,
one must be careful when omitting dipolar relaxation events in the manner announced
above since a pair of my; = —3 atoms do not have any dipolar relaxation channels.
Magnetization will then not be exactly conserved during the experiment due to the
fact that m, = —3 atoms are not lost, while atoms in other spin states suffer losses.

6.2.4 Quantum magnetism approach in our laboratory

We are interested in observing quantum correlations created by dipole dipole collisions.
However, spin exchange contact collisions also take place and create correlated states.

In a first set of experiments (see chapter 7), we will load our Chromium BEC in a
double well trap. Each well will be composed of atoms in a stretched spin state, with
the spin of atoms in one well being in the opposite spin state of atoms in the other well,
thus forming two giant dipoles of spin Ns interacting via Dipole Dipole interactions.
The question we address in this part, is whether the magnetic field created by a dipole
of large spin Ns may develop quantum correlations. We will be interested in looking
for violations of the mean field rate equation for precession (eq.(6.8)).

In a second set of experiments (see chapter 8), atoms are prepared in an out-of-
equilibrium spin state and evolve under Hj{;f but also due to contact spin exchange
collisions. These experiments are performed in a lattice with a variable depth, going
continuously from the superfluid regime to the Mott regime. We want to understand if
quantum correlations can develop in a system of bosons (with larger spin) interacting
through a real spin-spin interaction (i.e. Dipole Dipole interaction). The spin excitation
will be performed from two different techniques: (ii) with a tensor light shift which
allows preparation of atoms in spin excited state mg = -2 or (ii) with a Radio Frequency
pulse tilting the spin of the atoms. We measure the evolution of population of each
spin state as a function of time (a feature not possible for a s=1/2 system since there
the population in a given spin state is constant in time at constant magnetization).
We study if quantum correlations can take place for such a system, and if there are
any conditions for there appearances.
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CHAPTER 7

Classical magnetism with large ensembles of
atoms

In this chapter, we present the experimental details in order to prepare a double well
trap for our Chromium BEC. We load atoms in the double well trap and prepare the
atoms of one well in the spin state ms= +3 and leave the atoms of the other well in
ms= -3. We have thus prepared two giant spins interacting via DDI. We find that
these giant spins behave as two classical magnets and in practice we observe no spin
dynamics (which we interpret as metastability).

7.1 Introduction

In this chapter we will discuss the implementation of a new trap (referred to as double
well trap) in which we will load two BECs (of N atoms each) where each well can be
seen as a macroscopic object of spin S = Ns, with s the spin of an atom.

In the present experiment, atoms are initially prepared in both wells in opposite
stretched spin states. If we consider atoms of one of the wells, two atoms locally interact
only through the S = 6 molecular potential, and no local contact spin-exchange is
possible (see chapter 3 or [193]). Therefore if the two wells are fully separated no spin
dynamics associated with contact interactions is possible.

Our new trap thus enables us to create a purely dipolar system of two giant spins
of 2N atoms, each interacting only via dipole-dipole interactions.

7.2 A double well trap for spin dynamics

7.2.1 Optical setup

To build a double well trap, we use an interference pattern resulting from the interfer-
ence of two light beams produced by the Verdi' laser. In order to have a BEC loaded
in just two wells, the size of the BEC must be of the same order as the fringe spacing.
We measure the trapping frequencies of the IR ODT to be

Way. = 2m(520 + 12,615 + 15, 395 + 12)Hz (7.1)

I The same Verdi laser which pumps the Ti:Sal
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We deduce the following Thomas Fermi Radii (R,, . = mwQQ“ ) for a Chromium
BEC of 10* atoms:

x,Y,z

Ry,. = (2.5,2.1,3.3)um. (7.2)

The fringe spacing induced by one retro-reflected lattice beams is i = A/2 &~ 260 nm.
Since 2R, . ~ 20 x i, loading the BEC with one retro-reflected lattice beam would
result in the loading of about 20 wells. We cannot use a lattice beam in order to
produce a double well trap and we therefore set up a new optical path shown Fig.7.1.
We chose to produce the interference pattern from two beams which are separated
spatially by a distance d before being focused by a lens. The lens we use (which
belongs to the PixelFly imaging system) is positioned so that its focal plane matches
the BEC position. The two trapping beams will then overlap at the focal plane and
produce an interference pattern along ¢ as shown on the sketch Fig 7.2. The interfringe
spacing is:

‘ A
I = 7

281115

(7.3)

The optical path we use (shown Fig.7.1 and Fig.7.2) imposes that the focal length
of the last lens before the atoms is f = 200 mm. To satisfy i ~ 2 x R, ~ 4.2 pm, we
need # ~ 0.12 rad and

ta 0 d
"o T 9
—d = 2.5 cm. (7.4)

To prepare such an optical setup, an incoming beam, coupled through a polarization
maintaining fibre, is split into two parallel beams spatially separated by 10 mm, using a
non-polarizing lateral displacement beam splitter. The beam’s waist is then 1.1 mm and
their power can be varied up to 1.5 W simultaneously. A 2.5 magnification telescope
increases their separation to the desired value of 2.5 cm. These beams then propagate
through a dichroic mirror (with 90% transmission for light at 532 nm) and then focus
on the BEC thanks to the achromatic doublet of focal length 200 mm used for imagery.
One advantage of this setup is that apart from the optical path in the beam splitter,
both beams go through the same optics. This allows for common-mode rejection of
the phase noise. Therefore, we only need to pay attention to phase noise induced by
the beam splitter. It was estimated that a variation of 1 K in the temperature of the
crystal of the lateral beam splitter can induce a phase variation of 2.14 rad between
the two beams [194]. We therefore stabilized the beam splitter in temperature and
obtained a fluctuation of 22 mK over an hour [37, 194].
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Figure 7.1: Scheme of the optical setup producing a double well trap. An incoming
beam goes through an AOM which allows for control of the beams power, is coupled in
a fibre, then it is split in two beams using a non-polarizing lateral displacement beam
splitter. It is further separated by a 2.5 telescope to reach the separation required,
goes through a mirror which reflects 425 nm light, and is then focused on the atomic
plane by the first lens of the imaging setup described in section 1.4. Image adapted
from [37].

7.2.2 Trap characterization

Loading the double well trap

The double well trap is aligned to form on the position of the BEC in the IR trap.
Once the BEC is produced, we ramp the power of the double well trapping beams to
1.5 W in 100 ms. This time is chosen in order to be as short as possible, but still long
enough that the loading is adiabatic. In Fig.7.3 we show a false color in situ image
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Figure 7.2: Sketch illustrating the interference pattern formed by two co-propagating
beams with an angle §. Image adapted from [37].

after having ramped up the power of the double well trap, this confirms that we load
two distinct wells.

Figure 7.3: In situ absorption image of a the BEC loaded in the double well trap.
Only two intensity maxima are observed which we interpret as that only two wells are
effectively loaded. However there is an unbalance in their population.

Another way to confirm that we indeed load the BEC in two distinct wells is through
the observation of matter wave interferences. Once the atoms are loaded in the double
well trap, we turn off all trapping lights, let the gas expand for a time of flight of 5 ms
and take an absorption image. We observe an atomic distribution with fringes (Fig.7.4).
We interpret these fringes as the result of the interference between two coherent gases
and we conclude that the double well was successfully loaded. As for optical interference
setups, an unbalance in the intensity of the sources lead to a reduction in the contrast
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of the interference pattern. A similar phenomenon takes place here: the fluctuations
in the loading of the double well trap lead to a fluctuation of the observed contrast.

b

N’

0.25

Optical Depth (a.u.)

o
=)

(L 4L) 5;0 1;0 1!30 zgm zjto pixel
Figure 7.4: a) Absorption image after a BEC is loaded in a double well trap and ex-
panded for a 5 ms TOF. The image shows a matter wave interference pattern revealing
that the double well is indeed loaded. b) Integration along y of the absorption image,
showing the interference pattern.

Trapping frequencies

We measure the trapping frequencies (by means of parametric excitation) of our double
well trap to be w,, . = 27(1090 £ 70,5630 £ 650, 1390 & 100)Hz for a total 532 nm
light power of 1.5 W. For a given well loaded with 5000 atoms, we deduce a Thomas-
Fermi of R, . = (2.5,0.5,1.9) pm. For 5000 atoms in a well, we calculate the critical
temperature to be T.= 1.6 uK.

Potential barrier

From the trapping frequencies we can estimate the height Vj of the barrier between the
two wells. The sinusoidal potential V' (y) can be approximated as a harmonic potential
around a minimum of the potential since the potential barrier is much greater than the
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temperature T of the gas (Vo >> kgT'). We can then extract Vp:

V(y) = Vjsin® 2%%
Y2
1
~ §mw2y2
V 1 2A2
S D 2T pK for A = 4pm (7.5)

kg kp 22

with A the interfringe spacing.

Trap stability

We noticed fluctuations in the loading of the double wells. To characterize the origin
of these fluctuations, we produced a BEC in the IR ODT and pulsed the double-well
trapping lights at the same time we pulsed the imaging light. An interference pattern is
visible. It arises from the interference pattern created by the two beams of the double
well trap. Atoms which were on a maximum of intensity of the interference pattern
will be shifted off resonance due to the very large light shift of the |"P; > state. This
large light shift is due to the vicinity of a transition frequency from |"P; > with the
Verdi light. They will not be sensitive to the imaging light, contrarily to atoms on
a minimum of intensity. For each image, we fit the doubly integrated atomic density
along x and z by the following function:

(y—yp)?

I(y) = lysin(ky + ¢)e” w2 . (7.6)

Here we approximate the BEC spatial distribution by a Gaussian, yy (w) relates to the
position of the center (the 1/e size of the BEC), k is the spatial frequency associated
to the fringe spacing and ¢ a phase. Fluctuations of the BECs position will result in a
fluctuation of yo whereas fluctuations of the relative phase between the two interfering
trapping beams will result in fluctuations of ¢. The result of this experiment for 45 in
situ images is shown Fig.7.5. The stability of the position of the fringes is extremely
good, the standard deviation of the fringe position is 100 nm: the phase between the
interfering beams is well defined. From a fit to the Optical Density (inset Fig.7.5) we
can also deduce an experimental value of the interfringe. We measure i= (3.9£0.2)
pm, close to the desired value of 4.2 um. The stability of the position of the BEC
is poor. The standard deviation of the BEC position is 1 ym. Since the fluctuations
of the BECs position are of the same order as its size and as the fringe spacing, we
understand why the loading of the trap is not reproducible (i.e. the number of atoms
trapped in each of the two wells)?.

2 After writing the manuscript, it was pointed out that a non-adiabatic loading may also explain
instabilities.
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Figure 7.5: Double well trap stability. The top curve shows (red triangles) the doubly
integrated optical depth revealing the density distribution. The (blue) full line is a fit
using a Gaussian modulated by a sinusoidal function. From the fitted phase of the
sinusoidal function, we derive a histogram of the position of the central dark fringe,
which is stable to 100 nm. From the center of the Gaussian, we derive histograms of
the position of the atomic distribution, which reveals that standard deviation of the
BEC position is 1 pm (same order as its size).

We interpret the fluctuation of the BEC position resulting from a fluctuation of the
pointing of the IR laser beam from one experiment to another. In order to increase
the stability of the experiment one would need to reduce the pointing fluctuation (for
example with the implementation of a pointing lock on the IR beam).

7.2.3 Spin preparation

Evaporation in the IR ODT produces a BEC in the lowest Zeeman state m, = —3. We
have successfully loaded the BEC in the double well trap and thus have two atomic
ensembles in spin state mgy = —3. We are interested in spin dynamics triggered by DDI
between atoms of different wells. To do so we prepare atoms of one of the wells in an
excited spin state, m, = 43, with a Radio-Frequency sweep. A sketch of the initial
state is shown Fig.7.6.
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Figure 7.6: Sketch of the initial state of the experiment. Image adapted from [37].

A magnetic gradient along y

We are able to prepare atoms in m, = +3 by Rapid Adiabatic Passage. To be able to
prepare atoms of only one well in an excited spin state with this method, each atomic
ensemble needs to experience a different magnetic field. This is achieved by applying
a magnetic gradient along the direction of the wells (i.e. along 7).

At the start of the experiment, the magnetic field at the BEC position is gspupB/h =200
kHz. The magnetic field is mainly along the y direction. We then apply a magnetic
gradient of gugb/h=2.5 kHz-um~! with the MOT coils. This results in a difference in
magnetic field resonance of approximatively 10 kHz between two wells separated by
A= 4.0 pm.

Radio-Frequency sweep

After the magnetic field gradient is applied, we perform an RF sweep, whose amplitude
follows a Gaussian temporal profile. Such pulse shaping (similar to the Blackman
window commonly used in atom interferometry [195]) is necessary in order to avoid the
fast frequency components associated with instantaneous turn-on and turn-off of the
RF field, which in practice are sufficient to spoil the selectivity of the RF sweep. With a
5 ms RF sweep, whose span and peak Rabi frequency are 30 and 1.5 kHz, respectively,
we successfully flip the atomic spins selectively in one well, leaving unchanged the
spin of the atoms in the other well. We estimate the efficiency of the sweep to be
approximatively 90 %.
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Turning off the magnetic gradient

No intersite spin exchange dynamics can take place until the magnetic gradients is
turned off. Indeed as long as the magnetic resonance between the two wells are different,
exchange mediated by DDI is then an off resonance process [91]. There is also no intra
site dynamics since atoms colliding through contact interaction are in the stretch state
|s =3,ms =43 > or |s = 3,my; = —3 > from which no spin exchange processes may
take place. Thus this system is a purely dipolar system of two giant spins.

Monitoring the spin distribution of each well

To measure the evolution of the different spin populations, we turn off the vertical
trapping beam and use a Stern-Gerlach procedure to separate the different spin states
along the horizontal trapping beam. We apply a magnetic field gradient of 0.25 G-cm™!
with the MOT coils along x. We perform an absorption image using the PixelFly cam-
era (see section 1.4) along the x direction. The details of this procedure are explained
in detail in [37] and briefly in section 1.5.

We show in Fig.7.7 an absorption image taken right after spin preparation (for
t = 0). Atoms on the left correspond to negative my states, whereas atoms on the right
correspond to positive m, states. The signal asymmetry is due to different efficiencies
in the absorption imaging of the different m, states. The experimental ramps are
summarized in Fig.7.8.

m=-3-2-101 23

——~—

Figure 7.7: A Stern-Gerlach image taken after an RF-sweep which only addressed the
atoms in one of the wells. The atoms at the left of the picture are atoms unaltered by
the RF. They were at the left-well position, and they remained in m, = —3. Atoms
at the right of the picture have been affected by the RF, because they are in the right
well. The RF sweep has promoted them to mys = +3. We measure populations in spin
states mg # £3. Atoms in mg = +2 are attributed to atoms in the right well having
experienced a dipolar relaxation process. Atoms in m, = —2 are attributed to contact
collisions between my = —3 atoms from the left well with atoms in my = +2 originally
in the right well who suffered a dipolar relaxation and crossed the potential barrier
(about 20% of the atoms of the right well have enough energy to cross the barrier).

The Stern-Gerlach image shown in Fig.7.7 was taken after an RF-sweep intended
to only address the atoms in one of the wells. Our interpretation of this image is the
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Figure 7.8: Once a BEC is produced at the end of evaporation in the ODT, we load
the double well trap in 100 ms. We then apply a magnetic gradient so that the Zeeman
energy of each well differs and apply an RF sweep to promote atoms in one well to
|s = 3,ms = +3 >. We then turn off the magnetic gradient. Once the magnetic
gradient is off, spin exchange processes can take place during ¢ ms. We then image the
number of atoms in each spin state through a Stern-Gerlach imaging process. Image
adapted from [37].

following. The atoms on the left of the image are atoms unaltered by the RF. They
were at the left-well position, and they remained in my = —3. Atoms at the right of
the picture have been affected by the RF (they are in spin state ms # - 3), because
they are in the right well. The RF sweep has promoted them to mg; = +3.

Following the system preparation, contact spin mixing mechanisms do not take
place, however dipolar spin mixing mechanisms can eventually populate all spin states.
For a dipolar collision, the spin projection of an atom can change at most by Am,
= 1. Therefore, for short time evolution, positive m, states originate from the well
where the spin flip was efficient (the right well), while negative mg states originate
from the left well. As long as the population in m, = 0 remains negligible, this Stern-
Gerlach measurement will therefore allow us to study the spin dynamics of each well
separately. In the case the population in m, = 0 is no longer negligible (not the case in
the experiment), a site-selective Stern-Gerlach detection would be necessary in order
to access the spin distribution of each well.

Spin preparation instabilities

As discussed above, our experiment suffers from loading instabilities (resulting from
pointing instabilities of the IR beam) which introduce a fluctuating imbalance in popu-
lation between the two wells. To suppress this instability, we proceeded to a post selec-
tion of the data. We only considered data where measured total magnetization (with no
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correcting coefficients for spin states in m, > —3) verified the criteria M = —0.5+0.5.
This post selection analysis is justified by the fact that magnetization is conserved
during the dynamics. We therefore are confident to have found a scheme which enables
us to prepare two atomic ensembles of approximatively the same population in two
different wells in two opposite spin states, and that we can monitor the spin dynamics
resulting from this preparation.

It is worth noticing that after such spin preparation we can remove the green light
responsible of the double well trap. This results in a mixture of my; = —3 and m, =
+3 atoms in the IR ODT. The dynamics of such a system, dominated by contact
interactions, was studied in chapter 3.

7.3 Spin dynamics

7.3.1 Metastability with respect to inter-site spin-exchange

We first discuss the spontaneous evolution of the spin distribution after the right atoms
are promoted to the my = +3 state, and the magnetic field gradient is switched off.

Initial spin dynamics in a fully separated double-well trap is purely dipolar, be-
cause atoms are locally in a stretched state (see section 7.1). For an initial state
N :L,—3;N : R,3) (corresponding to N atoms in the left well in state m; = —3 and
N atoms in the right well in state ms; = 3), two spin relaxation channels are possible
corresponding to dipolar relaxation between atoms in the right well and dipolar spin
exchange between atoms in the left and right well.

Initial fast dipolar relaxation

Let us first discuss dipolar relaxation induced by collisions between m, = 43 atoms
inside the right well. We do observe such phenomena (Fig.7.9 see circled area of density
profile for t= 1 ms).

The density of the atoms in a well of the double-well trap is relatively high. We
have a peak atomic density nF¥¢= 1.41 102 m~2 in a well for 5000 atoms. At the
magnetic fields of the experiment (gsupB/h =200 kHz), this yields a sub-ms dipolar

relaxation collision time:

2v2

BEC (1)
ng " 04,0

~ 0.8 ms. (7.7)

TDR

Dipolar relaxation is so fast that we cannot resolve its dynamics. Because the energy
released in a dipolar relaxation event (approximatively 3 pK using gsupB ~ kgT) is
smaller than the trap depth, atoms remain in the right well after dipolar relaxation.
The inelastic process thus results in a rapid increase of the temperature of the right
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Figure 7.9: Spin dynamics in the double-well trap. Lower left panel: Absorption image
after the Stern-Gerlach separation demonstrating the spin preparation with opposite
polarization in the two wells. Top left panel: density profiles for increasing hold time
before release and Stern-Gerlach analysis showing the evolution of the spin composition.
Right Panel: Magnetization is almost constant in both wells.

cloud. The initial magnetization in the right well is approximatively 2.5 (Fig.7.9).
We can therefore estimate that the released magnetic energy in the right well for a
magnetic field of gupB/h = 200 kHz is of the order of

AFE ~ 0.5 x 200 kHz (7.8)
from which we can extract an increase of temperature of
AT ~ 1.7 uK. (7.9)

We measure the temperature of the cloud 1 ms after spin preparation to be 3 uK (see
absorption image Fig.7.10), about twice larger than what our calculation gives.

The initial fast dipolar relaxation and temperature increase leads to a fast decrease
of the gas density. We estimate the density at T=3 pK to be:

ma?\ %/
= 65x10"m™ (7.11)

with w = (wmwywz)l/ 3 the geometrical average trapping frequency. The timescale asso-

ciated to dipolar relaxation is then on the order of 5 s™ (eq.(7.7) but with a different
value for density): dipolar relaxation practically stops after 1 ms. As shown in Fig.7.9,
the total magnetization (right magnetization and left magnetization) then barely de-
creases for times up to 200 ms.
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a)  Before spin preparation b)  After spin preparation
T, T Ty

Figure 7.10: Absorption image of the gas before and after spin preparation. We measure
a) a temperature of ~ 400 nK before the RF-pulse (7" < T.)and b) a temperature of
3 pK after the RF-pulse (7" > T.). We attribute the heating to very fast dipolar
relaxation collisions between atoms in m,=+3.

Metastability with respect to dipolar spin exchange processes

The second process which can occur is dipolar spin-exchange between the right and
the left atoms. The magnetic field generated by a single spin s at a position 7 from
the spin location is: o
= 0 3r (r-§) — 722

B(3,7) = “73 ( 2 (7.12)
with v = gsup/h the gyromagnetic factor. The dipolar field Bp is in the 30 uG
regime. The external magnetic field B.,; = 50 mG, is much larger than the dipolar
field. Classical physics then predicts than the spin evolution is a precession around the
external magnetic field. As the spins are initially aligned with the external magnetic
field therefore classical physics predicts no dynamics.

In quantum mechanics spin-exchange processes mediated by dipolar interactions
are possible. Let us compute the strength of the dipolar spin exchange term which
couples |L : S, —S; R :S,+S > (atoms in the left well in state |S, —S > and atoms in
the right well in state |S,+S >) to |[L : S, =S+ 1;R: S,+S — 1 > and call this spin
exchange rate I'.,.. We have:

Wy

2
KD upe = SN%%. (7.13)

For 2N=10* Chromium atoms separated by A = 4.2um, we find I',,. = 27 x 10 Hz, with
an estimated 30% uncertainty, due to the fluctuations on N (20%), and the accuracy for
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the measurement of A (5%). This rate defines a full inversion time (corresponding to
the state |V : L,3; N : R, —3)) equal to 140 ms. As shown in Fig.7.9, we do not observe
significant spin-exchange on this time scale: after the initial fast dipolar relaxation, the
populations remain almost frozen in their spin states. We do not observe spin dynamics
although ¢t > 1/,

We show in the following why the timescale for a full spin inversion (|L : S, —S; R :
S,+S>—|L:S,+S;R:S,—S >) is much larger than 1/I".,. as N (and therefore S)
is large. The metastability of the spin distribution results from a competition between
exchange interactions and Ising interactions.

7.3.2 Interpretation of spin-exchange suppression
Model for dipolar dynamics between two wells

As explained above, the double well system can be described by two interacting giant
spins. We therefore developed a theory to account for the dynamics observed, where
the spins of the left well interact only with the spins of the right well (and vice-versa)
through dipolar interactions. Within the Heisenberg picture the equation of motion
(for left well spins) reads:

d -, 5 5 350 5
ESL,i = 7YSL; X <BO + Z B(SRJ', 7”1'7]‘)) (714)
J
with v = gsup/h the gyromagnetic factor, and analogously for the spins of the right
well. The magnetic field generated by a single spin at a position 7 from the spin location
is given eq.(7.12).
We define the total spin of the left well as:

Sp=> 5 (7.15)

and analogously for the right well (S, = Sgp = Ns). We obtain two simple equations
of the following form:

dz &
—SL = ’}/SL X (Bguz + B(SR, A)) (716)

A being the relative position of the two wells ((7;) ~ A as A > ¢ with o the width
of the atomic cloud).
The second term of eq.(7.16) can lead to time evolutions for the z components of the

total spins, <S L Rz>. We do not consider magnetization changing collisions (such as
dipolar relaxation) in our theoretical framework thus the dipolar Hamiltonian reduces

to a form similar to ng’;f

e foy? Lo, a-c
Hifl = =240 (SLSR Z(S;SR+SLS§)). (7.17)
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The case s=1/2

Let us consider the case of a spin 1/2 system where each well is prepared in opposite
spin states. We will consider only magnetization conserving collision (as for the exper-
iment), thus the Hamiltonian of the system reduces to Hsf ! There are four different
configurations to consider:

|L,+1/2;R,—1/2>, |L,—1/2;R,+1/2 >, |L,+1/2: R,+1/2 >, |L,—1/2; R, —1/2 >
eige’r:srtates

The two last states are eigenstates of f[jf 7 and will not drive any dynamics. Let us
write H/ in the |L,+1/2; R, —1/2 >, |L,—1/2; R, +1/2 > basis. We find:

2
veff _ oMoy ol (11
i =2 (1)

The diagonal terms are the same and the coupling terms are different from zero.
This means that it is possible to have a complete transfer [74] from |L, +1/2; R, —1/2 >
to |L,—1/2; R, +1/2 > through dipolar interactions. We show this result Fig.7.11,
where the magnetization in the left well will oscillate from -1/2 to 1/2 at a rate of T,
(and in the right well from +1/2 to —1/2).

The case s=1

Let us now discuss the case of s=1 corresponding to two spins 1/2 particles in each well.
There are now (2s + 122 = 9 different possible configurations. Only 3 configurations
are not eigenstates of H;f I

IL,+1;R,—1 >, |L,0:R,0>, |L,—1;R,+1> . (7.18)

In this basis, flsff reads

ot (7L 120

rreff _ 0 2

Hyll = =250 ([ 1/2 0 1/2
0 1/2 -1

The diagonal terms are no longer equal. We can infer that dipolar interaction has
"more difficulty” to transfer atoms from |L,+1; R, —1 > to |L,—1; R, +1 >. Indeed,
the coupling between |L,+1; R, —1 > and |L,0; R,0 > is non resonant [74], the same
can be said between |L,0; R,0 > and |L,+1; R,—1 >. Therefore, the transfer from
|L,+1; R,—1 > to |L,—1; R,+1 > is not as efficient as in the s=1/2 case. This longer
transfer time can be seen Fig.7.11.
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Towards larger s

As s is increased with increasing numbers N of spins 1/2 particles in each well, the
coupling between intermediate states (i.e. |L,4+mg; R, —mg > to |L,ms — 1; R, —m, +
1 > for an initial preparation |L,+s; R, —s >) is progressively less efficient. Therefore
the oscillation between the extreme spin state is damped, and the exchange process
takes longer and longer times (as shown Fig.7.11). As N is increased, there are more
and more intermediate states, each state being non resonantly coupled to the next due
to the (diagonal) Ising terms which are not equal. Dynamics is inhibited for large spins.

Eq.(7.16) readily shows that the many-body evolution of 2N spins in two traps can
be reduced to the two-body evolution of two giant spins. It can be numerically solved,
and the time evolution of the left magnetization as a function of N is shown in Fig.7.11
for the case where the external magnetic field dominates the dipolar field created by
the atoms of the right well, in which case eqs.(7.16) and (7.17) give identical results
(this condition applies to our experiment as typical values of the external field is 50 mG
and the dipolar field Bp is 30 uG). The results in Fig.7.11 show that spin-exchange
due to dipole-dipole interactions between the two wells is strongly inhibited when N,
and therefore the magnitude of the total spin in each well increases, which is consistent
with our experimental observation (no spin dynamics).

Time (ms)

Figure 7.11: Magnetization dynamics in one well for increasing number of particles.
Here we consider spin 1/2 particles; the increasing number of atoms per well create an
increasing local total spin S,,4; (from 1/2 for one atom per well, to 12 for 24 particles
per well). Magnetization per atom in a given well is plotted as a function of time.
Increasing spin results in almost frozen spin dynamics, therefore reaching a classical
behavior.

A closer look at the quantum model shows that the spin dynamics of N spins in
fact does not completely vanish at short times. We numerically observe spin-exchange
collisions, where two atoms undergo the transition |L, +s; R, —s > — |L, +s—1; R, —s+
1 >, within a timescale 1/T.,.. However, these collisions do not proliferate, and the
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spins remain roughly locked at their initial positions for extremely long times. The
reason why massive spin-exchange cannot occur is that the Ising term S fg % of eq.(7.17)
creates an energy barrier that cannot be overcome for large spins, the exchange terms
S’Zﬂ@'ﬁ + S;Sg being too small. As the size of the total spin increases, the rate for a full
spin-exchange process decreases. We therefore observe in the numerical simulations a
crossover between quantum magnetism and classical magnetism as N, and therefore s,
is increased.

A classical interpretation

Our experimental data is also well accounted for by a classical theory of two localized
interacting magnets of opposite magnetization in a large external magnetic field. In
this case, magnetization dynamics is also completely frozen. Indeed, provided intersite
spin correlations are neglected such that

d<S> - 5 5 < 5 S
— =< 8x (B+Zj:Bj) >~< § > x(B+ < ZBj >), (7.19)

J

eq.(7.16) reduces to the simple equation of precession of classical magnets (similarly to
what was discussed in chapter 6. Within this classical approximation the orientations
of two classical magnetic moments of opposite directions, each almost parallel to the
magnetic field, are locked. This results from dynamical stability of a system which
is otherwise energetically unstable. Our experimental observations can therefore be
understood within this simple classical magnetism framework.

In our classical model, the length of the spin does not intervene, therefore no matter
the length of the spin we do not expect any spin dynamics. For large spins, the quantum
model also predicts inhibited spin dynamics. However, as the spin is decreased, the
quantum simulation predicts spin dynamics. Thus this experiment provides an example
in which increasing the length of a spin drives the system from quantum to classical.

7.4 Conclusion and outlook

We have experimentally studied a chromium BEC loaded into a double-well trap. The
well separation was sufficient to enable a spin preparation with opposite spin polariza-
tions of the two atomic subsystems. We find that this spin configuration is metastable,
with a lifetime greatly exceeding the timescale associated with dipole-dipole interac-
tions between clouds. This stability arises because dipolar spin exchange interactions
lead to populations of states which are non resonantly coupled to the initial state due
to Ising interactions. The spin dynamics is classically suppressed by the interplay be-
tween exchange and Ising interactions. This classical behaviour arises due to the very
large effective spin realized within each well. In our situation, an increased spin length
leads to reduced spin fluctuations and a classical behaviour.
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CHAPTER 8

Out-of-equilibrium spin dynamics mediated
by contact and dipolar interactions

In this chapter we will discuss two experiments where we observed spin dynamics.
The main difference between the experiments resides in the spin preparation. The
experiments were performed both in the bulk in the superfluid regime and in an optical
lattice deep in the Mott regime. We will compare our data with theoretical mean field
and beyond mean field models. We will to understand how the different regimes and
spin excitations may impact on the creation of quantum correlations or not. These
experiments are preliminary results that we started during my PhD, and S. Lepoutre
and L. Gabardos continued working on while I was writing this manuscript.

8.1 Introduction

In this chapter we will discuss two experiments where we observed out of equilibrium
spin exchange dynamics. The trap and spin preparation are different than those de-
scribed in chapter 7. Here atoms will be trapped in a single well trap or in a 3D
optical lattice. I will start by presenting how we produce the trapping potentials, their
features, and the experimental procedures employed in the experiments. Then, I will
discuss the spin dynamics we observed after atoms are promoted to ms= -2. The spin
dynamics that follows this initial spin preparation was studied as a function of the
lattice depth V5. The data acquisition and the experiment were performed before the
start of my thesis. Here, I will briefly describe the data and present our interpretation
for the observed dynamics which involves a combination of short-range and long-range
interactions. For low lattice depths, when the gas is in the superfluid regime, we ob-
serve that the spin dynamics is well described by an inhomogeneous mean-field theory.
With the help of P.Pedri, I also developed a code simulating the evolution of the initial
state through the Gross-Pitaevskii equation using the Single Mode Approximation.
This approximation fails to reproduce our data which shows that an inhomogeneous
mean field theory is necessary in order to describe our data. Deep in the Mott regime,
mean field theory fails to properly describe our data. We find that the inclusion of be-
yond mean-field effects at the perturbative level is sufficient to provide a quantitative
description of the data.

In the last part of this chapter, I will describe another set of spin dynamics exper-



192

8 Out-of-equilibrium spin dynamics mediated by contact and dipolar interactions

iments which the team started at the end of my PhD studies, in the bulk and deep in
the Mott regime. The spin excitation here is performed by a spin rotation induced by a
Radio-Frequency pulse. Based on theory predictions obtained in collaboration with the
group of A.M. Rey from JILA, we expect that such a procedure followed by spin-spin
interaction could lead to quantum correlations for large rotations (i.e. ~ 7/2). Here
I'll present preliminary results. In the bulk, our data shows spin dynamics sensitive
to the direction of the magnetic field which can be cancelled for a "magic angle”, in
agreement with a mean field theory. In the lattice, the evolution of different spin states
is compatible with a beyond mean field theory. We are currently investigating what
are the correct theoretical approaches which match best our data.

8.2 Setting up optical lattices

I will start by presenting how we produce a 3D optical lattice and the different exper-
imental techniques performed when operating with lattices.

8.2.1 Optical lattices

A retro-reflected laser beam propagating along the, e.g., y direction of wavelength A
produces a periodic stationary wave of period A\/2. Like for most optical traps, the
laser beam needs to be focused on the atoms in order to be intense enough to trap
them [152]. As long as the trapping beam is homogeneous over the size of the atomic
sample, the intensity profile experienced by the atoms is:

I(y) o Lo, sinQ(ky + ) (8.1)

with Iy, the beam intensity, & = 27 /), and ¢ a phase. The associated lattice trap
frequency can be much larger than in for a non retro-reflected scheme. When the
trapping frequency along ¥ of the optical potential is greater than the thermal kinetic
energy or the interaction energy of the gas (hw >> kT, gn), the motion of the atoms
in that direction is frozen. We refer to such a trap as 2D systems since its motion is
free in 2 dimensions. If two retro-reflected beams are applied in two orthogonal spatial
directions, the atomic motion is frozen in two directions and we refer to these gases
as 1D systems. When a periodic potential is applied in all three spatial directions,
the motion of the atoms is frozen in all directions. Atoms will be regularly spatially
separated from one another thus mimicking a perfect crystal structure. In this thesis
we will only deal with a 3D lattice system.

8.2.2 Experimental setup

Our optical system which produces the 3D optical lattice is illustrated in Fig.8.1. We
use 3 W of a laser Verdi V18 beam (A = 532 nm) and separate it in two paths by a
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Polarization Beam Splitter. One path is dedicated to the confinement in the vertical
direction, the other path for the horizontal confinement. We dedicate 1 W of light for
the vertical path, and 2 W for the horizontal path.

The vertical beam passes through an AOM' and is injected in a polarization main-
taining optical fibre?. The beam is collimated with a 1.4 mm waist at the output of the
fibre and passes through a PBS which defines the beam polarization. It is then focused
on the atoms with an f; = 300 mm lens L1. The waist of the beam at the atom position
is 40 pm. We place a second lens L2 of focal length f; = 400 mm at f; from the atoms,
and a mirror at 0° at f, from this second lens. This ensures that the reflected beam
and the incoming beam will have their focal point at the same position, and that they
have the same beam mode®. This retro-reflected beam assures the confinement in the
vertical direction. The intensity profile in this direction is given eq.(8.1).

I(y) = Inyle™ +e™?
= 4y, cos®(ky). (8.2)

The horizontal beam passes through an AOM*. The difference in frequency shifts
between the horizontal and vertical beams (of 190 MHz) is large enough that atoms do
not feel the mechanical effect from the beatnote. The horizontal beam is then separated
in two beams with equal power for each path. Each horizontal beam is injected in an
optical fibre”. Only one of the two beams is retro-reflected (let us call this beam H1),
the other beam (H2) will intersect with the retro-reflected beam at an angle of 45° (see
Fig.8.2). The H1 beam is collimated and has a 1 mm waist at the output of the optical
fibre and passes through a PBS which defines the beam polarization. It is then focused
on the atoms with an f = 250 mm lens. The size of the beam at the atom position is 40
pm. A relay system with an f = 250 mm lens retro-reflects the beam. The H2 beam is
collimated at the output of the fibre with an f = 15.4 mm lens and a waist of 1.4 mm.
The beam passes through a PBS and is focused on the atoms with an f = 300 mm
lens. The size of the beam at the atom position is 40 ym. The horizontal confinement
is produced by the interference of 3 non orthogonal beams with the same polarization
and frequency. The potential in the horizontal plane will have the following form:

Ttz

I(z,2) = |Ey(e™ + e7*) + Fpe™ 03P (8.3)

with E; the amplitude of the electric field of the beam on path H;. The horizontal
basis (Z, 2) (Fig.8.2) is not the appropriate one to account for the trapping potential.

'Model: MT80-A1.5VIS from Opto-electronic; coupling efficiency: 80%, frequency shifted by +80
MHz

2Model: Thorlabs T'S0821227PMS460-HP, cut with an angle; coupling efficiency: 70%

3this is often referred to as a "relay system”

4Model: MT110-A1.5VIS from Opto-electronic; coupling efficiency: 80%, frequency shifted by -110
MHz

®Model: Thorlabs T'S0821227PMS460-HP, cut with an angle; coupling efficiency: 70%
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Horizontal Beam

I ‘_@D__ __» at45
% Horizontal
LatEce
( Vertical
: Lattice
A
]
]
I

ZHW 0TI

ZHW 08

Optical

Isolator
e
@
B
- Benchmark
measurement
,_]
T .
' p)]
[=5]
g
=

Figure 8.1: Sketch of the setup. 3 W of Verdi light are used for the optical lattices. The
beam is split in two, 1 W for the vertical confinement and 2 W for the horizontal confine-
ment. The vertical and horizontal beam go through an Acousto-Optic-Modulator with

different frequency shifts. Then they are injected into optical fibres. Image adapted
from [37].
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Figure 8.2: Sketch of the lattice setup. The horizontal lattice is produced by the
interference of 3 non orthogonal beams. One of the beams is retro-reflected. The third
beam intersects these two beams with an angle of 45°. The vertical lattice is produced
by the retro-reflection of a beam aligned close to the vertical direction (there is a 7°
angle between the beam and the vertical axis). Image adapted from [37].

The vectors (27, 2”) constructed by rotation of 22.5° (i.e 7/8 rad) around ¥ yield the
following intensity profile:

I(«,”) = 2E?+ E3

+ E?cos (Qk(z’ sing + 2’ cos g))

+ E1FE5cos (ka' sin g) (8.4)

+ E,FE;5cos (Qkx’ cos g)

A
2 cos %

The periodicity of the potential is of ~ % along x’ and along /.

A
2sin T

The alignment of each beam is a two step process. We ﬁrs.t8 align the incoming
beam on the atoms, the retro-reflected beam being blocked (so that we can focus only
on the incident beam). To align the incoming beam on the atoms we produce a BEC
or a thermal gas in the crossed optical dipole trap, turn off the ODT and let the gas
expand for typically 1.5 ms. We then pulse the trapping vertical /horizontal light and
at the same moment we image the atoms while using the vertical /horizontal imaging

system. Due to the large light shift of the |" P, > state when the beam is aligned on the
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gas, atoms absorb less light of the resonant imaging beam. Once the alignment process
is complete, one must position the lens of the incoming beam so that its focal point
matches the BEC position. This can be done by minimising the size of the atomic
cloud affected by the light shift. When this is achieved, we may pass to step two: align
the retro-reflected beam. To do so, we inject the reflected beam back into the fibre.
Light will then take the same optical path but backwards, and to quantify the retro
reflected beam coupling in the fiber we can measure the power of the beam reflected by
the entrance PBS of the isolator. A benchmark measurement for the retro reflection is
a 100 mW reflected by the second PBS of the isolator (i.e. closest to the Verdi head)
for 1 W at the input of each optical fibre (see Fig.8.1).

Lattice depth calibration

To extract the trapping characteristics of our lattice beams we proceed to measure the
barrier height of each lattice beam. As explained in detail in [196], by pulsing the
retro-reflected light beam on the BEC for a short time before letting the gas expand
(for the case of the non retro-reflected horizontal beam, we pulse the two incoming
horizontal beams), the light pulse transfers quantized momenta to the gas and couples
plane wave states separated by momenta 2hk. Evaluating the transfer of populations to
different momenta orders enables us to characterize the optical depth of the potential.

The result of this procedure on the vertical direction can be seen Fig.8.3. From
the relative population of atoms with momenta k = 0, £2hk, £4hk and a numerical
calculation estimating the relative populations as a function of light pulse time (a
similar protocol as in [197]), we extract from these data Vi = 25 E, for each pair of
interfering beams. At maximum power and alignment, we achieve V) = 30 E, with E,
the recoil energy. The recoil energy is defined as Er:% ~ h x 13 kHz, where k is
the wavevector associated to the lattice light. It corresponds to the energy increase
associated to the emission of a photon.

8.2.3 Trapping parameters
Trapping frequencies

It is straightforward to extract the trapping frequency in the vertical direction from the
depth of a lattice site since the confinement is produced by one retro-reflected beam:

w, = %\/41/0&

~ 2m x 135 kHz for Vo, = 25 E,. (8.5)

In the horizontal direction it is not as straightforward extracting the trapping fre-
quencies from the potential depth. Here we rely on an experimental measurement.
From a parametric excitation experiment we obtain w, ~ 175 kHz, w., =~ 55 kHz for
Vo =21 E,.
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Figure 8.3: Calibration of the Horizontal Lattice Depth using the Kapitza-Dirac
method. a) Absorption image and optical density of the diffraction pattern associ-
ated to the retro-reflected horizontal beam (H1). b) Absorption image and optical
density of the diffraction pattern associated to the intersection of the two incoming
horizontal beams. In both cases, we shine a light pulse ¢,,se = 2 ps on the atoms,
then let them expand and imaged using an absorption process. Atoms are successfully
transferred to states of momenta |nhk >.
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Figure 8.4: Evolution of the population of the three first diffraction orders (black:
+p =0, red: p = £2hk, green:p = 4hk) calculated for a lattice depth Vj = 25E, as a
function of the lattice pulse time.

Interaction and tunneling energy

In the limit Vj >> FE,, Wannier function w;(z;) are an appropriate basis to describe
an atom localized in a lattice site [110].

The tunneling element J between a lattice ¢ with a lattice site j can be estimated
by calculating the overlap of the Wannier functions between sites ¢ and j [110]:

I = [ -my g A+ Ve - o)

where V' (z) is the optical lattice potential. 4./ is the energy width of the lowest band.
The tunneling time 7 is then:

h
= 8.7
T 17 (8.7)
~ 15 ms for Vy = 25 F, along the z or y direction

~ 100 ms for Vy = 25 E; along the z direction.

In the same manner, one can compute the interaction energy term between two
atoms in the same lattice site:

4 2
g o A as/d3x|w(x)|4
m
8 Vo \3/4
~ —kagFE, (—
- as (ET) (8 8)

T eoheghs)?

2
~ hxb56kHzfor Vyj = 25 E, and B, = —
2m
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It is interesting to realize from eq.(8.6) and eq.(8.8), that increasing the lattice depth
reduces exponentially the tunneling time and increases (almost linearly) the interaction
strength.

In the following we will be interested in quantum magnetism, and as discussed ear-
lier in chapter 6, it is the super-exchange interaction which sets the relevant dynamics
timescales. At the deepest lattice configuration, the super-exchange timescale is:

h
J€$
hU
42
~ 20s. (8.9)

In the deep lattice regime, super-exchange interaction does not play any role on the
experimental timescales we shall study.

Atom distribution

In the Mott phase, the atomic distribution is determined by the competition between
onsite interaction and external potential energy. In the no hopping limit, J/U — 0,
the Bose Hubbard Hamiltonian reduces to the sum of single site Hamiltonian:

H = ) H, (8.10)

The ground state is obtained by minimizing H; with respect to the site occupation for
a given p — V;. It can be shown [198] that:

v —
n—1< a

<n (8.12)

minimizes H; for a site occupation of n bosons per site. The trapping potential is a
slowly varying potential, therefore the numerator varies locally following u — V' (r) =
pn— 3mw?r? [85] with p the chemical potential at the center of the trap and w the trap
frequencies, this means that at the center of the trap there are n,,,, bosons per site. As
(n—V(r))/U decreases as we get further away from the trap center, we will be in the
situation where np: —2 < (u—V (7)) /U < Nz — 1 and there will be ny,q, — 1 bosons
per site. And so on until the occupation per site reaches 0. Such atomic distribution
is often referred to as a wedding cake distribution.

It is difficult to be quantitative on the exact distribution we expect since it depends
on the exact form of the potential, and precise waist calibrations are difficult. In a
crude model, we may estimate the maximum number of atoms in order to have only

singly occupied sites V. %{?’jy. Consider an isotropic lattice filled only with one atom per
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site, and if an extra atom could be added it would be the first doubly occupied site. It
costs the interaction energy U to create a doubly occupied site. Therefore we have:

%moﬂRf = U (8.13)

with w the trapping frequency associated to the slowly varying potential, and R; the
spatial extension of the isotropic gas. The maximum number of singly occupied sites
can be deduced from:

T sz — NMaa:

A Y singly*
2 2sin(w/8)

(8.14)

o W~
N[>

We can estimate from a depth of 75 E, and a laser waist of 50 pum, that the trapping
frequency along the lattice beam is wrq ~ 27200 Hz. The mean trapping frequency of
the IR is wrr ~ 27 x 300 Hz, thus the frequency of the total slowly varying potential

is of the order:
/o 2
W = Wip T Wigt

= 27 x 360 Hz. (8.15)

We then deduce Ry = 4.1 um, so that N}/% ~ 6000 atoms. In the experiment (with
typically 1 to 2 10* atoms loaded in the lattice), we do not expect to have only singly
occupied sites.

This model may be extended to the case of doubly occupied sites. This time we
must consider the gas to be in the situation where an extra atom would result in a
triply occupied site. Let us call R} the radius for singly occupied sites and R, for

doubly occupied sites. At the edge of the trap we have:

1
Emng'f = 3U

1
U+§mw2R’22 = 3U. (8.16)

The maximum atom number N}2% for which we can have at most 2 atoms per site is:

4 (RB—RP) 4 (R 1
NMam - = 1 2 _ -2 I 2 8.17
double SW—(%)Bm + 37T % sin(x/3) X ( )

~ 35000. (8.18)

with R} = 7.1 ym and R}, = 5.8 um. In the experiment we therefore expect to have
doubly occupied sites and singly occupied sites.

To determine the percentage of atoms occupying doubly occupied sites, we per-
formed the following experiment: we load 10* atoms in the lattice in spin state m, = —3
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Figure 8.5: Measurement of the number of doubly occupied sites. We load atoms in
the lattice in spin state my = —3. We perform an m RF pulse in order to promote
atoms to my = +3. We then measure the number of atoms as a function of the time.
We observe a decrease in atom number until a plateau is hit. We interpret the losses
due to dipolar relaxation between atoms in the same site. We therefore estimate that
40% of the atoms occupy singly occupied sites.

deep in the Mott regime at a lattice depth of Vj = 3x 25 E,. We then perform a ra-
dio frequency pulse in order to transfer atoms from my; = —3 to my = +3. We then
image the atom number as a function of time (see Fig.8.5). We observe a decrease in
atom number until a plateau is hit. We interpret the losses due to dipolar relaxation
between atoms in the same site. As explained in section 6.2.3, dipolar relaxation is a
local process which can only take place between atoms in the same lattice site. The
kinetic energy released during the experiment is large enough that atoms are expelled
from the trap. From this experiment, we conclude that about 40% of the atoms occupy
singly occupied sites.

8.2.4 Lattice loading

We are interested in transferring atoms from an ODT to the fundamental band of the
lattice. We will perform this transfer adiabatically. The definition of the adiabatic
theorem is the following: ” A physical system remains in its instantaneous eigenstate
if a given perturbation is acting on it slowly enough and if there is a gap between the
eigenvalue and the rest of the Hamiltonian’s spectrum ” [199]. Mathematically this
writes:

— << —AFE? (8.19)
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where AF is the difference in energy between the eigenvalue of the system’s eigenstate
with the closest eigenvalue of another eigenstate, and % is the perturbation variation,
which in our case is the trapping potential variation. There are three relevant energy
scales to keep in mind while loading a lattice which we will discuss in the following.
For a lattice experiment, we want to load atoms in the lowest band and we do
not want to promote any atom in excited bands. Here the relevant energy scale is
the energy difference between the fundamental and the first excited bands AE. When
loading a BEC (whose spread in momenta Apy — 0 for large atom number) in a lattice
as soon as Vy > 0 we have at all times during the loading AE > 4F, [196] which

imposes a loading time 7 verifying:

h
> 8.20
g 4 x B, ( )
> 20 ps.

In practice, band excitation is not a problem in our experiment where the loading time
is in the ms regime. In order to perform a band mapping experiment where Bloch
states are mapped onto momentum states, we must lower the lattice slower than such
a timescale [200].

When loading atoms in a lattice, we need to give atoms enough time to organize
themselves following the Mott distribution. If the lattice was suddenly switched on,
there would be an excess of multiply occupied sites due to the fact that atoms were
not able to rearrange themselves in the trap [185, 201]. The timescale associated to
this adiabacity criterion is 1/U. As one enters the Mott regime, the lattice must be
“organized”. In our experiment, the superfluid to Mott transition was observed at
Vo = 15 E,. [37]. To perform an adiabatic loading of the lattice we will need to verify:

T >> 1/U
>> 100 ps. (8.21)

The third energy scale is associated to global oscillation of atoms in the trap. The
energy scale here is the trapping frequency of the optical trap. The initial trapping
frequency of the ODT wy,q, ranges in the 300 Hz regime. The associated timescale is:

1
Ttra =
frep hwtrap
— T >> Trpgp ~ 3 ms. (8.22)

This is the dominant timescale for our lattice loading procedure. Experimentally, we
perform a linear ramp of 30 ms to load the atoms. This time is optimized by performing
the shortest loading-unloading sequence allowing to recover a BEC with no discernable
excitations.
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8.2.5 ”Delta Kick cooling”

In the experiments we discuss in the following, the typical timescale for spin dynamics
is the ms. This is a small timescale compared to an adiabatic unloading of the lattice
(which takes approximatively 30 ms). Therefore performing an adiabatic unloading of
the lattice is not an option (despite the benefit of recovering a BEC and more dense
signals).

Suddenly switching off all trapping lights at the end of the experimental sequence
and let the gas expand enables a measurement of the initial momentum distribution.
Indeed, if the size of the gas after TOF is much larger than the initial size of the gas, the
density distribution after TOF is directly mapped to the initial momentum distribution,
which is nothing else than the Fourier transform of the density distribution. When
atoms are loaded in an optical lattice in the Mott regime, the wavefunction describing
a particle in a lattice site is a Wannier function [110]. Deep in the Mott regime, the
Wannier function is close to a gaussian (the ground statewavefunction associated to a
particle in a harmonic trap is a gaussian). The Fourier transform of a gaussian is a
gaussian. The width of the momentum distribution of each spin population is much
larger than in the BEC case, so that we should wait longer times for spatially separating
spin states. A longer TOF results in a less favorable signal to noise ratio. In practice,
we can not perform such an experimental procedure since we then hardly detect any
atomic signal.

To correct for this drawback, we first perform an unloading of the lattice in 100
pus. This time was chosen short enough compared to the spin dynamics timescale, but
long enough to narrow the imaged momentum distribution thanks to better adiabatic
following of the cloud, at least at the start of the unloading ramp. We then perform
a focus of the momentum distribution along the Stern-Gerlach axis, inspired by the
delta kick cooling technique [202]. This technique relies on free expansion of the gas
and a subsequent application of a pulsed potential (referred to as kick) which ”freezes”
the momentum distribution. If the initial gas can be assumed to be a point object,
and the kick can be as short and as powerful as possible, the momentum distribution
can be efficiently frozen. In practice, the initial condition for expansion is far from a
point object and we cannot perform a very powerful kick: we did not achieve freez-
ing of the momentum distribution. However, we manage to significantly squeeze the
momentum distribution along the Stern and Gerlach separation direction with the fol-
lowing sequence: after a time ¢; of free expansion we turn on the IR trap (at the same
power as before the free expansion) for a time ¢ which applies a force to the atoms.
Experimentally, we find ¢t; = ¢ = 0.7 ms gives an optimal signal to noise ratio. The
experimental ramp and an absorption image with such a technique is shown Fig.8.6.
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Figure 8.6: a) Experimental ramp in order to perform a delta kick cooling like absorp-
tion measurement. b) Absorption images with the corresponding integrated optical
density in (a.u.) demonstrating the importance of the delta kick cooling protocol. For
all images atoms were loaded in a lattice. For the first image we all atoms are in
ms = —3 and we did not perform the shock cooling protocol. For the second image,
we performed a 7/2 RF pulse (the spin distribution is given in Table8.1) but no delta
kick cooling protocol. We do not resolve different spin states. On the third image we
performed a 7/2 RF pulse and a delta kick cooling protocol. We are able to resolve
the different spin states.
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8.3 Spin dynamics from m; = -2 as a function of
lattice depth

[ will start by briefly presenting an experiment performed during Aurélie de Paz’s thesis
[37]. In this experiment, atoms were loaded in the lattice and prepared in an out of
equilibrium spin state. The observed spin dynamics is interpreted as resulting from
contact, dipole dipole and super-exchange interactions. The data is well accounted for
by an inhomogeneous mean field theory at low lattice depth and by a beyond mean
field theory at large lattice depth.

8.3.1 Experimental protocol and data

The experimental protocol is described in detail in [37]. It consists in using a tensor
light shift to prepare a majority of atoms in mg = -2. Then spin dynamics is monitored
as a function of lattice depth V. We measure, after a variable hold time ¢, the spin
populations by means of a Stern-Gerlach procedure. A typical evolution for Vy =16
E, is shown Fig.8.7. Only the mg, = -3, -2, -1 and 0 spin components are significantly
populated as the system evolves, and they display a rather complex behaviour as a
function of time (see Fig.8.7).

In order to simplify the discussion, we focus our attention onto the observable given
by the ratio n_3/n_5 of my = -3 and my; = —2 populations, since they are the most
populated components. Experimentally, we find two distinct regimes depending on the
value of the lattice depth. We plot in Fig.8.8a the typical results corresponding to the
two extreme lattice depths (25 E, and 3 E,.), showing quite different spin dynamics. In
the Mott phase at short times we observe (< 0.5 ms, see the inset) a strongly damped
oscillation, and then at longer times a second oscillation. In the superfluid phase the
spin dynamics is better described by an exponential. All these features are present in
the data from 3 E, to 25 E,. (see [37, 203]). Fig.8.8b shows the measured frequency
associated to the observed fast (black points) and slow oscillations (red triangles).

8.3.2 Physical interpretation at low lattice depth
a) Model

At low lattice depth the gas is in the superfluid phase and we will use the Gross
Pitaevskii equation. This is a mean field description of the gas where the total
wavefunction can be written as the product of N independent wavefunctions with
a mean field interaction. Wo(r,t) is the expectation value of the boson field operator
< \il(r, t) >. In the case of an internal degree of freedom such as the spin, Wy(r,t) is a
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Figure 8.7: Measurement of the spin components as a function of time for V) = 16E,..
Lines are guide to the eye.

complex vector, each component associated to a spin state. For s=3 we have:

a_s(r,t)
a_s(r,t)
a_1(r,t)
Uo(r,t) = | ao(r,t)
Q41 (7“, t)
®42 (T, t)
Q3 (T’, t)

The exact form of the Gross-Pitaevskii equation depends on the spin of the atoms,
and can be found in [155] . For a spin f = 1 atom it writes:

Zhw = [W + Utrap('r) —pm+qm :| Om (823)

1 1
+  conQyy, + Co E F-fm,m’am’ + Cdd § bm'fm,m’am’

m/=—1 m/=—1

where ¢y and ¢y are respectively the spin independent and spin-dependent contact
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Figure 8.8: a) Time evolution of observable n_s/n_s for two extreme lattice depths
(27 E, and 3 E,) corresponding respectively to the Mott regime and the superfluid
regime. At large lattice depths, we observe at short times a strongly damped oscillation
and then at longer times a second oscillation. For the low lattice depths the spin
dynamics can be described by an exponential. Lines are guides for the eye resulting
from fits. b) Frequency of fast (black points) and slow (red triangles) oscillations. The
black solid line corresponds to spin-exchange frequency associated to intrasite contact
interactions in doubly occupied sites, while the black open circles correspond to a
numerical simulation of Gross-Pitaevskii equation. The red curve is a guide to the eye
for the spin-exchange frequency associated to intersite dipolar interactions between
doubly occupied sites. The blue dot-dashed line shows the prediction in the Mott
regime (see text). The frequency of super-exchange process is given by the green solid
line. Error bars in frequency and amplitude result from the statistical uncertainty in
the fits.
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interactions, dipolar interactions are described by the term proportional to cgq, M is
the mass, and Uy, is the external trapping potential. F'is the spin expectation value:
Fo=3 o Qmfmm . p accounts for the linear Zeeman effect (which can be set
by the magnetic field when magnetization is free or by a Lagrange multiplier when
magnetization is fixed) and ¢ is the quadratic Zeeman effect. b is the effective dipole
field defined by

b, — / 'S Quun(r — 1" F () (8.24)

vv!

where
5,,71,/ — 37“1,7’,,/

QV,V’ (T) =

As explicitly shown in eq.(8.23), the last two terms (which are interaction terms) are

responsible for the coupling of different «;(r,t). For example, within the Single Mode

Approximation (i.e. assuming that all spin states share the same spatial dependence

and only spin components vary in time), the evolution due to contact interaction for a
spin 1 gas with p = ¢ = 0 is (here, we only explicit spin mixing terms):

(8.25)

r3

ihiy = el(Jaa] +laol® = e [P)ar + agat]
ZhOz(] = 02[(|Oé_1|2 + ]oz+1|2)040 + 204_1Oé+1048]
ihir = of(lan] +laol® — a1 ag +aga’y].

These terms are often called spin-mixing terms, and have already been observed in
experiments [112, 204].

b) Results

P.Pedri’s simulation of eq.(8.23) for a spin 3, where the spatial dependence of the
wavefunction was explicitly taken, show that spin dynamics is roughly twice faster
when dipole-dipole interactions are not included in the simulations. This illustrates
the importance of dipole dipole interactions in the dynamics in the superfluid regime,
even though dipole dipole interactions are much weaker than contact interactions.

With P.Pedri, we developed a mean field model using the Single Mode Approxima-
tion. The spatial dependence was included by spatially averaging the contribution of
each energy term. We find that this approximation fails to account for the dynamics.
We show the results of the simulations with and without including dipole-dipole inter-
actions Fig.8.9. Within the SMA the contribution of dipole-dipole interaction is weak:
due to the anisotropy of dipole dipole interaction it almost vanishes when taking the
spatial average. This is very different to the inhomogeneous simulations.

In P.Pedri’s simulation, as shown by Fig.8.10, we can see that spin dynamics are
inhomogeneous. This inhomogeneous mean field description reproduces well the ex-
ponential trend of the data. This agreement implies that interactions do not create
quantum correlations between particles.
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Figure 8.9: Results of numerical simulations of the Gross-Pitaevskii equation using the
Single Mode Approximation with no lattice on. Evolution of n_3/n_s as a function of
time with DDI (red) and without including DDI in the simulation (black). In these
simulations, the contribution of DDI is too weak to account for the dynamics.

t=0 ms t=3.3 ms t=6.6 ms

Figure 8.10: Results of numerical simulations of the Gross-Pitaevskii equation without
using the Single Mode Approximation with a lattice depth of Vj = 7E, (simulation
performed by P.Pedri). The graph shows a cut of the density of the atoms in m; = -2

state along a horizontal plane. Clearly, spin dynamics is not homogeneous.
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Figure 8.11: Scheme illustrating the different physical process. a) Intrasite Spin dy-
namics associated to contact interaction in a doubly occupied site. b) Intersite Spin
dynamics associated to DDI between doubly occupied sites.

8.3.3 Physical interpretation at large lattice depth

At large lattice depths, where the strength of interactions have grown, the system is not
superfluid anymore. Spin dynamics in this regime cannot be described by the Gross-
Pitaevskii equation (i.e. a mean field theory) and one has to develop a theory with
correlations to account for the data. We focus on the frequencies of the two oscillations
observed in the Mott phase (see Fig.8.8b).

We interpret the higher frequency as a result of the intrasite spin-exchange dynamics
(|—2,-2 >— %ﬂ —3,—-1 > +| — 1,—3 >) arising from spin-dependent contact
interactions in doubly occupied sites (see Fig.8.11a). The observed frequency of 3.6+0.4

kHz is in good agreement with the theoretical frequency 2%}%’; (ag — aq)ng estimated at

3.1+ 0.5 kHz (see subsection 3.2.2). Here, ng is the peak density in a doubly occupied
lattice site and is estimated to be ng ~ 6.3 x 10?° at.m™3, m the atom mass; ag and a4
are the scattering lengths of the S = 6 and S = 4 molecular channels, respectively.

The lower frequency is associated to DDI between doubly occupied sites of different
lattice sites. This process is described in detail in [203] and schematically represented
in Fig.8.11b. The contribution of DDI to the Hamiltonian is f[;f;f (see eq.(6.13)).
We calculated the time evolution of the population N_, in the state my = —2 using
perturbation theory in the Heisenberg picture. The many-body Hamiltonian takes into
account the interaction of one doubly occupied lattice site ¢ with all its neighbors j by
a pairwise DDI. Using a Taylor expansion, the expression of the population in mg, =
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-2 reads:
N_o(t) = Mt" (8.26)
n=0

The first non vanishing moment is My and describes spin dynamics up to second
order of perturbation theory. Explicitly we have [37, 203]:

1 4.4)65(3,
My = B2 Z Vi 0 )2, (8:27)
i

where ‘/;;,4)9(3,5) (r; — rj) is the dipolar spin-exchange matrix element < S = 6, mg =
4:5 = 6,mg = 4|V¢dd|5 = 6,mg = 3;S = 6,mg = 5 > between sites 7 and j. For
two nearest neighbours we compute \/21(3’4)H(3’5)(A/2) ~ hx 100 Hz. From M5, we can
extract an estimate of the spin oscillation frequency:

cos®(mvt) a~ 1— Myt?

— VUV = %\/MQ

~ 200 Hz. (8.28)

The frequency extracted is about twice smaller than the observed spin oscillation
frequency of about 400 Hz. This perturbative approach was applied up to fourth order
to the case of an assembly of doubly occupied sites in a state |S = 6, Mg = —4 >. The
result of this calculation increases the frequency by a factor of 2 and therefore shows
good agreement with the observed frequencies obtained deep in the Mott regime.

The interpretation of eq.(8.26) and eq.(8.27) to the case of singly occupied sites
is that an initial many body state W;,; = | — 2, —2,...,—2 > (where the spin state of
each atom in each lattice site is explicitly written down) is coupled through dipolar
interaction to the following many body state:

1
2,2)+(3,1

\/Ziq Vd(d e ( )(Ti_rj)Q

x S VPO ) =2, =200 =1, -2, 0, 2,5 1 —3,-2,., -2 >

i<j

\I[fin

(8.29)

where | —2,..., =23 : —1,-2,...,—2,j : —3,—2, ..., —2 > describes a state where all
lattice site are in spin state mgy = —2 except sites ¢ and j which are respectively in spin
states my = —1 and m, = —3. The rate of coupling between W;,,; and ¥y, is given
by eq.(8.28). This many-body physical picture clearly indicates that the initial state
is coupled to a state which shows quantum correlations.

From the good agreement in timescales between our model and the experiments we
suggest that we have quantum correlations in our system.
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8.3.4 Conclusion

Our study described in these paragraphs indicate that beyond mean field effects (i.e.
quantum correlations) only occur in deep lattices. For weak lattices, we find that the
GP equation is able to quantitatively reproduce our data. This dynamics results from
a combined effect of contact and dipolar interaction, and my contribution was to show
that the inhomogeneity of the gas needs to be taken into account in order to understand
the interplay between local and non local forces.

It is in fact not obvious that beyond mean field effects cannot occur without a
lattice (see for example [205]). Inspired by a proposal from A.M Rey, we therefore
decided to modify the way we excite the spins by rotating them. Indeed, as we will
now see, it is predicted that such a procedure followed by spin-spin interaction could
lead to significant quantum correlations and therefore beyond mean field effects, even
without a lattice.
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8.4 Spin dynamics following a rotation of the spins

Following a proposal from A.M. Rey of JILA we decided to investigate spin dynamics
due to dipole-dipole interactions after a rotationAof all individual spins. Let us first
compare the effective dipole-dipole Hamiltonian H;{;f to the Heisenberg Hamiltonian:

Hpe: = Z S;.Sin (8.30)
= Z Sz$’§z+1a: + Si,y~§i+17y + Szzgzﬂz

The Heisenberg Hamiltonian is invariant by rotation (in literature this is called SO(3)
symmetry). Therefore if an eigenstate of the Heisenberg Hamiltonian is rotated, it
remains an eigenstate and no dynamics is expected. After spin rotation all the spins

are pointing in the same direction (S; = S;11 = S). Since the Heisenberg Hamiltonian
commutes with 52, < §% > is a conserved quantity when the evolution of a system is

governed by the Heisenberg Hamiltonian.
Let us now introduce the following Hamiltonian:

AI’AI = §Slz‘§22' (831)
We may now write the spin part of the effective dipolar Hamiltonian in the following
way:

. 1. R
Hdz'];f = —§HHei+AH
1~ 3a ~
= 5 Hia+ 5515 (8.32)

f[;’;f is invariant by rotation around z but not around another coordinate axis. There-

fore if an eigenstate of [:Ijiijf is rotated around an other axis than z (around x for
example), we expect dynamics.

In the following I shall present experiments where we observed spin dynamics after
a rotation induced by a RF pulse. Fig.8.12 is a cartoon illustrating the principle of

our experiment. Moreover, H;i];f does not commute with S? (this can be seen from

eq.(8.32)). < 52 > is therefore not a conserved quantity under the evolution of dipolar
interactions.

The experiments were performed in the superfluid and in the Mott regime. In
the first case, the dynamics is compared to a mean field theory. In the lattice where
interactions are stronger, we expect quantum correlations to form and mean field theory
to break down, so that we compare our results both with a mean field and a beyond
mean field theory. More precisely, A.M. Rey predicts that for § = 7 the dynamics
should create quantum correlations and that for 6 ~ 0 dynamics should be accounted
for by a classical mean field theory [206, 207].
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Figure 8.12: Cartoon representing a Bloch Sphere in order to describe the experiment.
At the start of the experiment the collective spin of the gas is aligned with the external
magnetic field. We then tilt the spin by an angle 6 (in the cartoon, § = 7/2). The
spin precesses around the magnetic field and spin dynamics occur due to interactions
between atoms. In particular, the total spin can be reduced in which case projection
along z will lead to different output with time.

8.4.1 Initial spin state preparation

The initial out of equilibrium spin state is produced by a RF pulse. In the following I
shall recall general results of a spin in a static field submitted to a RF excitation and
show how it applies for spin 3 Chromium.

A spin in a RF field

Let us consider an atom of spin s in a static magnetic field éo = Bye, of Larmor
frequency wg. The coupling between the spin and the magnetic field is 7§.§0 with
v the gyromagnetic factor. An antenna can produce an oscillatory magnetic field
Bi(t) = %Ql cos(wt)u with @ a unit vector representing the direction of the field
created by the antenna. In the following, for the sake of simplicity we will consider
that the field created by the antenna is along the direction @ = ¢,. The Hamiltonian

of a spin S in such a field takes the form:

A~

H = ~58By+~SB
= fyBOS'Z + By cos(wt)S'I (8.33)

This time dependant problem is equivalent to solving an effective Hamiltonian H, Ff
in the rotating frame around 2" at frequency w. In this frame, applying the rotating
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wave approximation (in practice valid for €; << w), it can be shown [184] that:
]:—]eff = (u}() — W)S’Z + ngx (834)

with wg = vBy/h the Larmor frequency and €2; = vB;/h the Rabi frequency. In the
experiments performed in this chapter, we will typically have By ~ 357 mG and a
Larmor frequency of wy =~ 1 MHz

The evolution of the wavefunction is given by the evolution operator:

[W(t) >= eTerstMap(t = 0) > . (8.35)

The probability of finding the spin of the atom in one of the stretched states (i.e. for
s=3 |ms = —3 >, or |m, = +3 >,) oscillates at a period 27/Q where Q = /Q2 + 42
with 0 = wy — w the detuning between the Larmor frequency and RF frequency, €2 is
defined as the generalized Rabi frequency.

Starting with [(t = 0) > = |ms; = —3 >, this leads to a Rabi Oscillation at a
frequency 2. We show in Fig.8.13 the magnetization of the gas as a function of the RF
pulse duration. The RF power is tuned so that the magnetization of the gas oscillates
at 0= 2w x 25 kHz. Magnetization oscillates between the two extreme values -3 and
+3, demonstrating a resonant RF excitation (6 = 0) .

Magnetization

50 100 150
tuise (HS)

pulse
Figure 8.13: Magnetization along z of the gas as a function of the Rabi pulse for a
resonant excitation (the Rabi oscillation starts at M ~ 0 because the smallest pulse

time here corresponds to a pulse close to 7/2). Solid line is the result of a sinusoidal
fit.

Table 8.1 shows the spin composition of the gas, initially polarized in m,= -3, after
different RF pulse times performed at resonance (§ = 0).

D.C. magnetic field fluctuations lead to fluctuations of the Larmor frequency and
therefore of 4. If the fluctuations in § are comparable to €2;, from shot to shot we
can have Rabi oscillations at different frequencies. This destroys the reproducibility
of the RF pulse. We therefore lock the magnetic field (see [178] for magnetic field
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N_s/Nzot | N-2/Ntot | N-1/Nrot | No/Nror | Ne1/Nror | Naz/Nror | Nys/Nror
t=0 1.0 0 0 0 0 0 0
t=tr5| 0.792 0.188 0.019 0.001 0 0 0
t=tr| 0.387 0.398 0.171 0.039 0.005 0 0
t=to7r| 0.148 0.332 0.312 0.156 0.044 0.007 0
t =ty 0.016 0.094 0.234 0.313 0.234 0.094 0.016
t=1t, 0 0 0 0 0 0 1.0

Table 8.1: Theoretical Relative populations in different spin states depending on the
duration of the RF pulse and for 6 =0

stabilization). Once the magnetic field is locked, we estimate 6 < 1 kHz. With
= 25 kHz, we produce RF pulses with Rabi frequency €2 = 27rx 25 4+ 0.02 kHz.
However, other source of noise may contribute: noise in RF amplifier, jitter in the time
sequences,... In total, we estimate experimentally the absolute calibration of the RF
pulse to be in the 10 % level, but the pulse can be reproduced with accuracy at the
percent level.

The frequency of the RF field must be well defined in frequency in order to perform
a well calibrated RF pulse. Since the RF field is turned on for a certain window of time,
there will necessarily be a frequency broadening of the RF frequency. The condition
for a well defined Rabi frequency is w >> €2y, then the RF field may oscillate many
times before the end of the RF pulse and limits the broadening in frequency.

Imaging calibration

For the experiment performed in this section, we will compare our data with numer-
ical simulations for each spin state. It is therefore crucial to evaluate correctly the
absolute atom number in each spin state. For each data taking we attribute correcting
coefficients to each spin states. These coefficients are found by performing calibrated
RF pulses. With the knowledge of the total atom number and the relative populations
expected for each Rabi pulse we can deduce the imaging coefficients of the different
spin states. For example, with a Rabi pulse ¢, we deduce the coefficient associated
to m, = +3, with ¢/, we deduce the coefficients of my = 0, 1, and -1, t4,/4 yields
the coefficient of mgs = F 2 (see Table 8.1). Let \; be the coefficient for spin state i.
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Typical coefficient values are:

)\_3 =1
Ao =1.1
)\_1 =14
Ao =22
A = 4.3
)\+2 - 54
>\+3 - 6

8.4.2 Spin dynamics in the bulk
The experiment

We prepare a BEC in my = —3 and apply a magnetic field of 1 MHz along the z
direction. The trap frequencies are v, , , = (166,395,235) Hz. The peak atomic density
for N = 10* atoms is np = 1.1 x 10%° at-m=3.

We then perform a resonant RF pulse achieving rotation of individual spins with
a Rabi angle ranging from T up to 7. We then let the system evolve for a time ¢
and measure the relative populations in each spin state after a Stern and Gerlach
separation.

In the following I will call z the axis corresponding to the direction of the magnetic

field, that we changed between experiments.

Experimental results

In Fig.8.14 we show the total atom number Nz, after a § RF pulse as a function of
time. We also show the magnetization M of the gas (M = ). %) for RF pulses
ranging from % to 7. The total atom number decreases rapidly in time. This feature
can be seen for all RF pulses. We will therefore normalize the population of each spin
state by the total atom number. Magnetization remains roughly constant throughout
the experiment.

In Fig.8.15 we show the evolution of the relative spin populations for different RF
pulses. Each color corresponds to a different spin state. For the smallest RF tilt,
barely any spin dynamics takes place (Fig.8.15a). However, when the tilt is increased

(Fig.8.15b and c), we observe increasing spin dynamics.

Losses and conserved magnetization interpretation

We attribute the losses to dipolar relaxation. A pair of atoms in a spin excited states
can collide through DDI and transfer their magnetic energy into kinetic energy. This
process releases 1 or 2 MHz magnetic energy into kinetic energy for the pair of colliding
atoms (depending on the collisional channel, see subsection 3.1.2). We estimate the
depth of our optical potential to be of the order of 20 kHz which is much smaller than
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Figure 8.14: a) Total atom number for a 7 pulse and b) Magnetization as a function of
t for different RF pulses. We attribute the losses to dipolar relaxation collisions: the
magnetic energy released during the collision is large enough that the pair of atoms

escape from the trap.

remains roughly const

This argument is supported by the fact that magnetization
ant during the experiment.



8.4 Spin dynamics following a rotation of the spins

219

°
a) 0.8 [ X
) ..'..8.......'..:..... ® mg=-3
00 00e, ® mg=2
_ ® m_=1
0.6 [ m:=0
B
0.4 — y
024'..:.'... °
: e0egocge0®oegy,
/8
@ 008008800880050309090008s ‘
o) 5 10 15 20 25 30
o p—
h=1 Time (ms)
2 b)
= 06 0.0e%%00
[ ] [ ] [ ]
% 05 ...33.. oo0et $ o« * e
m . PP ..... [ ]
— 0.4 [ X ]
g L
oo
. (XX}
c 0.3 ° geo8ge. °
o ...: ..l oo.‘
8 ’ '..:o o
< 0.1 3.“""“3.. 0e® ° 4
3 0ele0808g8,0, 2 ] 11
A s ...x .x. ..x.'. .x.' * 1
5 10 15 20 25 30
Time (ms)
©)
0.304...
og o ® ° ]
0.25a.:g! o ¢ .": ;8 o ® o
T H oo
0.20 | ° OO! 130¢ '.!" "
® ° ':.. * L :‘ °
015-| o8 u. $oc ..o." ':"l‘ ‘..
' ? .:=.. .....‘.0 .. :.o
0.10 . o3 800 o o, o %
0.05 e
05 o °
83 o /2
T T T T T 1
5 10 15 20 25 30
Time (ms)
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< 0. Spin dynamics is observed for the larger RF pulses.



220

8 Out-of-equilibrium spin dynamics mediated by contact and dipolar interactions

the kinetic energy gained by a non magnetization conserving collision. Therefore atoms
remaining in the trap have only experienced magnetization conserving collisions. This
scenario is confirmed by the fact that magnetization is almost constant during the
experiment (see Fig.8.14).

To interpret our data we therefore normalize the atom number in a spin state
by the total atom number and consider only magnetization conserving terms in the
Hamiltonian. The dipolar Hamiltonian then reads:

A A A 1 ~ =4 A A
" = S1250: = 1(S14:52 + S1-54). (8.36)

dip

Classical dynamics

As introduced earlier in section 6.1, N classical spins precess around the axis defined
by the sum of the external magnetic field and the field created by all the dipoles.
Experimentally for a trapped system, the local field seen by one atom (created by all
the other dipoles) depends on space due to the spatial inhomogeneity of the atomic
sample. This leads to a inhomogeneous precession. However, locally spins remain
aligned. Therefore, no spin dynamics is expected and we must go beyond this classical
interpretation in order to account for the dynamics.

Contact dynamics

A RF pulse tilts the spin of the gas by an angle # around the axis defined by the RF

field (which we refer to as # in the following). This results in a rotation of the initial
state [y >=|s = 3,ms = —3 >,:

[W(t=0)> = |s=3,ms=—-3>p. (8.37)

In the molecular basis, after the RF pulse a pair of atoms are in state |S = 6, Mg =

—6 >y. This state is an eigenstate of the molecular potential ag no matter . Contact
dynamics therefore does not trigger any extra spin dynamics after the RF pulse.

Dipolar dynamics

The case of dipolar interactions is different. |s = 3,my = —3;5 = 3,m, = —3 >, is
an eigenstate of Hsij;f, however |s = 3,ms = —3;s = 3, mg = —3 >4 is not. Therefore

after the RF pulse atoms are coupled to each other through dipole-dipole interactions
and we can therefore expect the prepared state to evolve.

More precisely, let us perform a change of basis associated to a rotation around 7
axis by an angle 6. The vectors of the new basis (@, i, U,) can be expressed as a
function of the old basis (i, iy, @, ):

Uy = ’l_[x/
Uy = cos0u,y — sinfu,
U, = sinfu, + cosfu, (8.38)
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We can then express the spin operators of the new basis:

~

S, = Sy
Ay = oS GS'y/ — sin HS'Z/
S, = sinfS, + coshS. (8.39)

and deduce the expressions of the spin rising and lowering operators of the new basis:
S+/ = Sx/ + igy/
S, = Sy —iS, (8.40)

We may now express the effective dipolar Hamiltonian ﬁ;j;’f after a rotation 6

around the Z axis:

. A oA 1 Ao A 1 3
HSZ'J;)’ = Slz’SQZ’ [COS2 0 — 5 Sin2 9] + (S1+/SQ_/ + Sl_/82+/) [g — g COS2 9]
A A . cosf  1sinfcosf
+ Slz’(SZ-‘r/ + 52—’) |: 9 + 5 2 :|
A A . cosf  1sinfcosf
+ S2z’(51+/ + Sl*’) |: 2 + 5 2 :|

+ SI_ISQ_I [g — SCOS2 8}
+ S48y [g — 20052 0} (8.41)

Performing second quantization and applying a mean field approximation, we can

compute the evolution of the different spin states under the influence of H flig . The

evolution is given by the dipolar term of the GPE. If we focus on the evolution of spin
state |ms; = —2 >4 due to collisions between |ms; = —3 >, atoms we have:

c()
da_y 33 ©) (©)

* 3 . *
~ — = cos® 0)04_(3)04_304_3 + (g sin 260) a_(g)a(_e?),a(_e%. (8.42)

th— « (33

No matter the angle imprinted by the RF pulse, the initial state is the stretched state
|ms = —3 >y, therefore 04(_9%(15 = 0)= 0. Only the last term in eq.(8.42) does not
involve a'”) and will drive the initial dynamics by producing an initial population in
|ms = —2 >4" which will then allow for contributions of the other terms in eq.(8.42).
For the specific case of a 7/2 RF pulse, the coefficient C(f = 7) vanishes. No seed in

|ms = —2 >4 is produced and mean field theory predicts no dynamics. This seed could

6commonly called ”seed”
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be produced by quantum fluctuations and/or beyond mean field effects. However, the
seed which could trigger dynamics for the 7/2 RF pulse (Fig.8.15¢) has a less appealing
origin. The initial population in |ms; = —2 >4 could be actually produced by another
term in the Hamiltonian, the quadratic light shift term. In addition, the presence of a
residual magnetic gradient has to be taken into account. We are currently investigating
the impact of a quadratic term and magnetic field gradient on the dynamics.

After investigating a number of magnetic field directions (presumably associated
to different values of the quadratic shift ¢) we found a direction of the magnetic field
with no observed spin dynamics (see Fig.8.16). We checked that no magnetic gradient
is present (by comparing the ballistic expansion of an m; = —3 gas after turning off
trapping potentials to the one of mg = +3). The absence of any dynamics testifies that
the quadratic shift is then small. Therefore, to the best of our knowledge at the time
of this writing we make the following statement: when no quadratic term is present
nor any magnetic gradient we find no dynamics.

v 0.4
c
k) /2
5
2, o ° ® mg=
e) ® mg=-1
& ’ ® Mg=-2
g s ® mg=-3
.9 ° s x
o o § !
£ : 3 5
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Figure 8.16: Evolution of the relative populations in each spin state as a function of
time for a & RF pulse for a different magnetic field direction than for Fig.8.15. We do
not observe any magnetic gradient. The absence of any dynamics, in agreement with
a mean field theory with no quadratic light shift term, indicates that ¢ is then small.

Purely dipolar dynamics?

For the magnetic field direction where we do not observe any magnetic gradient and
inferred a small value of ¢, we do not expect any dynamics due to contact interactions.
Atoms interact through the S=6 molecular potential. And as discussed above, for the
specific case of § pulse, we do not expect any dipolar dynamics. However, for any other
angle of RF pulse, we expect the initial dynamics to be exclusively due to dipole-dipole
interactions.
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We performed a 7 pulse experiment for the magnetic field direction where the
magnetic gradient is small and ¢ is inferred to be small. The result of this experiment
is shown Fig.8.17. We can see ”large” spin dynamics. The full lines are mean field
simulations performed by K.Kechadi and P.Pedri, which agree well with the data for

short times.
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Figure 8.17: Evolution of the relative populations in each spin state as a function of
time for a 7 RF pulse with the magnetic field along the direction which cancelled
dynamics for the 7 RF pulse . The full lines are mean field simulations (performed
by K. Kechadi and P. Pedri) where ¢ = 0 is assumed. Simulations confirm that initial
dynamics are purely dipolar.

This dynamics is in principle triggered by dipole-dipole collisions. As discussed
above, simulations performed for 7 pulse with ¢, = 0 Hz and without any dipolar in-
teractions show no dynamics. After the initial dipolar dynamics, then contact collisions
may play a role. This is being investigated by Kaci Kechadi. For the moment, the
general trend is well described by mean field Gross Pitaevskii equations.

In the following section we will perform similar experiments but in a strongly in-

teracting regime by loading atoms in an optical lattice.

8.4.3 Spin dynamics in the lattice

In the previous section, we saw that no spin dynamics occurs after a RF pulse provided
there are no magnetic field gradients nor quadratic light shift. In a lattice, we should
have the advantage of not being sensitive to contact interactions in singly occupied
sites. Also, eq.(8.42) illustrates the importance of a seed in |m, = —2 >, (i.e. for a m/2
pulse). In the BEC case Bose stimulation helps defining a most populated mode and
strengthens mean field approximations. In the lattice case, number occupation is close
to 1 and Bose stimulation has a less important role, which helps quantum fluctuations
drive the dynamics. We will therefore load atoms in the lattice and reproduce the same
experiment. The lattice characteristics were presented in section 8.2.
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The experimental protocol is the following: we prepare a BEC in |mgy = —3 >, and
load atoms in an optical lattice in the Mott regime with a lattice depth of Vj = 25
E, along each axis. In this regime, our atomic distribution follows the wedding cake
distribution with a core of doubly occupied site surrounded by a shell of singly occupied
sites. Typically 60% of our atoms are in doubly occupied sites. We apply a magnetic
field of gsupB/h =1 MHz along the z direction. We then perform a resonant RF pulse
implementing spin rotations from ¢ up to 7. We then let the system evolve for a time
t, and then measure the relative populations in each spin state with a Stern-Gerlach
sequence.

Results

In Fig.8.18 we show the total atom number Nr, as a function of time along with the
magnetization of the gas after different RF pulses. The total number of atoms decreases
in time with two distinct regimes’. For the 7/2 experiment shown here, the total atom
number is strongly reduced within the first 5 ms by more than 50%. At larger times
such fast losses cease, and the total atom number undergoes a much slower decrease.
The magnetization of the gas is slightly lowered for increasing times. We observe that
the larger the RF pulse the more magnetization decreases in time.

Fig.8.19 shows the spin dynamics resulting from this experiment for different RF
pulses. For small RF pulses, we hardly observe any dynamics. As we increase the RF
pulses, the trend of the evolution of population in different spin states is more and
more evolution with larger amplitudes.

8.4.4 Interpretation

After the RF pulse, doubly occupied sites are in |[S = 6,mg = —6 >4 and singly
occupied sites are in |s = 3, m; = —3 >4.

Losses interpretation

Again, we attribute losses to dipolar relaxation collisions. The depth of the optical
potential is estimated to be Vj = 3x 25 E, ~ h x 0.975 MHz. This indicates that
a pair of atoms which undergo a dipolar relaxation event will leave the trap and will
result in losses as can be seen in the experiment (see Fig.8.18) as the magnetic field is
gspipB/h = 1 MHz (future experiments should raise the magnetic field to increase the
validity of our statement). However, contrarily to the case in the bulk, the total atom
number stops diminishing after approximatively 5 ms. We interpret this as the moment
when the system does not contain any doubly occupied sites anymore. Despite the fact
that DDI are long-range, dipolar relaxation at g,upB/h = 1 MHz are short-ranged as

"These two regimes are observed for all RF pulses. Here, for clarity, we show only the result of the
7/2 experiment.
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Figure 8.18: a) Total atom number for a 7 pulse and b) magnetization as a function
of t for different RF Pulse. We attribute the losses to dipolar relaxation collision in
doubly occupied sites: the magnetic energy released during the collision is large enough
that the pair of atoms escape from the trap. This argument is supported by the fact
that magnetization remains constant and losses are suppressed after t ~ 5 ms.
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Figure 8.19: Evolution of the relative populations in each spin state as a function of
time for different RF pulses and a lattice depth of V5 = 25 E,.. From top to bottom
the RF pulses are a) 7/8, b) 7/4, ¢) 7/3, d) w/2. For clarity, we only show the plots
for my < 0. For each spin rotation, we observe spin dynamics.
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discussed in section 6.2.3. At such magnetic fields, the typical inter-particle distance
Rrp at which a dipolar relaxation collision occurs is Rgp = 23 nm, which is much
smaller than the distance between two lattice sites. A dipolar collision event can only
take place between atoms in the same lattice site. Thus only doubly occupied sites
may suffer from dipolar relaxation collisions. When all the doubly occupied sites have
experienced a dipolar relaxation collision, the total number of atoms ceases to decrease.
Thus, there are two distinct regimes. For times shorter than 5 ms we interpret our
dynamics as resulting from doubly and singly occupied sites, whereas for t > 5 ms
dynamics results from interactions between singly occupied sites.

In our model, we will again neglect magnetization changing collisions, which is
justified by the fact that magnetization is roughly constant during the experiment.
Nevertheless, as the losses are spin dependent, their influence cannot be neglected in
the first 5 ms. Therefore this model is well suited to account for the dynamics only
after the first 5 ms.

Doubly occupied sites dynamics

The dynamics of doubly occupied sites can, a priori, arise both from contact and
dipole-dipole interaction.

Similarly as in the bulk, contact interactions cannot trigger any spin dynamics.
After the RF pulse, the doubly occupied site is in spin state |S = 6, mg = —6 >4 which
is an eigenstate of the molecular potential ag. However, dipole dipole interactions
and the quadratic Zeeman effect will couple |S = 6, mg = —6 >4 to other molecular
states which triggers spin exchange due to contact interactions. The dynamics due to
doubly occupied sites is somehow complicated. However, as discussed above, doubly
occupied sites suffer from dipolar relaxation collisions and will rapidly be lost. This
simplifies the analysis of our data in the sense that when the total atom number
hits the plateau (t > 5 ms), we are only left with singly occupied sitess which do not
experience any spin exchange due to contact interactions. Fig.8.20 illustrates these two
experimental regimes: Fig.8.20a represents the beginning of the experiment where we
have a doubly occupied core surrounded by singly occupied sites; Fig.8.20b corresponds
to the experiment after 5 ms where atoms in doubly occupied sites have been lost.

Singly occupied sites dynamics

Singly occupied sitess cannot interact via contact interactions. Their dynamics will
result from dipole dipole interaction. DDI will drive intersite spin dynamics and may
create quantum correlations through collisions. For example, we can have

1
s=3ms=0;s=3,my=0>, - —(ls=3,mg=1;s=3,mg=—1>,
V2
+ |s=3my=—-1;s=3my,=1>,) (8.43)

collisions, which is a correlated state.
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Figure 8.20: Fig.a represents the beginning of the experiment where we have a doubly
occupied core surrounded by singly occupied sites; Fig.b corresponds to the experiment
after 5 ms where atoms in doubly occupied sites have been lost.

Tunneling dynamics

At Vo = 25 E,, the tunneling time is estimated to be approximatively 15 ms (eq.(8.7)).
However as discussed in chapter 6, it is the super-exchange energy which sets the
timescale for dynamics in the Mott regime. The super-exchange timescale exceeds one
second: we may safely assume that over the experimental time there are no super-
exchange events.

8.4.5 Theoretical model

The theoretical model I will briefly discuss here was developed by our collaborators
A.M. Rey, J. Schachenmayer, and B. Zhu from JILA. Since dynamics induced by doubly
occupied sites is complex, they focused their analysis on the dynamics produced solely
by singly occupied sites (i.e. for ¢ > 5 ms). They considered an initial state different
than our experimental initial state, but which gives the same spin distribution as in
the experiment at t = 5 ms.

They used the Truncated Wigner Approximation (TWA) in order to simulate dy-
namics [208]. The idea of the method is to generate an ensemble of classical fields
which give the initial spin with its flucutations. For each initial configuration, the
mean field dynamics is then calculated. The values obtained for spin populations re-
sult from averaging over different runs. In this approximation, all the ”quantumness”
lies in the initial state. There is a priori no justification in using this approximation.
However, our collaborators checked that this model gives similar results than exact
diagonalization of a plaquette of 3 x 2 spin 3 atoms. Moreover, the dynamics being
performed by mean field equations, it is considerably less time consuming than exact
diagonalization. With this method, simulations with a few 10? atoms can be performed
(5 x 5 x 5 plaquette).

As in the bulk case, the only free parameter are the values of the quadratic light
shift and magnetic gradient. In particular, they are investigating the impact of these
effects on the observed dynamics. The analysis is still at an early stage. More analysis
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and data taking will be necessary to discriminate whether our data agrees best with

the beyond mean field TWA model or the mean field GP model.

8.4.6 Prospects
Spin dynamics accross the Mott to superfluid transition

Once ¢, can be cancelled, it will be interesting to study spin dynamics triggered by
a RF pulse across the Mott to superfluid transition. Similarly to what was done in
section 8.3, it would then be interesting to see if we observe or not a similar mean field/
beyond mean field transition by taking data at intermediate lattice depths.

A particularly appealing configuration would be to perform a large RF pulse (~
7/2) with the atoms loaded in an intermediate lattice depth regime. In this regime, it
would be interesting to see if quantum correlations may arise due to contact, dipolar
and super-exchange interactions.

It has been stressed above that for a homogeneous system classical dynamics is
characterized by the fact that the total spin S is constant. A change in S may there-
fore characterize the departure from classical magnetism. Close to the Mott transition,
changing the total S of a pair of atoms costs A = J? /Ug— J?/Us_5 with Ug the interac-
tion strength for particles interacting through the molecular potential S. This process
is allowed for A < V4. One may then expect an interplay between super-exchange and
dipolar interactions close to the Mott transition. It would be also very interesting to
perform experiments in this regime because there are no available theoretical models.

Tuning the strength of dipolar interactions

As mentioned in subsection 3.1.2, the spatial part of the dipolar Hamiltonian is pro-
portional to (1 — 32?), with 2 the normalized axis between the magnetic field and the
dipoles. Due to the anisotropy of the lattice, the importance of the dipolar interaction
could be tuned by changing the direction of the magnetic field.

Getting rid of doubly occupied sites

As mentioned above, the initial dynamics in presence of doubly occupied sites is com-
plicated for simulations. The team is now performing an experiment with no doubly
occupied sites. This is achieved by performing a 7 pulse once the atoms are loaded
in the lattice. Then only doubly occupied sites are lost through dipolar relaxation
processes. Then another RF pulse is performed to rotate the spin and observe spin
dynamics due to singly occupied sites only.
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8.4.7 Conclusion

Establishing quantum correlations in an atomic ensemble is not trivial. Here we mea-
sured spin dynamics in a BEC following a spin rotation. These dynamics can be
accounted for by a mean field calculation. A possible interpretation is that interac-
tions in the bulk are too weak to create any correlations and thus mean field theory
prevails. We then loaded atoms in the lattice in order to selectively increase the role of
dipolar interactions. We measured spin dynamics. Preliminary comparison with theory
indicate that we have a (weakly) correlated system, although we are still investigating
the impact of magnetic field gradients and quadratic light shits on the dynamics.

To go further in our measurements, we could measure population fluctuations in
each spin state (for example < n?; > - < n_3 >?). Combined with measurements of
spin populations in a different basis, we could perhaps violate an inequality serving
as an entanglement witness. However, finding the appropriate entanglement witness
for our system is not trivial and is the subject of a collaboration with P.Millman and
T.Coudreau of University Paris 7.

Another possibility would be to measure the total spin of the gas. Indeed the length
of the transverse spin S| should be reduced due to beyond mean field effects [209]:

SL(t)\:/SL(t:O)(l—t?( AB? + %ng )). (8.44)
t—0 N———

Variance of mean field
Beyond mean field effects

S1(t) could be measured by performing a 7 pulse at the end of the experimental

sequence, just before the imaging process and varying the phase of the two relative 7/2
pulses. However this measurement needs a very good calibration of the detectivity of

each spin state.



Conclusion

Let us summarize the main results of this thesis.

e Production of a 3Cr Fermi sea: we optimized the loading of fermionic atoms
in an Optical Dipole Trap and then performed combined evaporation with the
boson. This produces a **Cr Fermi sea at T/Tr = 0.66 £ 0.08 with up to 10?
atoms. Analysis of the evaporation sequence enabled us to extract the value of
the inter-isotope scattering length appr = 80 4+ 10apg.

e Study of the competition between Bose Einstein Condensate and spin dynamics:
we prepared a thermal multi-spin component gas and rapidly cooled the gas
across the Bose Einstein phase transition. We observe that BEC in spin excited
states are difficult to produce because the increase in density due to condensation
triggers fast spin exchange dynamics which deplete the condensates because not
all spin states have a saturated thermal gas.

e Demonstration of a new cooling mechanism using the spin degrees of freedom to
store and remove entropy from a ferromagnetic BEC. Although the temperatures
obtained in our experiment are not record breaking, the reduction of entropy
is significant and the gain in phase space density in principle diverges for low
temperatures. We propose that this experiment could be applied to non dipolar
species where extremely low entropies could be obtained. It is relatively hu-
moristic to think that this experiment was thought for and demonstrated with
Chromium, but Chromium actually seems to be one of the species where our cool-
ing mechanism is the most limited in temperature and the hardest to perform in
the laboratory.

e Preparation of atoms in a double well trap, atoms of each well prepared in op-
posite spin states. The experimental system can be described by two giant spins
interacting via dipole-dipole interactions. We found that these giant spins be-
have as two classical magnets and in practice we observe no spin dynamics. We
took advantage of such a spin preparation, and merged the two wells of the trap.
We elaborated a model to account for the observed spin dynamics. We deduced
the scattering length ag = 13.5 £13 ap with ap the Bohr radius. The value of
the scattering length has profound significance for the ground state properties of
Chromium, which is then expected to be cyclic. It will be interesting to see if
this phase at low magnetic field can be obtained.
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Conclusion

e Spin dynamics with and without lattice due to dipole-dipole and contact inter-
actions. The goal is to understand and try to observe how quantum correlations
may appear in our system.

Let us now outline a few possibilities for future research on the experiment.

The production of a dipolar Fermi sea will provide a new tool for the team to study
magnetism. Due to the relatively high temperature of the gas, bulk effects due to
Fermi-Dirac statistics are out of reach. However in a lattice, the relevant energy scale
is not the Fermi energy but the recoil energy. We should then be able to succesfully load
atoms in the lowest energy band. Dipolar fermions in a lattice will be an exciting avenue
to explore out-of-equilibrium effects associated to spin dynamics. Then, phenomena
where transport and magnetism are coupled could be observed.

We performed an experiment where a thermal multi-spin component gas was rapidly
cooled across the Bose Einstein Condensation phase transition in presence of interac-
tions. We understood the physical processes at stake in order to produce a BEC in
several spin states. This work could stimulate further theoretical and experimental
studies concerning the condensation of atoms with a spin degree of freedom, in partic-
ular to better understand the observed magnetization fluctuations and how they may
relate to symmetry breaking.

Finally, at the end of my PhD we performed out of spin equilibrium experiments in a
single well trap or in a 3D optical lattice. The spin excitations is performed by rotating
the spin with use of a radio frequency pulse. We present here preliminary results. We
are currently investigating what are the correct theoretical approaches which match
best our data. The possibility that entanglement may spread in our lattice system is
exciting, and this question (along with how we could reveal entanglement) is expected
to be one of the central subjects in Lucas Gabardos’ thesis.

This concludes my thesis, which is just one more chapter in the Chromium story
and I await the next chapter with excitement!



Annexes






CHAPTER 9

The v2 test

The x? test gives a criterion for verifying, on probabilistic grounds, the consistency of
a theoretical hypothesis with a set of experimental data. In this annexes, we present
how we applied the 2 test to extract the experimental value of the scattering length
through the S=0 molecular potential a

We simulate dynamics using eq.(3.49) for different values of ag. For each value of
aoy we have a certain 2, which for the moment can be considered as a merit function
and compares how likely the model describes the data. We consider the optimal value
of ag as the one minimising 2.

In our experiment, we consider that fluctuations follow a normal distribution.
Therefore, the probability that an experimentally measured value Z; of uncertainty
w; at a time t; is at a distance x; — x; of the theoretical value z; given by the model
follows:

Plx;) = 21%2 exp[—%]. (9.1)

For N independent abscissa points, the combined probability is:

Pro; = H P(x;) (9.2)

The model which best fits the data will be the one with the closest values of z; and x;,
and will therefore maximize Pr,. This is equivalent to minimizing:

N o _

2 1 (J,‘Z — ZL'Z')Q
=5 > o (9.3)

=1

=]

=

In our analysis, x? is a function of ag. The minimum of this function, x?2,,,, corre-
sponds to the value of ag for which the simulation and the experimental data are the
closest, therefore the most probable value of ay according to our model.

Now that the optimal value of ag is found, we make a theoretical hypothesis that the
value of ay which minimizes y? is the "real” value of ay set by nature. The theoretical
value of each experimental point y; can be determined. The experimental values ¥; can
now be thought of as random variables distributed around y;. As a consequence, Y2 is
also a random variable. The probability distribution of y? is well known in statistical
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theory ([210] or [211]) and it evaluates the probability of obtaining x?* values larger or
smaller than the value actually obtained by the experiment. It can be shown, that the
x? distribution for one fitting parameter is the same distribution as that of the square
of a single normal distribution. One finds that statisically a value of ¥? smaller than
XZ,:n+1 happens 68.3 percent of the time. A value of ¥? smaller than y?2,;,+4 happens
95 percent of the time. This fixes the statistical uncertainties on aq.

To conclude, the optimal value of ag will be given by x?(ag)=x2,:,,, and the statistical
uncertainties Aag by X?(ag £ Aag)=x2,,,% 1 for a 68.3% confidence level.



CHAPTER 10

Spin filtering a BEC: inclusion of
Interactions

In the thesis, we developp a non interacting model to describe the data. The following
annexes describes the model when interactions are included. Having not participated
to this model, the following is extracted from the Supplementary Material associated
to the Spin Filtering paper.

In the main text we have developed our theoretical treatment based on the thermo-
dynamics of non-interacting bosons, which provides good agreement with our experi-
mental data with 52Cr. However the temperatures that we have been able to study are
limited to 0.5 times the critical temperature. One might wonder whether our cooling
scheme remains as efficient as predicted by our non-interacting model at extremely low
temperatures.

In this Supplemental Material we use Bogoliuobov theory, and show that interac-
tions between atoms do not deteriorate our cooling scheme, but in fact make it more
efficient.

We consider a spin 1 BEC in a polar state, and calculate the reduction in entropy
that can be achieved with one cooling cycle, when taking into account the interactions.
We assume an homogeneous gas trapped in a volume V'; while this hypothesis leads to
considerable simplifications for calculations compared to the trapped gas case, it does
allow an estimate of the effects of interactions at low temperatures.

10.1 Description of the calculations

As the BEC is polar, there is only Bose Einstein condensation in the absolute ground
state ms = 0 [155]. In the initial state, the initial temperature 7; is low enough that
there is a condensed fraction. The quadratic effect ¢; is large enough to ensure that
there are only thermal excitations in mg = 0. In the final state the quadratic effect is
lowered, and ¢; ensures thermal population of the excited spin states my = £1. The
filtering process is then performed in order to selectively get rid of atoms in m, = +1.
We first determine the final temperature 7T, assuming energy conservation. Then the
entropy per atom after spin filtering is compared to the initial entropy per atom.
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10.1.1 Energies

Explicit formula for the Bogoliubov energy excitation spectra of a polar spin 1 Bose
gas are given in reference [155]. An important result is that the mode correspond-
ing to my; = 0 is decoupled from the other two modes which are degenerate and
correspond to quasiparticles containing m, = =41 excitations. Energy spectra are
Eo(k) = \/er(ex + 2con) and E1q 4(k) = /(e + q)(ex + ¢ + 2c1n), with €, = h*k?/2m,
co = ‘L;r—;’z(ag + 2a5), ¢1 = ?—f(@ — ag), m the mass of one atom, and ¢ the quadratic
effect.

To calculate the initial and final energies, we use the Bose statistics applied to
Bogoliubov excitations, in presence of a macroscopically populated Bose-Einstein con-
densate:

°° Eo(k)
_ /0 a0 (10.1)

o0 Eo(k) 2B 4, (k)
_ 2 0 qf
_ /O drck (e,efa)(k) 1t ) dh

with 3; ; equal to respectively (kpT; )~ *. As the ground state energy does not change,
Ty is given by the condition E; = Ey. We numerically find T for given values of the
initial density n;, initial temperature 7;, and final quadratic effect g;.

<|& <&

(10.2)

10.1.2 Number of Excitations

In order to perform number counting following spin filtering, we calculate the density
of particles in my, = £1:

oo 47T]€2dk' 2 |uk|2 + ’Uk|2
nil,f = \/0\ (27T)3 (‘/Uk?| + eﬁfEil,q(k) _ 1 (103)

with u;, and v the Bogoliubov coefficients given in [155].

10.1.3 Entropies

Both for the initial configuration, and the final one following the filtering of spin excited
atoms, there are only atoms in mg = 0. Therefore in both cases the entropy comes from
excitations in m, = 0. The entropies per atom s; ; are evaluated with the formula:

; > Ark*dk ;
S Jf _ / ™ .fL' f _ log (1 - efxi,f)
kg o (2m)3n;p \e%r —1

(10.4)
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with x; f = 5 fEo4(k), and ny = n; — 2ng ¢

10.2 Results

We assume an initial density n; = 102° m—3. The interaction parameters are the ones
of sodium, as = 52 apep, and ag — ag = 2.5 apep, [204]. The non-interacting critical

temperature T,; = %(#)2/3 is equal to 1.5 puK. A temperature of 1 nK corresponds

to 7 x 10747, and to 1.4 x 1072 n,cy.

The ratio of entropies per atom Ss—f is plotted in Fig.10.1 as a function of the initial
temperature in unit of the critical ’Eemperature without interactions, for a value of
¢ = 0.01 ncy. This value allows one to reach temperatures below 1 nK. As Bogoliubov
calculations are only valid for large enough BEC fractions, we consider only low enough
initial temperatures.

Fig.10.1 shows the results of our calculations taking into account interactions, and
are compared to the results obtained with no interactions. For the latter, the maximal
entropy reduction efficiency obtained for ¢ — 0 and 7, — 0 is equal to 373/°. Our
results show that interactions increase the efficiency for the entropy reduction after
one cycle.

The limit at ¢ — 0 and T; — 0 for the interacting case, which corresponds to the
best reduction in entropy, can be derived analytically:

(Z—f) - (2 (2—?)3/2 + 1) - (10.5)

when neglecting the quantum depletion in mg = +1.

For Na the numerical value for this optimal ratio is very low (5.7 x 1073). Tt is
due to the small difference between ag and ay. Physically this much smaller limit than
the non-interacting case can be interpreted easily. When ¢ — 0, both the excitation
spectra of my = 0 and m, = +1 become phonon-like as &k — 0, but with very different
linear slopes: they are proportional respectively to cé/ ? and c}/ ?_ Therefore thermal
population of excitations with mgy = 4+1 become much larger than those in m; = 0,
hence the great efficiency to spin filter m, = 1 atoms.

In other words, when ¢ — 0, the density of states and the number of available states
at a given energy is larger in the spin excited states m, = £1 than in the lower energy
state mg = 0, in strong contrast with the non-interactive case for which the two spectra
are identical. As a consequence when ¢ — 0 most of the thermal atoms leave m, = 0,
which leads to a very efficient reduction in entropy after spin filtering m, = +1 states.

There is ultimately a limit for our cooling process arising from the quantum deple-
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Figure 10.1: Comparison of entropy reduction efficiency in the case of Na in the homo-
geneous case, for a quadratic shift ¢; = 0.01 times the initial chemical potential. Initial
temperatures are in units of the non-interacting critical temperature. Without taking
into account interactions (red line), the reduction is significant and approaches its limit
(horizontal line, see text) over a wide range of temperatures. When taking into account
the interactions (blue points), the reduction is even better, and can reach in particular
very small values at very low temperatures. The entropy reduction decreases at ultra
low T} due to the final value of ¢;.

tion in the modes with ms = 41, which has the following expression [155] for ¢ — 0:

3 3 1/2
a9 — Qg

When a high level of purity of the BEC is reached, spin filtering of my; = £1 atoms
ultimately starts to affect the ground state. The numerical value for Na is 2n44 4a/n; =
8.107% for n; = 10**m=3: the quantum depletion is then very small in m, = +1.

Other kind of limitation come into play in fact, and define practical limits. For
example, when the number of particles thermally excited becomes very small, filtering
becomes non relevant: at temperatures of 10737y, there is about one particle thermally
excited for BECs with 10° atoms. This signals the breakdown of one approximation
of our model, i.e. the thermodynamics limit. Therefore Fig.10.1 shows that the spin
filtering process is efficient in the whole experimentally relevant temperature domain
(i.e. when the number of thermal excitations is larger than one). For instance, starting
with an initial temperature of 10727, a reduction of entropy by an order of magnitude
is conceivable with only one cooling cycle. Our cooling scheme thus offers perspective
to reach entropies per atom well below the 10~3kp record value which has been demon-
strated in [170].
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Quantum gases of Chromium: thermodynamics and magnetic
properties of a Bose-Einstein condensate and production of a Fermi sea

Abstract

This thesis presents experimental results performed with Quantum gases of Chromium atoms.
The specificity of Chromium resides in its large electronic spin s=3 and non negligible dipole-
dipole interaction between atoms.

We produced a new quantum gas, a Fermi sea of the ®3Cr isotope. Optimization of the
co-evaporation with the ®2Cr bosonic isotope leads to 10 atoms at T/Tr = 0.66 £ 0.08.

We obtained new results on thermodynamics of a spinor Bose gas. By ”shock cooling” a
thermal multi-spin component gas, we find that the condensation dynamics is affected by spin
changing collisions. We also demonstrate a new cooling mechanism based on the spin degrees of
freedom when the Bose Einstein condensate (BEC) is in the lowest energy spin state. Dipolar
interactions thermally populate spin excited states at low magnetic field. Purification of the
BEC is obtained by selectively removing these thermal atoms.

Finally, we present spin dynamics experiments. In a first experiment, spin dynamics following
preparation of atoms in a double well trap in opposite stretch spin states allow to measure the
last unknown scattering length of 52Cr: ag = 13.54+1) ap (with ap the Bohr radius). We then
present preliminary results performed in a 3D lattice and in the bulk, where spin excitation is
performed by a spin rotation. We investigate for different experimental configurations which of
a theory with or without quantum correlations fits best our data.

Keywords: Bose-Einstein condensate, Fermi sea, dipolar interactions, thermodynamics for
magnetism, cooling, optical lattices.

Gaz quantiques de Chrome: propriétés thermodynamiques et
magnétiques d’un condensat de Bose-Einstein et production d’une mer
de Fermi

Résumé

Le manuscrit présente des expériences réalisées avec des gaz quantiques de Chrome, un
élément présentant un large spin électronique s=3 et des interactions dipolaires non négligeables.

Nous avons produit un nouveau gaz quantique, une mer de Fermi avec l'isotope ®>Cr con-
tenant jusqu’a 1000 atomes & T'/Tr = 0.66 - 0.08, en optimisant la co-évaporation avec I'isotope
bosonique.

Nous avons obtenu de nouveaux résultats sur la thermodynamique d’un condensat de Bose
Einstein (CBE) avec degré de liberté de spin. En refroidissant rapidement un gaz thermique
multi-composante, nous observons que la dynamique de condensation est affectée par les collisions
d’échange de spin. Nous démontrons aussi un nouveau mécanisme de refroidissement, utilisant
le degré de liberté de spin, lorsque le CBE est produit dans le niveau de spin de plus basse
énergie. Les interactions dipolaires peuplent thermiquement les états de spin excités a bas champ
magnétique, et une purification du CBE est obtenue en retirant sélectivement ces atomes.

Enfin nous présentons des expériences de dynamique de spin. Dans une premiere expérience,
cette dynamique est obtenue en utilisant un double puits avec des états de spin opposés. Ceci a
permis une premiére mesure d'une des longueurs de diffusion du *?Cr: ag = 13.5+{5 ap. Nous
présentons également des résultats préliminaires dans un piege harmonique et dans un réseau
3D. La dynamique de spin est produite par rotation du spin des atomes. La comparaison avec
la théorie nous permet de mettre en évidences I'apparition de corrélations quantiques.

Mot clés: Condensation de Bose Einstein, mer de Fermi, interactions dipolaires, thermody-
namique du magnétisme, refroidissement, réseaux optiques, échange de spin.
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