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Abstract

In this thesis, two sets of experimental studies in bosonic and fermionic gases are
described. In the first part of the thesis, itinerant ferromagnetism was studied in a
strongly interacting Fermi gas of ultracold atoms. The observation of nonmonotonic
behavior of lifetime, kinetic energy, and size for increasing repulsive interactions pro-
vides strong evidence for a phase transition to a ferromagnetic state. Our observations
imply that itinerant ferromagnetism of delocalized fermions is possible without lattice
and band structure, and our data validate the most basic model for ferromagnetism
introduced by Stoner.

In the second part of the thesis, the coherence properties of a Bose-Einstein con-
densate (BEC) was studied in a radio frequency induced double-well potential imple-
mented on a microfabricated atom chip. We observed phase coherence between the
separated condensates for times up to 200 ms after splitting, a factor of 10 longer
than the phase diffusion time expected for a coherent state for our experimental con-
ditions. The enhanced coherence time is attributed to number squeezing of the initial
state by a factor of 10.

Furthermore, the effect of phase fluctuations on an atom interferometer was stud-
ied in an elongated BEC. We demonstrated that the atom interferometer using the
condensates is robust against phase fluctuations; i.e., the relative phase of the split
condensates is reproducible despite axial phase fluctuations.

Finally, phase-sensitive recombination of two BECs was demonstrated on an atom
chip. The recombination was shown to result in heating, caused by the dissipation
of dark solitons, which depends on the relative phase of the two condensates. This
heating reduces the number of condensate atoms and provides a robust way to read
out the phase.
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Chapter 1

(General Introduction

1.1 The Quest for Low Temperatures

The quest for low temperatures has a long history over 200 years. After Gaspard
Monge liquefied the first gas producing liquid sulfur dioxide in 1784, major efforts had
been directed toward liquefying oxygen (1877), hydrogen (1898), and helium (1908).
Helium-4, first liquified by Dutch physicist Heike K. Onnes in 1908 [140], was crucial
for the developments of two major concepts in modern physics, superconductivity and
superfluidity. In 1911, Onnes used liquid helium-4 as a refrigerant, and discovered
that the resistivity in solid mercury abruptly disappears at the temperature of 4.19
K [140]. He called this phenomenon as “superconductivity”. Later in 1937, Pyotr
L. Kapitza, John F. Allen, and Don Misener discovered that below the famous \-
transition point at 2.17 K, liquid helium-4 becomes superfluid in which a liquid flows
through narrow capillaries or slits without exhibiting viscosity [3, 106]. Both concepts,
superconductivity and superfludity, have been actively researched in the 20th century
leading to the enhancement of our understanding of nature.

1.1.1 Bose-Einstein Condensation

The first idea of Bose-Einstein condensation (BEC) can be traced back to 1925 when
Satyendra N.Bose [28] and Albert Einstein [53, 54] predicted the occurrence of phase
transition in noninteracting bosonic particles such as photons. The phase transition
is accompanied by the condensation of atoms in the ground state. Unfortunately,
despite the novelty of this prediction, there had not been much attention paid to
Bose-Einstein condensation until the discovery of superfluidity in helium-4.

In 1938, Fritz London pointed out that Bose-Einstein condensation may be the

13



underlying phenomenon in superfluid helium-4 [130, 129]. Superfluid helium-4 was
the prototype Bose-Einstein condensate, and intense theoretical works had been de-
veloped in order to understand the relation between superfluidity and Bose-Einstein
condensation. Later, a microscopic theory for interacting Bose gases was developed
by Bogoliubov in 1947 [26]. In the 1950s, Penrose and Onsager introduced the concept
of off-diagonal long-range order and discussed the relation to a generalized criterion
of Bose-Einstein condensation [149].

In parallel to theoretical works to understand the phenomenon of Bose-Einstein
condensation, the experimental efforts had been made to realize Bose-Einstein con-
densates in spin-polarized hydrogen without success until 1998 [61]. Recently, Bose-
Einstein condensation was also observed in metastable helium-4 in 2001 [165, 171].
The first experimental realization of Bose-Einstein condensate was achieved in 1995
in ultracold dilute atomic gases at JILA by Eric A.Cornell and Carl E.Wieman [6] and
at MIT by Wolfgang Ketterle [47] independently. So far, BEC phase transitions have
been achieved in dilute atomic gases of 2*Na, "Li, 8"Rb, ®Rb, ¥K, 41K, 32Cr, 133Cs,
170yh, 174YDb, 'H, and *He* (metastable helium) [152]. The success in dilute atomic
gases relied on the developments of laser cooling and magnetic trapping techniques in
the 1980s [12, 92]. Recently, atomic Fermi gases of ®Li and “°K atoms also could be
cooled to the degenerate temperature. This allowed for Bose-Einstein condensation
of molecules consisting of a pair of fermionic atoms. The field of ultraclold dilute

atomic gases keeps growing as we shall see in the following sections.

1.1.2 Ultracold Dilute Atomic Gas

Ultracold dilute atomic gases have several impressive features with respect to other
systems such as superfluid helium. Firstly, ultracold atomic gases have typically weak
interatomic interactions so that mean-field description of the system is well-suited [92].
This is one of the advantages for investigating quantum phenomena in atomic gases
which is not the case in superfluid helium.

Another feature is diluteness of the systems. The atomic density in condensates
of trapped atomic gases is typically ~ 10¥¢m3 which is much lower than the density
of atoms in liquids or solids, ~ 10*2cm3. The low-density of atomic gases requires
the low temperature of 107> K or less for observing quantum phenomenon. Liquid
helium, in contrast to atomic gases, shows quantum phenomenon such as superfluidity
near 1 K.

Despite diluteness of atomic gases, the strength of interatomic interactions can
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be tunable either by exploiting the Feshbach resonance [108, 38] or by introducing
optical lattices [25]. Feshbach resonance occurs when a bound state is coupled to
a free unbound state of colliding atoms allowing for tuning interaction strength di-
rectly in a broad range from negative to positive values. This technique opened a
new way to investigate Fermi atoms in the presence of weak attractive interactions
which is relevant to the famous theory of superconductivity developed by Bardeen,
Cooper, and Schrieffer (BCS theory) [17]. Further experiments realized the system
of molecular Bose-Einstein condensates consisting of two Fermi atoms, fermionic pair
condensates in the “BCS” side, and finally an intermediate regime, so-called a BCS-
BEC crossover [212, 210], where the pair size of Fermi atoms is comparable to the

interparticle disctance. For comprehensive discussions, I refer to the Ref. [91]

Alternatively, the effect of atom-atom interactions can be tuned in an optical
lattice. An optical lattice is a periodic potential produced by a standing-wave laser
beam [25]. In this artificial crystal, ultracold atoms can mimic the strongly correlated
behavior of electrons in condensed matter. One of the most prominent experiments
in optical lattices is the observation of superfluid-Mott transition insulator transition
of bosonic gas [66]. The sufficiently strong repulsive interactions change the many-
body ground state from the superfluid to the insulating phase in which the tunneling
of bosonic atoms between adjacent sites is suppressed and therefore each atom is

localized in one specific lattice site.

1.2 Next Challenges in the field of Ultracold Atomic

Gases: Quantum Simulator

In 1982, Richard Feynmann [57] proposed a quantum device, a so-called quantum
simulator, for efficient simulation of other quantum systems. The goal of quantum
simulator is to simulate a target quantum system with a controllable laboratory sys-
tem governed by the same Hamiltonian. The quantum simulation is expected to
simulate quantum systems that cannot be efficiently simulated on a classical com-
puter. There have been much attention paid to this idea because the understanding
of many phenomena in various field including condensed-matter physics and high-
energy physics would be enhanced through quantum simulations. To this end, major
efforts have been made to implement this idea with real quantum systems consisting

of neutral atoms, ions, photons, and electrons.
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Figure 1-1: Concept of the quantum simulator. The quantum simulators are control-
lable quantum systems in the laboratory simulating a theoretical model Hamiltonian
describing the real system.

The rapid developments in the field of dilute atomic gases over last 15 years af-
ter the first realization of Bose-Einstein condensates have featured the possibility of
studying strongly correlated phenomena of condensed-matter physics in the context
of quantum simulation. The seminal paper in 1998 by Jaksch [95] proposed the obser-
vation of the superfluid-Mott insulator transition in cold atoms in an optical lattice,
which was experimentally observed in 2002 [66]. In the 2000s, the field of ultracold
atoms entered the area of strongly correlated systems. The great successes have been
achieved in the study of superfluid-Mott insulator transition of bosonic atoms in an
optical lattice [25], BCS-BEC crossover in a Fermi gas with tunable interactions [91],
and Anderson localizations of bosonic atoms in a disordered potential [164, 22]. Re-
markably, some of experimental investigations in those systems have been validated
through numerical studies.

Recently, the field of ultracold atomic gases keeps broadening the scope of re-
search direction toward the realization of quantum magnetism in cold atomic gases
which can serve as a tunable model system for understanding the physics behind
real condensed matter systems. The presence or suppression of magnetic ordering is
important not only for ferromagnetism and antiferromagnetism, but also for phenom-
ena like high-temperature superconductivity, quantum magnets, and spin liquids in
strongly correlated electron system [167]. In the system of ultracold atoms, the simi-
lar magnetic ordered states are expected to be realized when cold bosonic or fermionic
atoms are prepared in optical lattices or in a bulk system with magnetic interactions

such as exchange or superexchange interactions [123]. The magnetic interactions can
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be controlled by tuning the interaction strength via Feshbach resonance and/or by
quenching kinetic energy of the atom with an increase of the lattice depth. Of partic-
ular interest is the study of the repulsive Fermi-Hubbard model with two-component
Fermi gases trapped in optical lattices since the high-temperature superconductivity
usually occurs near the antiferromagnetic phase in complex cuprate materials. Some
promising works, demonstrating the metallic and insulating behaviors in a Fermi gas,
have been reported [173, 103], and major efforts are being directed toward the ob-
servation of the antiferromagnetic ordered state. In related works, the ferromagnetic
ordered state in a Fermi gas is also very important because it may compete with
superconductivity near quantum phase transitions [128]. Recent experimental [102]
and theoretical progresses 86, 170, 4, 182, 52, 19, 206, 114] in ferromagnetism in a
repulsive Fermi gas shall be discussed in the first part of this thesis.

1.3 Identical Particles in Quantum Theory: Bosons

and Fermions

Two particles are identical if they are non-distinguishable under physical observations
and measurements. The nondistinguishability of identical particles plays a secondary
role in classical mechanics, but it becomes important in quantum mechanics charac-
terizing the nature of the fundamental particle.

We now consider N identical particles governed by the Hamiltonian H. The
wavefunction ¥(r1, 7y, ...,7n) represents the probability amplitude for finding N par-
ticles at the position of 71,7, ...,7x. Under the exchange of any pair of particles, the

probability density of finding N particles is invariant since all particles are identical:

ICAT S o ry)? = [O(r1, oy Ty ey Ty ..rN)|2 (1.1)

This derivation implies that the wavefunction v (ry, 79, ...,7x) has an exchange degen-

eracy under particle exchange.
Y(re, o Ty ooy Ty o TN) = £P(T1, 0Ty oy T,y TN (1.2)

As a clear example illustrating the exchange degeneracy, let us consider two iden-

tical particles with their mass m governed by the Hamiltonian

Pz p2?
H(1,2) = ﬁ-&—ﬁ%—V(m —1y)) (1.3)
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where the potential V' depends only on the distance between two particles. The

energy engenvalue equation now reads,

H(1, 2)1”(”“1,7”2) = Ey(ry,m2)
H(2,1)¢(re,m1) = EY(ra,m1) (1.4)

where (ry,79) and 1)(re,71) are two eigenstates of the two-particle system by recog-
nizing the invariance of the Hamiltonian H(1,2) = H(2,1). Therefore, the eigenstate
of the system is the superposition of ¥(r1,2) and ¥(rs, r1). Without loss of generality,
the eigenstate of the Hamiltonian 1.3, 1, is expressed by

b, re) +9(re, 1) Y(ry,ra) — Y(re,11)
o = a( 7 l+5f 7 ) (1.5)
$(5) ,sy;'nmetric P(A4) ,anti;;mmetric

(1.6)

where |a|? 4 |82 = 1. Thus far, the eigenstate contains both symmetric (1)) and
antisymmetric () contribution. However, in contrast to above mathematical ap-
proach, only totally symmetric or antisymmetric states are observed in nature. This
difficulty is removed by the famous “symmetrization postulation” in quantum me-
chanics:

“The states of a system with N identical particles are necessarily either all symmetri-
cal (o =1, B =0 in the above example.) or all antisymmetrical (o =0, § = 1) with
respect to particle exchanges”

Following this postulate, particles described by the symmetric state and the antisym-
metric state are called Bosons and Fermions respectively.

1 are described

Systems consisting of identical particles of integral spin (0,1,2, ...)
by symmetric wavefunctions, and such particles obey Bose-Einstein statistics and are
called bosons. In nature, photons, m-mesons, and K-mesons are examples of bosons.
On the other hand, identical particles of half-integral spin (1/2,3/2, ...) are called
fermions and obey Fermi-Dirac statistics. Since the system consisting of fermions is
described by the antisymmetric wavefunction, two identical fermions cannot occupy

the same quantum state leading to the “Pauli exclusion principle”.

1The connection between spin and statistics is explained by the relativistic quantum mechanics.
Further discussions can be found in Ref [150].
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1.4 Outline of Thesis

The experimental works in this thesis have been performed by my colleagues and me
in the BEC III lab at MIT. Our team has been supervised by Professor Wolfgang
Ketterle and Professor David.E. Pritchard.

In this thesis, I mainly discuss: (1) itinerant ferromagnetism in a Fermi gas of
ultracold atoms [102], (2) apparatus upgrade for producing a Bose-Fermi mixture,
(3) studies of quantum coherence in a Bose gas [101, 99], and (4) development of
atom optics elements [100, 39]. I was also involved in the other projects including
“quantum reflection of BECs” [145], “optical weak link between two BECs” [176],
and “interference of BECs split on an atom chip” [179] which are described in the
Ph.D. theses of former members of BEC III [89, 147].

Outline

Chapter 2 describes the experimental procedures for producing a degenerate Bose-
Fermi mixture. Preliminary efforts for this apparatus upgrade are discussed in the
Ph.d. thesis by Thomas A. Pasquini [147]. Here, I briefly summarize the basic
procedures and tools which are used in the current experiment.

Chapter 3 and chapter 4 discuss quantum magnetism in a two-component Fermi
gas of ultracold **Li atoms. In particular, the long-standing question of “itinerant
ferromagnetism” in condensed matter physics is addressed. The concept of quantum
simulation using cold atoms may apply to our work reported in this thesis. In chap-
ter 3, I introduce some theoretical tools necessary to understand magnetic properties
of a repulsive Fermi gas with short-range interactions. Chapter 4 mainly discusses
our experimental efforts and relevant theoretical understandings to observe itinerant
ferromagnetism in a Fermi gas. At the end of this chapter, I propose some future ex-
periments which may overcome technical limitations and enhance our understanding
of itinerant ferromagnetism in a Fermi gas.

In chapter 5, I deal with the basic concepts of Bose-Einstein condensates and
demonstrate experimental tools necessary to study the coherence properties of a Bose
gas. A coherent splitter using adiabatic RF-induced potential and phase read-out
methods shall be described.

Chapter 6 discusses the quantum phase coherence of a Bose gas in a double-
well system implemented on an atom chip. The observation of number squeezing in
condensates shall be described. Also, I provide a theoretical model describing the
dynamic splitting of the condensate. At the end of this chapter, I discuss the effect
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of phase fluctuations on the coherence properties.

Finally, chapter 7 deals with newly developed techniques in the field of atom-

optics. First, I demonstrate the phase-sensitive recombination of two BECs which is

a new method of measuring the relative phase. Secondly, I briefly describe a proof-of-

principle experiment for trapping of ultracold atoms in a hollow-core photonic crystal

fiber.

e Publications of the Ph.D. work

Itinerant Ferromagnetism in a Fermi Gas of Ultracold Atoms

Gyu-Boong Jo, Ye-Ryuoung Lee, Jae-Hoon Choi, Caleb A. Christensen, Tony
H. Kim, Joseph H. Thywissen, David E. Pritchard and Wolfgang Ketterle
Science 325 , 1521-1524 (2009)

Trapping of Ultracold atoms in a hollow-core photonic crystal fiber

Caleb A. Christensen, Sebastian Will, Michele Saba, Gyu-Boong Jo, Yong-Il
Shin, Wolfgang Ketterle, and David Pritchard

Phys. Rev. A 78, 033429 (2008)

Matter-wave Interferometry with Phase Fluctuating Bose-Einstein Condensates
G.-B. Jo, J.-H. Choi, C.A. Christensen, Y.-R. Lee, T.A. Pasquini, W. Ketterle,
and D.E. Pritchard

Phys. Rev. Lett. 99, 240406 (2007)

Phase Sensitive Recombination of Two Bose-Einstein condensates on an atom
chip

G.-B. Jo, J.-H. Choi, C.A. Christensen, T.A. Pasquini, Y.-R. Lee, W. Ketterle,
and D.E. Pritchard

Phys. Rev. Lett. 98, 180401 (2007)

Long phase coherence time and number squeezing of two Bose-Einstein conden-
sates on an atom chip

G.-B. Jo, Y. Shin, S. Will, T. A. Pasquini, M. Saba, W. Ketterle, D. E.
Pritchard, M. Vengalattore, and M. Prentiss

Phys. Rev. Lett. 98, 030407 (2007)

Low Velocity Quantum Reflection of Bose-Einstein Condensates
T. A. Pasquini, M. Saba, G.-B. Jo, Y. Shin, W. Ketterle, D. E. Pritchard, T.

20



A. Savas, and N. Mulders
Phys. Rev. Lett. 97, 093201 (2006)

e Optical Weak Link between Two Spatially Separated Bose-FEinstein Condensates
Y. Shin, G.-B. Jo, M. Saba, T. A. Pasquini, W. Ketterle, and D. E. Pritchard,
Phys. Rev. Lett. 95, 170402 (2005)

e Interference of Bose-Einstein condensates split with an atom chip
Y. Shin, C. Sanner, G.-B. Jo, T. A. Pasquini, M. Saba, W. Ketterle, D. E.
Pritchard, M. Vengalattore, and M. Prentiss
Phys. Rev. A 72, 021604(R) (2005)
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Chapter 2

Apparatus and Basic Procedures

2.1 Versatile Apparatus: “Science Chamber”

The third generation machine at MIT, which is called the science chamber (or BEC
III), is very unique in that one produces a Bose-Einstein condensate (BEC) in the
main chamber and then manipulates and diagnoses the BEC in the auxiliary chamber.
This is implemented by transporting a BEC trapped in an optical dipole trap [37, 74].
The two-step experiment - first producing the BEC and then transporting it into the
auxiliary chamber - makes it possible to study the properties of the BEC in various
systems such as a double-well potential on an atom chip [112, 178, 101, 99], a double-
well optical potential [177, 166, 101, 99], or an atom-surface system [146, 145]. In
contrast to a conventional BEC machine in which optical and physical access to
cold atoms are restricted due to the presence of magnetic coils and optics near the
chamber, the science chamber machine has allowed us to change the experimental

system without perturbing the production of a BEC.

2.2 F=1 2’Na Bose-Einstein Condensates in the

Science Chamber

In this section, we demonstrate the basic operation procedure for producing a bosonic
23Na F=1 BEC. The condensate consists of the sodium atoms in the hyperfine state
of |F = 1,mr = —1). Before the apparatus was upgraded to have a Bose-Fermi
mixture (bosonic 2*Na and fermionic ®Li) in 2007, most of the experiments had been
performed with a F=1 condensate. Typical procedure for the production of the F=1
BEC includes:
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e Pre-cooling atoms in magneto-optical trap (MOT) (~3 s) : A thermal atomic
beam slowed by a Zeeman slower is continuously loaded into a dark-SPOT type
magnetic-optical trap (MOT). The atomic flux into the MOT is ~ 10! atoms/s
with a mean velocity of ~ 30 m/s. In the dark-spot MOT, most of atoms lie in
the F=1 manifold.

e Forced rf-evaporation in the magnetic trap (~30s) : Atomsin the [ =1,mp =
—1) state are tranferred from the dark-spot MOT into a loffe-Pritchard mag-
netic trap. Subsequently, forced evaporative cooling is applied using a radio
frequency (rf) transition from the |F = 1,mp = —1) to the |FF = 1,mr = 0, +1)
states. We routinely produce a F=1 condensate of 107 atoms after 30 s evapora-
tion in the main chamber. The lifetime of the F=1 condensate in the magnetic

trap is longer than 60 s which is longer than the one for a F=2 condensate !.

e Trapping a BEC in an optical dipole trap (ODT): For the transport of the con-
densate into the science chamber, we load the condensate into an optical dipole
trap (ODT). The loading process starts with the decompression of the magnetic
trap containing the atoms for the mode-matching between the magnetic trap
and the ODT. Then, the atoms are transferred from the nearly spherical mag-
netic trap into the ODT adiabatically. The ODT typically contains 2 ~ 4 x 10°

atoms. The decompression and loading processes take 2 s and 0.5 s respectively.

e Transport into the science chamber (~ 2 s): To transport the condensate
trapped in the optical dipole trap into the science chamber, the focal spot
of the laser beam is spatially moved [74]. For more detailed information for
the design of the transportaion system, I refer to the Ph.D. thesis of the former
member of the Ketterle/Pritchard group [37].

e Bose-Einstein condensates in the science chamber : Once the condensate is
located in the science chamber, we initialized the condensate for a designed
experiment in the ODT. Additional cooling of the condensate in this stage
causes loss in the atom number. Finally, the atom number of the condensate is

typically 1 ~ 2 x 10° in the scicence chamber.

For more detailed description of F=1 BEC production, I refer to previous the-
ses [89, 147].

1A F=2 condensate consists of atoms in the hyperfine state of |F = 2,mp = 2).
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2.2.1 Magnetic Microtraps on an Atom Chip in the Science
Chamber

Atom optics on an atom chip The development of atom chips [60, 45| has led to
unprecedented control of a Bose-Einstein condensate with sub-micron precision. In
contrast to a conventional magnetic or optical trapping potential, the chip wires on an
atom chip are very close to the atoms (e.g. 10 ~ 1000um from the chip surface) pro-
viding much tighter and complex traps. Encouraged by this, an atom chip has evolved
into a platform integrated with atom-optics elements. Following the experimental
demonstration of magnetic microtraps and beam splitters with thermal atoms, atom-
optics elements using Bose-Einstein condensates have been successfully integrated
with an atom chip. For example, an atom Michelson interferometer [196], coherent
dynamic splitting [174, 101], phase read-out through in-trap recombination [100], and
diffraction from magnetic lattices [71] were experimentally demonstrated.

In parallel to these efforts, an atom chip has been also used to study quantum
coherence in a double-well system [101], the non-equilibrium properties and phase
fluctuations in one-dimensional Bose gases [83, 99, 85], and vortex dynamics in a
condensate [112, 178]. More recently, atom chip technology has been combined with
high finesse optical resonators [161].

Atom chip in BEC III Trapping neutral atoms in a magnetic potential is a well-
known technique, but it usually needs several coils generating magnetic fields. In
a conventional experiment, changing magnetic trap geometry requires to redesign
the coils , which sometimes makes it difficult to study various system with a Bose
condensate. Combining the idea of the science chamber with an atom chip, we have
routinely redesigned the magnetic microtraps generated by wires on an atom chip 2,
This has allowed for the studies of double-well atom interferometry [177, 166, 101],
the quantum reflection of the atoms from a solid surface [146, 145], vortex in a Bose
condensate [112, 178], integrated atom optics on an atom chip [179, 100, 101], and
phase fluctuations in an elongated condensate [99]. The atom chip setup installed to
the science chamber in BEC III 3 is shown in figure 2-1.

2Typically, a newly designed atom chip is installed in the place of the old one every 6 - 12 months.
3This is the 5" generation atom chip in BEC III built in 2005. The previous chip designs can be
found in Ref. [89)].
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Figure 2-1: Microfabricated atom chip mask and the atom chip mounted on the
holder. (a) The mask design for lithography technique is shown. The black lines
describe the pattern of current-carrying wires on the substrate. The width of the wire
is 100 ~ 200um. The green line describes a hollow-core fiber mounted on separate
supporting material. The conducting wires are established on the substrate through
evaporation or electroplating deposition after lithography, subsequently followed by
final chemical process. More details can be found in Ref. [120, 31] (b) An atom chip
setup consisting of an atom chip, aluminium mounting structure (2” x 2” x 0.5”),
and electric connections, is shown. In contrast to previous chip designs [89], electric
wires are soldered directly onto the conducting wires on an atom chip. In order to
prevent solder from melting during the baking stage, silver solder with a high melting
point was used (purchased from “Amtech solder products, Inc.”). All chip-based
experiments in this thesis have been performed with the atom chip shown here.
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2.3 Apparatus for Producing a Degenerate gas of
2’Na and °Li Atoms

In 2007, our appratus was upgraded to produce a degenerature Bose-Femri mixture.
Based on the successful experiences by other labs of the Ketterle group at MIT (BEC I
and II), we natuarally chose ®Li atoms as fermions. In our lab, a degenerate Fermi gas
was firstly produced in October 2007. When I was preparing for this thesis, major
efforts in BEC III had been directed toward two projects including (1) the study
of itinerant ferromagnetism in a Fermi gas and (2) the production of heteronucler
ground-state molecules consisting of *Na and °Li atoms. Both experiments have
been perforemd in the main chamber, but the idea of the science chamber (i.e. the
two-chamber system) is still attractive and we are planning to trasport BNa and/or

61i atoms into the science chamber for the future experiments.

2.3.1 Producing a Degenerate °Li Fermi Gas

Cooling fermions appears to be standard now. Especially, three different machines
(BEC 1, 11, and III) at MIT have a degenerate Fermi gas with a Bose-Einstein con-
densate as a coolant. In this section, a series of different techniques, implemented in
BEC III, for the reliable production of a degenerate Fermi gas will be summarized.
For more detiled descriptions of the procedure, I refer to the previous Ph.d. thesis of
former members of the Ketterle group [77, 183, 213].

New features of the dual-species apparatus in BEC III

Dual-species oven The dual-species oven in BEC III adopted the same oven design
implemented in BEC I and BEC II [183] as described in Figure 2-2. The only differ-
ence is an additional 45° elbow between the oven nozzle and the half-nipple lithium
cup to prevent lithium and sodium from spilling-over. The is necessary because the
zeeman slower has an angle (about 45°) relative to the plane perpendicular to gravity.
Except for the half-nipples for sodium and lithium, all parts including mixing/oven
nozzle and mixing chamber is constantly kept at a temperature of 450°C. The typi-
cal operation temperature of the half-nipple cup is 370°C and 320°C for lithium and
sodium respectively. Due to the small vapor pressure of lithium, the lithium source
lasts more than a few years with only 25 g. For sodium, however, the operation life-
time with 25 g sodium is rather short, less than 1000 hours. The single-species oven
with sodium allowed for ~2000 hours in BEC III.
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Figure 2-2: A schematic of the dual-species oven. The dual-species oven is built from
2.75 inch ConFlat fittings, made from 316SS. Customized nickel gaskets are used to
seal the flanges because normal copper gaskets are likely to bond to the knife edge at
the operating temperature of 450°C. The nickel gasket allows us to disassemble the
oven and reuse the flange. For more technical details, please see Ref. [183].

Dual-species magneto-optical trap (MOT) To implement a new Li MOT in
the main chamber, each sodium beam in the MOT optics was combined with a new
lithium beam delivered through PM optical fibers*. To this end, one mirror in each
path of sodium MOT light was replaced by a dichroic beam splitter, which are trans-
parent for the wavelength of 589 nm and reflective for 671 nm. After lithium and
sodium lights are overlapped, all the half and quarter waveplates are replaced by
zeroth-order waveplates designed for the wavelength of 633 nm. This makes it possi-
ble to manipulate the polarization for both wavelengths identically. The wrong po-
larization effect due to non-ideal wavelength is typically less than a few percent [77].
In contrast to the dark-spot MOT for sodium, the lithium MOT is bright; each MOT
beam for lithium contains both MOT and repumping lights. The typical dual-species
MOT is shown in figure 2-3.

New skimmer on the cold plate An old skimmer on the cold plate was built for
the single species oven (with sodium). After replacing the old single-species oven by
a new dual-species one, the unexpected deposition of sodium on the skimmer leaded
to the shorter lifetime (less than 500 hours) of the sodium in the oven. To avoid the
deposition, we decided to redesign a skimmer as described in appendix B. At the

“PM means “polarization-maintaining”
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F=2 Na BEC

Figure 2-3: Dual-species magneto-optical traps (MOT) are shown for **Na and °Li
respectively. A CCD camera with color fiters monitors the dual-species MOT from
three different angles. Typical absorption images of the ?*Na and the ®Li cloud
released from the magnetic trap are shown with the time-of-flight of 45 ms and 6 ms
respectively.

moment when I wrote this thesis, a similar deposition of sodium on the new skimmer

was observed after ~800 hours running and the problem is still being assessed.

Sympathetic cooling with a F=2 sodium Bose-Einstein condensate The
rule of thumb in sympathetic cooling in a magnetic trap is that both ?Na and °Li
must lie in the low-field seeking state. This allows us to simply add fermionic %Li
atoms in the process of evaporation cooling for 2*Na. To this end, two possible
combination of hyperfine state are:

(EL) Ile,mp=—I)NG+|F=1/2,mF=—1/2)Li
(b) |[F=2,mp=2)ng+|F=3/2,mp=3/2)L

The other combinations suffer from spin-exchange collisions causing unwanted
heating. In BEC III, we decided to choose the combination of (b) based on the
experiences of BEC I and II. In this case (stretched state), ®Li atoms in the state of
|FF = 3/2,mp = 3/2) can be stably trapped in a magnetic potential allowing effecient
sympathetic cooling of hot thermal °Li atoms °.

SHere, ®Li atoms in the state of |F = 1/2,mp = —1/2) are low-field seeking only below 28 G.
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First, a spin-polarized sodium cloud in the state of |F' = 2, mr = 2) (F=2 con-
densate hereafter) is achieved by optical pumping from the F = 1 manifold to the
excited manifod (F pumping). The hyperfine pumping light with o+ polarization illu-
minates tha atom cloud for 2 ms right after switching off the MOT light. For 5Li, two
pumping beams resonant with the F=1/2 and F=3/2 states are used for 400 us to
provide both F (hyperfine) and mp (Zeeman) pumping. During the pumping stage,
the polarization gradient cooling was omitted to improve the efficiency of lithium
loading into the magnetic trap.

Before the Ioffe-Pritchard trap is turned on, the 2*Na atoms in the other hyperfine
states are optically pumped into the stretched state. For the purification, the 2*Na
atoms are illuminated by F pumping light for 2.5 s in the presence of a 1.77 MHz
microwave sweep at the bias field of 80 G. Subsequently, the second purificaton is
done only with a microwave wave sweep for 0.5 s. Finally, ~ 30% 23Na atoms in the
MOT are transferred into the magnetic trap. For ®Li atoms, without the purification
stage, the transfer efficiency fom the MOT into the |F = 3/2,mr = 3/2) is about
~ 40%.

Preparation of a repulsive two-component Fermi gas of ®Li atoms  After
sympathetic cooling, we routinely produce a spin-polarized Fermi gas of ~5x10°
atoms in the stretched state of |F = 3/2,mp = 3/2) (hereafter |6) state, also see
appendix A) in a magnetic trap. The typical temperature of the %Li cloud is T ~
0.5TF where Tr is the Fermi temperature. Then ®Li cloud is transferred into an
optical dipole trap, followed by an RF transfer into the lowest hyperfine state |F =
1/2,mp = 1/2). Finally, a Landau-Zener RF sweep is applied in order to prepare a
equal mixture of |F' = 1/2,mp = 1/2) (|1) state) and |F = —1/2,mpr = 1/2) (|2)
state) spin states. Additional evaporation cooling in the mixture of |1) and |2) atoms

has been implemented at 300 G after decoherence for 1 s.

2.3.2 Li Laser System

The new °Li laser system consists of a master laser and four slaver lasers. The
master laser is a commercial grating stabilized diode laser purchased from TOPTICA
(model: TOPTICA DL100). The master laser gives us an output of ~30 mW, and
the linewidth is reduced to a typical value of 1 MHz (measured in a millisecond) which
is reasonably smaller than the lithium natural linewidth of I' = (27) x 6 MHz. The
master laser locked to the ®Li Dj-resonance is amplified by injection locking of four

slave lasers. The slave laser diode placed in the TEC cooled mount (Thorlabs: model
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Figure 2-4: A schematic of magnetic coils in the main chamber is shown. (a) Geometry
of the magnetic coils is described. The coils are implemented into the re-entrant
bucket port. A photo of one of coil setes is shown in (b). A large magnetic field for
the Feshbach resonance is produced by the current carried through the anti-bias coil.

TCLDMY9) produces an output of ~150 mW at desired wavelength of 670.977 nm
while retaining the narrow spectral characteristics of the master laser. The slave
diode® operates at a temperature of ~70°C and at a current of 370~390 mA depending

on injection locking.

Power supply unit Connected coils Magnetic field direction
curvature curvature and antibias (+)
bias only curvature (+)
y-comp compensation (+
y-trap bias compensation (-)
spin-flip compensation (+)
Feshbach antibias (-)

Table 2.1: The direction of the magnetic bias field is described with the information
of the coil and the power supply generating the field. The (+)-direction points in the
same direction as +y in figure 2-4

30



2.3.3 Tools for Experiments
(1) Generating a large bias field for the Feshbach resonance

One of the main tools in our dual-species apparatus is a Feshach resonance with which
one can tune the atom-atom interaction strength by changing a bias magnetic field. A
Feshbach resonance occurs when the scattering state in the open channel approaches
the bound molecular state in the closed channel energetically [108] leading to strong
mixing between two channels. By changing a magnetic field, the energy difference
associated with difference in magnetic moments can be controlled, which is called a
“magnetically tuned Feshbach resonance”.

A simple form describing a magnetically tuned Feshbach resonance was introduced

in Ref. [132] as follows:
A

where B is a magnetic field, a denotes the s-wave scattering length, a, is the back-

a(B) = apy(1

ground scattering length which is associated with the open channel potential, A is
the resonant width, and By is the resonant magnetic field where a diverges. In BEC
III, we are interested in two homonuclear and hetroneclear s-wave resonaces: 834 G
for ®Li atoms ” and 795.6 G for %Li-?*Na atoms.

A large bias field for the Feshbach field is generated by the currents carried through
the antibias coil (see figure 2-4 and table 2.1). Tha Feshbach field can be ramped
upto 1500 G with the maxium current of 500 A. The geometry of magnetic coils in
the main chamber is descirbed in figure 2-4, and the field direction generated from
the coils are summarized in table 2.1. A stabilization scheme for Feshbach fields is

illustrated in figure 2-5.

(2) Optical dipole trap

In ®Li experiments, Li atoms in states |1) and |2) are both high-field seeking at
high magnetic field where the two states are strongly interacting with each other.
Unfortunately, it was shown by Wing [200] that the magnitude of static electric or
magnetic field in free space cannot have local maxima; therefore, they cannot trap
strong-field seeking atoms. Thus, the strongly interacting mixture can be stored only
in an optical dipole trap (ODT) as described in figure 2-4. The ODT is produced by
a commercial fiber-amplified Nd:YAG laser from IPG (model:YLR-30-1064-LP-SF).

The slave diode (model:ML101J27, Mitsubishi Laser Diodes) has a typical lifetime of a few
months,
"This Feshbach resonance occurs between |1) and [2) state.
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Figure 2-5: Circuit diagram for producing a large bias magnetic field (called the
Feshbach field). A Feshbach power supply is connected to anti-bias coils to generate
a large bias field. The Feshbach power supply run in voltage control mode providing
an arbitrary current depending on the resistance. The current is PID-controlled via
an IGBT operating in the linear resistance regime. The direction of the Feshbach
field is opposite to one of curvature/bias as described in table 2.1. In this diagram,
the “de-bounce” circuit is omitted.
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The laser light has single frequency at 1064nm and fixed polarization out of the laser.
The maximum output power of 30 W will be sufficient for future experiments in both

the main and science chamber.

(3) Science chamber designed for optical lattice experiments

Until summer 2007, the science chamber had been replaced several times when the
experiments required special features as described in other theses [89, 147]. For exam-
ple, it was required to have a rather spacious science chamber with 67 OD windows
in order to facilitate various atom optics experiment including atom interferometry
and quantum reflection. The spacious science chamber allowed us to assemble two
different experiments at the same time without any conflict. Two experiments - co-
herent splitting of the condensate and trapping of cold atoms in a hollow-core fiber
covered in this thesis - were performed in the same setup built in the science chamber
with 6” OD windows.

Despite flexibility of the spacious science chamber, it was difficult to image atoms
with high resolution since the closest lens for imaging cannot be close enough to the
atoms due to the 6” OD window of the chamber. This would be a potential problem
in future experiments which may require single-site imaging in the optical lattice.
Markus Greiner group at Harvard solved this problem by preparing an atomic cloud
right below the window surface using a combination of evanescent wave, standing

wave, and magnetic potential [64, 16].

To solve this imaging problem in BEC III, we adopted an idea similar to the one
used in the main chamber as described in figure. 2-6 and appendix B. We installed
a re-entrant “bucket” ports so that the closest lens of the imaging systems can be
close enough to the atoms. The distance between the first lens and the center of
the chamber (or the position of atoms) is about 1.5“ which will allow us to improve
imaging resolution. The bucket ports were built by UKAEA who welded the 1.33” OD
viewport window onto the bucket ports supplied to them by Sharon vacuum. The
viewport window was polished to lambda/4. A detailed description of the science

chabmer is available in appendix B.
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(a) (b) Metal bellow

Science Main
chamber chamber

Figure 2-6: (a) The science chamber is newly designed solely for flexible optical access.
The chamber is connected to the main chamber through a metal bellow as shown in
(b). The bellow mechanically isolates the main chamber from the science chamber.
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Chapter 3
Ferromagnetism in a Fermi Gas

Can a gas of spin-up and spin-down fermions become ferromagnetic due to repulsive
interactions?

This question exhibits a long-standing problem which has not found a definitive the-
oretical answer. In the following two chapters, we shall discuss the theoretical and
experimental efforts to find a rigorous answer in the system of a two-component Fermi
gas. To begin with, we review some basic aspect of quantum magnetism in a Fermi

gas.

3.1 Quantum Magnetism

3.1.1 What is magnetism?

Magnetism is a macroscopic phenomenon with its origin deeply rooted in quantum
mechanics. In the early 1910’s [27], Bohr pointed out that a collection of classical
electrons in a box can never be sensitive to the external magnetic field; therefore any
solid consisting of electrons should be non-magnetic in the classical sense. This is
clearly illustrated by calculating the classical partition function Z of N electrons:
p— Ay

Z x /d3Nxd3Npexp(—ﬂ( o — V(%)) (3.1)
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Figure 3-1: Classical electron gas in a box with external magnetic field is shown. The
red dot describes the classical electron and the black circle denotes the electron’s orbit.
In the presence of magnetic field, the electrons move in a circle generating magnetic
moments. The total magnetic moment of the electron gas in the box, however, is
always zero.

As the vector potential A= ff(:v) is independent of 7 classically !, the partition

function splits into two parts:

= N2
Zdassical o /dSNxexp(fﬁV(f))fd3Npexp(—ﬂ%) (32)

s
constant

The second integral containing A is constant leading to a conclusion that the par-
tition function Zussicar 1S insensitive to the vector potential A: Z (}_1') =7 (ff =if}).
Therefore, classical description is insufficient to explain the magnetic properties in a
solid. A collection of classical electrons in a box is a good example to emphasize this

as described in figure 3-1.

3.1.2 Origin of Ferromagnetism: Exchange interactions

The phenomenon of “spontaneous magnetization” or ferromagnetism, is the conse-
quence of magnetic interactions between the discrete sources of magnetic moment.
Now, we have a question: “Where do the magnetic interactions come from?”. Our

first naive expectation is that the dominant magnetic interactions arise from dipole-

1Tn quantum mechnics, the vector potential is not independent of p’due to [z,p] # 0.
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dipole interactions between discrete magnetic moments. These interactions between
dipole moments, however, are too weak to induce the magnetic structure. The mag-
nitude of dipole-dipole interaction energy, Ugipore can be estimated by considering an

atomic magnetic dipole moments m; and m, separated by r. For a typical solid,

~107%V (3.3)

2
U= ﬁ[ml “my —3(my - 1) (Mg - 1r)] ~ (g/:f)
The value of 107 eV is equivalent to 1K in thermal energy. Therefore the dipolar
interaction is typically too weak to induce spontaneously magnetization or ferromag-
netism in a solid whose ferromagnetic transition temperature is lager than 10K, even
1000K for iron.

What is the origin of spontaneous magnetization in a solid? Interestingly, mag-
netic fields are irrelevant to magnetic ordering of adjacent magnetic moments. In-
stead, Coulomb repulsion between electrons plays the important role. This seems
to be unreasonable because the Coulomb interactions are spin-independent (or non-
magnetic interactions). The problem is, however, reconciled by the Pauli exclusion
principle imposing a strict correlation between (spin-independent) Coulomb inter-
actions and the total spin of the system. The emergence of magnetic interactions
between electrons from Coulomb repulsion becomes more clear in the calculations
of the energy of a two-electron system 2. Since the total wavefuction of the two-
electron system must be antisymmetiric under particle exchanges, a spin singlet and
a spin triplet states have different symmetries of the spatial wavefunction. For ex-
ample, a spin triplet state, ¢, has a antisymmetric spatial wavefunction and the
energy of the triplet state, er, can be calculated by e = (¢r|H|¢r) where H is the
spin-independent Hamiltonian of the system including Coulomb interactions. The
Hamiltonian acts only on spatial degree of freedom. Similarly, a spin singlet energy

becomes £5 = {(¢s|H|ps). Now, the difference between triplet and singlet energies

determines the tendency toward ferromagnetism.
er —es=—J (34)

When J is positive, the groud state of the two-electron system becomes ferromagnetic.
Here, we call J the ezchange energy leading to magnetism from electrostatic Coulomb
repulsion. The exchange interactions are nothing but the interplay of electrostatic

Coulomb interactions and the Pauli exclusion principle. The exchange energy denotes

*This calculation was done by Heitler and London in 1927. For more details, I refer to Ref. [49,
134, 109, 19§]
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the contribution to the Coulomb interaction energy of electrons associated with the

use of symmetric and antisymmetric wavefunctions.

Heisenberg model So far, we have seen that the Pauli exclusion principle corre-
lates the symmetric and the antisymmetric spatial wavefuction with the spin wave-
functions leading to the difference of Coulomb repulsion energy for the spin singlet
and the triplet states. Now, the idea of two-electron system gives us construction
blocks for many-electron system. The exchange interaction can be expressed as an
effective spin Hamiltonian acting only on the spin degree of freedom. Since the spin-
spin interaction depends only the relative direction between two spins, the effective
spin Hamiltonian, H, ¢, which is identical to the original Hamiltonian acting only on
the spatial degree of freedom becomes

ﬁeff = —ng . 32 (35)

where J is exchange energy. For a many-electron system in a lattice, the effective

Hamiltonian takes the form

Heff = - Z Jn,n’gn ' Sn’ (36)

n,n’

where n denotes the n** lattice site. This model, so-called Heisenberg model, is the
starting point for further investigation of ferromagnetism and antiferromagnetism in

insulators.

3.1.3 Two Paradigms of Magnetism

In condensed matter physics, there are two paradigms for magnetism: localized spins
interacting via tunnelling, and delocalized spins interacting via an exchange energy.
For localized spins, the magnetic phenomenon arises from the interplay of localized
electrons. In this case, the exchange interactions we have just seen above come from
either the direct Coulomb interaction among electrons from different ions or indirect
coupling between magnetic ions mediated by nonmagnetic ions. The latter type
of magnetic interaction is called superezchange. Major open questions for localized
spins include the interplay of magnetism with d-wave superfluidity and frustrated
spin materials [115].

The delocalized spins gives rise to itinerant ferromagnetism which is responsible for

the properties of transition metals like cobalt, iron and nickel. Among the conduction
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electrons in metals, the electrons are no longer localized but rather itinerant. The
exchange interaction among the free electrons is called stinerant exchange, and this is
the main ingredient for itinerant ferromagnetism in a free electron gas as we will see
later.

Note that both kinds of magnetism involve strong correlations and /or strong inter-
actions and are not yet completely understood. For example, phase transition theories
are still qualitative for itinerant ferromagnetism [24, 187, 124, 32, 194, 190, 188]. The
experimental and theoretical works for itinerant ferromagnetism shall be discussed in

this chapter and the next chapter 4.

3.2 Itinerant Ferromagnetism

3.2.1 Long-standing Problem in Condensed-matter Physics
Magnetism in a free electron gas

Itinerant ferromagnetism in a free electron gas has been a long-standing problem
in condensed-matter physics. Although the theory of magnetism in a free electron
gas is inadequate to describe magnetism in a real metal (due to a over-simplified
model), it is still of importance because of several reasons: (1) the model for itinerant
ferromagnetism does not require band structure and spin-dependent interactions, (2)
it represents itinerant aspect of exchange interactions, and (3) it may demonstrate
the ferromagnetic behavior in transition metals 2.

The origin of ferromagnetism in real material has been one of the mystery for a long
time [49]. Heisenberg first suggested that ferromagnetism is a quantum many-body
effect solely arising from the interplay between the spin-independent Coulomb repul-
sion and the Pauli exclusion principle, generating “exzchange interaction” [201]. In the
early 1930’s, Stoner proposed that the magnetism may coexist with one-electron band
theory [187]. He pointed out that exchange interactions between overlapping electrons
favor ferromagnetism in an itinerant electron gas. A fer years earlier, Bloch [24] first
pointed out in the Hartree-Fock approximation that a free electron gas with long-range
Coulomb interactions may become ferromagnetic when 7, > 4 where r, o< 1/n(1/3)
is the Wigner-Seitz radius , depending only on the density(n) of the electron gas.

However, it was pointed out that Bloch’s calculation may ignore the strong effect of

3Note that it is widely believed that the ferromagnetism in some transition metals arises from
the interplay between itinerant ferromagnetism, orbital degeneracy associated with band structure,
and Hund’s rule [49, 134, 109, 198]
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Long-range Coulomb interaction | Short-range contact interaction
Kinetic energy (Ekrin) x n?/3 ox n?/3
Interaction energy(Fint) x nl/3 xn

Table 3.1: Density dependence in Long-range Coulomb interactions and short-range
contact interactions is shown. For long-range Coulomb interactions, itinerant ferro-
magnetism is expected to occur at low density n as Ej,;/Egin > 1 only when n ~ 0.
The density dependence for short-range interactions is opposite; itinerant ferromag-
netism is expected to occur at high density n > 1.

correlations which reduce the gain in interaction energy in a ferromagnetic state [199].
Recently, it was shown by quantum Monte Carlo (QMC) calculations [209, 141] that
the ferromagnetic phase transition in a three-dimensional electron gas at zero tem-
perature occurs only at the very low density of r, ~ 50, suggesting that the effect of
correlations should be taken into account for calculating the critical density.

A free electron model has often been improved by including the screening effect
between electrons [49, 134, 109, 198]. For more simplicity, the screened Coulomb in-
teractions are sometimes approximated by short-range contact interactions (or hard-
sphere interactions). For such interactions, a rigorous calculation of the true ground
state does not exist yet. Variational approximations [203], however, support the
Hartree-Fock results. In contrast to bare Coulomb interactions, itinerant ferromag-
netism may occur at high atomic density of the electron gas with short-range contact
interactions (see table 3.2.1).

In parallel to these efforts, ferromagnetism in Hubbard models [98] has been ac-
tively studied [127, 136, 125, 189]. The Hubbard model allows us to describe the
quantum correlations in a proper way, leading to rigorous calculations of the true
ground state. For example, Elliott H. Lieb and F. Y. Wu showed that the true ground
state in the one-dimensional lattice system should have antiferromagnetic configura-
tions [127]. Some other mathematical proofs have been achieved in the Hubbard-type
model under certain conditions. For more discussions, please see section 3.2.3. But,
the question of “whether spin-independent Coulomb interaction can induce ferromag-
netism in an itinerant electron system” has not yet been rigorously answered for the
free gas.
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3.2.2 Stoner Model in a Free Electron Gas with Short-range

Interactions

Itinerant Ferromagnetism often occurs in a “metallic magnetic material”. Here, the
metallic nature captures the itinerancy of electrons in a conduction band. In this
section, we will discuss the Stoner model explaining the ferromagnetic instability
in a free electron gas. The metallic state is characterized by the kinetic energy of

conduction electrons, imposed by the Pauli principle.

Short-range contact interations

The Stoner model can be derived by estimating total kinetic and interaction energy of
the electron gas. Since electrons are itinerant, each single electron does not feel bare
Coulomb repulsion produced by other electron. Instead, the metallic state profoundly
modifies the Coulomb interactions between electrons, leading to a rapid decrease in
the Coulomb repulsion beyond some characteristic distance, the Thomas-Fermi length

Arr. The phenomenon, called screening, introduces a simple estimate of the Coulomb

82
4meg

by other electrons, and becomes exponentially weaker beyond Arp,

r between electrons is screened

interaction. The bare Coulomb potential U(r) = —

B e? exp(—qrrr)
4dmreg r

USCT (Ir) = (3‘7)

where Arr = 27/grp. In typical transition metals such as iron, cobalt, and nickel,
Thomas-Fermi length Arr is less than the mean distance between electrons; therefore,
grr > q for short-range of the potential. In the form of the screened Coulomb

potential in momentum space

e? 1

- - 3.8
€0 ¢* + Gp (38)

USC’I‘ (Q)
, one can simply approximate the screened Coulomb potential Us..(q) to a constant
neglecting the term ¢*>. Then, the screened Coulomb potential reduces to a contact

interaction

U(r) = I8(r). (3.9)

To evaluate the response of the electron system in the presence of a magnetic
field, we now calculate the magnetic susceptibility x. The behavior of the magnetic
susceptibility clearly illustrates the role of short-range repulsive interactions in the

ferromagnetic phase transition.
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(a) (b)

Figure 3-2: Density of states of a metal. (a) In the presence of a magnetic field, the
density of states for spin-up and spin-down states shift in the opposite directions. This
leads to a paramagnetic behavior. (b) With introduction of exchange interactions,
the system of electrons are unstable toward a spontaneously magnetized state.

(1) Pauli paramagnetism (without Coulomb repulsion)

In the presence of the external magnetic field B, the electrons in the slice of energy
thickness d¢ = pugB are transferred from one spin-state to other [see figure 3-2 (a)].

The net magnetic moment in equilibrium becomes
M = (N(ep)upB x 2up = 2(up)*N(er)B (3.10)

where N(ep) is a density of state (DOS) at the energy of ep Therefore, Pauli spin
susceptibility at T = 0 * becomes

Xpaui = 240(18)* N (eF) (3.11)

clearly showing that there is no instability.

(2) Stoner model (with Coulomb repulsion)

Introducing Coulomb repulsion, we can examine the instability of the paramagnetic
state towards the ferromagnetic state. Here, we assume that Coulomb interactions
reduce to short-range contact interactions as describe in the relation 3.9. Thus the
interaction energy can be written as Fj,; = Inyn|, where n; (n;) is the density of
electrons with the spin-up (spin-down) state and I denotes the reduction in interaction

energy caused by reversing a spin. When electrons in a slice of energy thickness de

4The finite temperature effects change the density of state and displace the Fermi level. This
gives: x(T) = x(T = 0)(1 + O(T?))
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are transferred as in figure 3-2 (b), the kinetic energy of the electron gas increases:
AEyy, = N(er)(d¢)? (3.12)
The interaction energy, however, decreases:
AFE;; = I[g + N(eF)de][% — N(er)de| — I(%f = —IN?*(ep)(6¢)? (3.13)
Therefore, total energy changes with introduction of the perturbation,
AFEitq = N(er)(8e)*(1 — IN(eF)) (3.14)

This implies that the paramagnetic state is energetically stable only when IN(er) <
1. When interaction strength I is strong enough satisfying the criterion of IN(ep) >
1, the electron system undergoes a ferromagnetic phase transition. The spin suscep-
tibility becomes:

_ X Pauli
XStoner = 1— [N(EF) (315)

This corresponds to the many-body correction to the Pauli susceptibility leading to

the Stoner’s criterion,
IN(ep) > 1 (3.16)

where itinerant ferromagnetism occurs in a free electron gas. This Stoner’s crite-
rion involves microscopic aspects of itinerant exchange, through the term 7, and the
number of electrons, through the N(ep). Stoner’s model is universal in that it de-
pends only on the two parameters. Note that two major ingredients for itinerant

ferromagnetism are the Pauli principle and the Coulomb repulsion.

3.2.3 Ferromagnetism in Hubbard Models

The stoner model is generally expected to apply to systems with broad bands or
partially filled bands. As the bands become narrower, atom-atom correlation effects
become more important. In this case, it is much more convenient to describe the sys-
tem in the Wannier basis. For this purpose, the Hubbard model [98] was proposed by
British physicist, John Hubbard, in the early 1960s to describe narrow band metals
in which the repulsive Coulomb interaction between two electrons at the same site

is likely to suppress the hopping between adjacent sites . The model address both

5 At about the same time, Martin Gutzwiller proposed a very similar model as well.
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Figure 3-3: Hartree-Fock phase diagram for the two-dimensional Hubbbard model.
A, F, and P denote the antiferromagnetic, ferromagnetic, and paramagnetic ground
state respectively. From Ref. [82]

the electronic quantum correlations and some degree of electron mobility leading to
magnetism which are not fully described in the tight binding model or classical Ising
model [109]. The Hubbard model has been widely believed to be the basic ingredi-
ent in order to explain two major phenomena : quantum magnetism (for example,
ferromagnetism and antiferromagnetism ) and electrical conductivity (for example,
high-T¢ superconductivity) in condensed matter.

The model has a simple Hamiltonian,

H=—t Z al a, + Uannj,l (3.17)

(ijo @

where a;, (a},) is an fermionic annihilation (creation) operator of spin o on the site
iand n = a;raaw denotes the occupation number of the Wannier state ¢(R;, 7). The
Hamiltonian has two competing terms which are described by the hopping amplitude
t between neighboring lattice sites and the repulsive on-site interaction U between
atoms with opposite spin. For low filling factor, the Hubbard model reduces to the
Stoner model when one uses the Bloch basis ¢(k,r) and 2/ in place of the Wannier

basis and U.
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Can the Hubbard model favor particularly ferromagnetism or antiferromagnetism?
The answer is “YES in one-dimensional (1D) systems, but NOT always in other
cases.”. In spite of the richness in quantum phases, an exact solution only exists
in one-dimensional system [127]. Lieb and Wu proved that the ground state in the
1D system must have antiferromagnetic configuration. In the 2D system, an anti-
ferromagnetic ground state is expected for half-filling (n) = 1 in the Hartree-Fock
approximation as described in figure 3-3.

On the other hand, the Hubbard model possesses a ferromagnetic ground state
under certain conditions. Nagaoka rigorously proved that the very strong repulsive
interactions induce ferromagnetism if the occupation number (n) is slightly short
of half-filling [136]. Even with a single vacancy, the ferromagnetism occurs when
U — o0. Another rigorous model was discovered by Lieb [125] showing that a dis-
persionless flatband supports ferromagnetism. Recently, Tasaki has concluded that a
ferromagnetic ground state is favored in the Hubbard model when the electron can

hop farther than the nearest-neighbor sites [190].

3.2.4 Similar Studies in Normal Liquid 3He

The seminal discovery of the exotic superfluid phases of *He in 1971 [143] stimulated
both experimental and theoretical researches on the normal phase of 3He as well as
the superfluid phases [121, 193]. The normal liquid 3He has served as a model system
of strongly interacting fermions. Due to the high density, the interatomic interactions
are approximated by short-range contact interactions neglecting an attractive Van der
Waals tail.

The properties of liquid *He can be described by Landau Fermi liquid theory [157]
which deals with an interacting Fermi liquid phenomenologically. The theory of Lan-
dau assumes that the ground state of an interacting Fermi liquid consists of quasi-
particles (or elementary excitations) characterized by an effective mass m* and an
effective interaction parameterized by Landau parameters. Here, quasiparticles obey
the same distribution function of a non-interacting Fermi liquid. In this frame work,
several physical quantities such as the specific heat, the spin susceptibility, and the
compressibility are given as a function of Landau parameters and m*. For example,

the spin susceptibility y, becomes,

3

3
=}

Xs = X (318)

1+ Fg
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where x° denotes the spin susceptibility for a noninteracting system and Fg is one of
the Landau parameters.

Major efforts have been made toward an understanding of the properties of nor-
mal 3He [121, 193]. In particular, the enhancement in the spin susceptibility, xs,
of normal *He has stimulated many theoretical and experimental discussions. In
the expression 3.18, F§ has a negative value indicating the enhancement of the spin
susceptibility due to the ferromagnetic contribution arising from the Pauli exclusion
principle. When F§ — —1, the diverging spin susceptibility implies a phase transition
to a ferromagnetic state. The experimental measurement of x; [68], however, shows
that the spin susceptibility is enhanced only by FZ ~ —0.75 for all pressures °.

The enhancement of the spin susceptibility can be described in the “paramagnon
theory” [111, 7]. In this theory, *He is considered as “almost ferromagnetic” and its
properties are associated with the incipient ferromagnetic phase caused by low-energy
spin fluctuations. On the other hand, the same enhancement of the spin suscepti-
bility can be understood as a result of “localization due to strong correlations” [8].
In this picture, 3He is considered as “almost localized” (and therefore stays in the
paramagnetic phase) since the effective mass m* increases with pressure whereas the

Landau parameter F§ is almost constant in the experiment.

SAt a pressure of ~34 bars, liquid 3He solidifies.
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3.3 Itinerant Ferromagnetism in Ultracold Atomic

Gases

A Fermi gas of ultracold atoms as a model system

An important recent development in cold atom science has been the realization of su-
perfluidity and the BCS-BEC crossover in strongly interacting two-component Fermi
gases near a Feshbach resonance [91]. These phenomena occur for attractive inter-
actions for negative scattering length and for bound molecules (corresponding to a
positive scattering length for two unpaired atoms). Very little attention has been
given to the region for atoms with strongly repulsive interactions. One reason is that
this region is an excited branch, which is unstable against near-resonant three-body
recombination into weakly-bound molecules [153]. Nevertheless, many theoretical pa-
pers have proposed a two-component Fermi gas near a Feshbach resonance as a model
system for itinerant ferromagnetism [86, 170, 4, 182, 52, 19, 206, 114] assuming that
the decay into molecules can be sufficiently suppressed.

In contrast to the solid state system, the study of itinerant ferromagnetism in
a strongly interacting Fermi gas should address the effect of trap geometry and the
imposed spin polarization defined by the population imbalance for each spin state as
summarized in Table 3.2. For sufficiently large clouds (therefore neglecting surface
effects), trapped Fermi atoms can be simply treated as if each atoms are governed
by local Fermi energy and interactions imposed by other atoms. This approximation,
so-called “local density approximation (LDA)”, allows us to use the result obtained
for the homogeneous Fermi gas.

Another feature of the atomic system is the pseudo-spin associated with two dif-
ferent hyperfine states. In an atomic Fermi gas, two lowest energy states are generally
selected as pseudo-spin states; therefore spin-spin relaxation collision is prohibited en-
ergetically. In this configuration, the two-component Fermi gas is also stable against
dipolar relaxation due to the Pauli exclusion principle [91].

The imposed population imbalance for each pseudo-spin state realizes a canonical
ensemble with the fixed number of particles whereas solid state systems usually are
represented by a grand canonical ensemble with the chemical potential. In the case of
balanced Fermi mixture, the net spin polarization is zero which corresponds to zero
external magnetic field in solid state systems (see Table 3.2).

One of the attractive feature in the cold atomic system is the unprecedented con-

trol of two-body interactions via the Feshbach resonance [38, 108]. There had been
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Figure 3-4: Itinerant ferromagnetism in second-order perturbation calculations. Mag-
netization is calculated as a function of kra, for various temperatures. From left to
right T/TF =0, 0.1, 0.15, 0.2, and 0.25. The magnetization undergoes the first-order
phase transition at low temperatures (the dashed line in the graph). The critical
temperature for the ferromagnetic phase transition is shown as a function of kra in
the inset. The solid line (the dotted line) denotes first-order transitions (second-order
transitions ). From Ref. [52]

many theoretical works studying a two-component Fermi gas with repulsive inter-
actions as a model system of itinerant ferromagnetism. The phase separation in a
two-component Fermi gas has been studied by Salasnich et al. [170] and Sogo and
Yabu [182]; they treated harmonically trapped atoms in the Thomas-Fermi approxi-
mation. Duine and McDonald characterized the ferromagnetic phase transition in a
homogeneous Fermi gas, showing that the transition changes from the second order
to the discontinuous first order at the very low temperature [52] as summarized in
figure 3-4. They indeed treated the effect of fluctuations in second-order perturbation
theory, and pointed out that Hartree-Fock theory may underestimate the tendency
towards ferromagnetism. Recently, the ferromagnetic phase transition and the spin
structure in the ferromagnetic state have been investigated in a Fermi gas in a har-
monic trap [114, 19, 44]. In addition, some aspects of nonequilibrium dynamics in
a Fermi gas have been studied when a non-interacting Fermi gas undergoes a rapid
quench to the repulsive side of a Feshbach resonace [14, 44]. Itinerant ferromagnetism
in a Fermi gas has been also investigated in optical lattices. By engineering the band
structure to have a flat band in a two-dimensional honeycomb lattice, one can realize

a ferromagnetic phase in a two component Fermi gas [207, 195].
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Properties Cold atomic system Solid state system
Thermodynamic ensemble N1,NyE fixed u,B, T fixed
B Field Balanced |1 > —|2 > mixture Electron gas with
zero external magnetic field
Inter-particle s-wave scattering Coulomb interactions
interactions (short-range interaction) (but screened)
Tunable interactions Feshbach resonance pressure
Charge Neutral system Charged system

Table 3.2: Comparison between cold atoms and solid state in the study of itinerant
ferromagnetism.

3.3.1 A Very Simple Mean-field Prediction for Stoner’s In-
stability in an Ultracold Atomic Gas

A simple mean-field model captures many qualitative features of the expected fer-
romagnetic phase in equilibrium. In the strongly interacting regime, however, this
Hartree-Fock type approximation is not sufficient for a quantitative study since higher
order terms leading to quantum fluctuations play the important role. Nevertheless,
mean-field model would be a starting point to understand the properties of a two-
component Fermi gas.

We consider a uniform two-component Fermi gas interacting through a short-range
s-wave interactions (contact interactions). The main feature of the phase transition
in a homogeneous trap is expected to be maintained in a harmonic trap within the
local density approximation (LDA).

The Hamiltonian describing the system is given by

LW 3, b
H= zg:/ (27T)3Ekckack0 +g/d TCp 1+Cp. | Cr,|Crt (3.19)

_ R%k?

— 2m

where Ej, is the kinetic energy of atoms with mass m and momentum hk, and
g= 4”"1& denotes the contact interactions. Here, the interaction term represents any
short-range spin-independent potential.

For a two-component Fermi gas trapped in a homogeneous trap with volume V
and average atomic density n (per spin component), the total energy is given by in a

mean-field model

3
Efgm® = 3" ZV(Epons) + gV, (3.20)
)
o=T,l
with density n, = N,/V of the spin ¢ and Fermi energy Er, = 52’:"’.
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Mean-field model at T=0

|1> n+dn i |‘|> n-dn
[2> n-dn . |2> n+dn
- i _
Volume :V
Density :n

Local dendsity imbalance : dn

Figure 3-5: Mean-field model at T' = 0 for itinerant ferromagnetism in a Fermi gas of
ultracold atoms. With introduction of local density imbalance dn in a two-component

Fermi gas, the instability toward a ferromagnetic state can be described in a mean-
field model.

Now, we introduce the local magnetization of the Fermi gas, n = dn/n, as de-
scribed in figure 3-5. The local magnetization of the Fermi gas is non-zero when the
gas separates into two volumes although the total number of atoms in each pseudospin

state is conserved. The total energy with local magnetization n becomes

3 2
Efota = Er2Vnls{(1+0) + (1 =n)"} + —kpa(l+n)(1-n)]  (321)

For a system at constant volume, the shape of the total energy E7 . , as a function

ota
of the magnetization 7 implies that the Landau-type second-order phase transition
occurs at critical value of krpa. Figure 3-6 (a) shows the total energy at different value
of kra. It is clear that the system with minimum in energy spontaneously devolops
non-zero magnetization when kra is larger than 7/2. The phase transition occurs
when the curvature of the energy curve becomes zero at n = 0:
0 Ef ot
37720 Lo =0 (3.22)
giving the critical value of kra = 7/2.
To compare this model with a cold atomic system, it is more convenient to consider

the thermodynamic quantities at constant pressure because the atoms are trapped in
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Figure 3-6: Ferromagnetic phase transition at T=0, according to the mean-field model
described in the text. The onset of itinerant ferromagnetism occurs when the energy
as a function of magnetization flips from a U-shape to a W-shape (a). Figure (b)
shows the enthalpy, volume and kinetic energy (normalized to their values for the
ideal Fermi gas), and magnetization as a function of the interaction parameter kra.
Note that kr is defined by the density of the gas. The dotted line marks the phase
transition.

a harmonic potential ”. For this, we consider the enthalpy, H, of the system:

H"=E} ., — PV (3.23)

otal —

with the pressure P = —dE7, ,../dV.
Similar to the constant volume case, one can calculate the magnetization n of
the system at a given krpa by minimizing the enthalpy. Subsequently, kinetic energy,

volume, and total enthalpy are known as a function of kra (see figure 3-6 (b)).

o Kinetic energy: For increasing repulsive interactions, the gas expands, lowering

its density and Fermi energy; kinetic energy is therefore reduced. When the

"In a harmonic potential, the pressure is actually not constant but this simple approach is very
useful to capture qualitative features in a ferromagnetic phase transition.
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gas enters the ferromagnetic phase, kinetic energy increases rapidly due to the
larger local density per spin state. When the gas is fully polarized, it avoids
the repulsive interaction, but increases its kinetic energy normalized by kp? by
a factor of 22/3.

e Volume: The volume has a maximum value at the phase transition. This can

be understood by noting that pressure in our model is given by
(2/3)Exin/V + Eine/V (3.24)

where Ey;, is kinetic energy and E;,; interaction energy. At the phase transition,
the system increases its kinetic energy and reduces its interaction energy, thus
reducing the pressure. This maximum in pressure at constant volume turns into
a maximum in volume for a system held at constant pressure, or in a trapping

potential.

e Magnetization: In the mean-field model, the phase transition is second-order;
the magnetization, therefore, changes continuously. The phase transition, how-
ever, may become first-order at the very low temperature due to quantum fluc-
tuations [52].

In summary, we have obtained three predictions of this mean-field model:
(1) the onset of local magnetization
(2) the minimum in kinetic energy
(3) the maximum in the size of the cloud
Note that the qualitative features are generic for ferromagnetic phase transition and

should be present in more advanced model.

3.3.2 Domain Structure of the Ferromagnetic Ground State

As described in figure 3-7, there are several configurations for the ground state of
the ferromagnetic state in the uniform gas. When the number of atoms in each spin
state is not conserved (i.e. in the grand canonical ensemble), the true ground state
of the ferromagnetic phase is the homogeneous fully-polarized state with a constant
magnetization ./\710 as described in figure 3-7 (b). In a trapped atomic gas, however,
this is not valid since the total spin population in each state must be conserved. For
the gas of equal spin populations, the total magnetization of the system is always

zero: [ drM (r) = 0. Therefore, the configuration of the ferromagnetic ground state
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Figure 3-7: Schematic illustration of the ferromagnetic transition in the uniform two-
component Fermi gas. As the repulsive interaction strength is increased, the gas
of ultracold atoms becomes ferromagnetic at the critical value of kra = 7/2 in the
mean-field model. The kinetic energy of the gas increases by the factor of 22/3 when
(a) the state is phase-separated or (b) the state becomes fully coherent.
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Hedge Hog Domain Wall

Figure 3-8: The possible configuration of the ferromagnetic ground state in a two-
component Fermi gas trapped in a spherical potential. The hedhog state and the
domain wall state are shown in (a) and (b) respectively.

in the trapped gas must change to satisfy the above constraint. In a spherical three-
dimensional trap, two candidates, the hedge hog and the domain wall state, for the
ferromagnetic ground state are described in figure 3-8 (a) and (b) respectively. It has
been shown that the hedge hog state has lower energy than the domain wall state in
a three-dimensional trap [19, 114]. However, the energy difference between the two
configurations turns out to be very small compared to the Fermi energy Ep or the
temperature kgT of the system [114].
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Chapter 4

Itinerant Ferromagnetism in a
Fermi Gas of Ultracold Atoms

This chapter describes our research on itinerant ferromagnetism in a strongly inter-
acting Fermi gas of ultracold atoms. QOur experiment can be regarded as quantum
simulation of a Hamiltonian for which even the existence of a phase transition was

unproven. The experiment was reported in the publication:

e Gyu-Boong Jo, Ye-Ryuoung Lee, Jae-Hoon Choi, Caleb A. Christensen, Tony
H. Kim, Joseph H. Thywissen,David E. Pritchard and Wolfgang Ketterle
Itinerant Ferromagnetism in a Fermi Gas of Ultracold Atoms
Science 325 , 1521-1524 (2009). Included in appendix C

4.1 Two-component Fermi gas with strong repul-

sive interactions as a Model System

Overview

Recent developments in the field of ultracold Fermi gases rely on the ability of tun-
ing the scattering length a from zero to the value larger than mean interatomic dis-
tance [65, 38, 108]. This is done by simply changing the magnetic field near a Feshbach
resonance. In this section, we mainly discuss the properties of the system near the
Feshbach resonance. In particular, the repulsive gas is of interest since it would be a
model system for the study of itinerant ferromagnetism.

As described in figure 4-1, the Feshbach resonance couples a molecular bound
state (referred to as closed channel) with an unbound state describing a colliding pair
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of atoms (referred to as open channel). In a two-particle picture, the energy spectrum
in the system of Fermi gases near the Feshbach resonance shows that there are several
energy branches for the macroscopic state of the Fermi gas (see figure 4-1). Here, the

two lowest-energy branches are of importance for our purpose.

1. The ground state branch : The ground state branch connects two different
regimes: a dilute gas of dimers (on the left-hand side of figure 4-1) and a weakly
attractive gas (on the right-hand side of figure 4-1). In the dilute Fermi gas with
negative scattering length (kr|a| < 1), the many-body state can be described
in the BCS picture [17] both at T = 0 and at finite temperature. In this
regime, the Cooper paring instability toward the BCS state exists even in the
presence of extremely weak attraction. For the gas of dimers (kra < 1), the
behavior can be described by the BEC picture (hereafter called BEC limit).
Experimentally, the molecular Bose-Einstein condensation has been observed
by several groups [211, 67, 30, 18, 144]. For both BCS and BEC limits, the gas
remains stable and shows superfluidity. The many-body physics becomes much
more challenging in the intermediate regime connecting the BCS and BEC limits
because the scattering length is larger than mean interatomic distance kg|a| >
1. For this regime, so-called BCS-BEC crossover, many relevant experiments
and theoretical calculations have indicated that the gas exhibits superfluidity
and remains stable [65, 91]. In addition, the universal behavior at the unitary
regime (kpa — 00) has been studied experimentally in good agreement with

relevant numerical calculations. For more details, I refer to Ref. [65, 91].

2. The first excited branch : The repulsive gas of atoms is realized in the
first excited branch. An attractive potential with a weakly bound state has
a positive scattering length describing repulsive interactions in the continuum.
In the dilute atomic gases, the true ground state in the presence of repulsive
interactions is the gas of the dimers since the long-range atom-atom interactions
are attractive. In the excited branch, therefore, the gas of atoms with positive
scattering length a is metastable since three-body collisions between atoms tends
to form a molecule [153] and populates ground state branch. The collision rate is
proportional to a® for small scattering length, kra < 1, and the binding energy
of the produced dimer is carried away by the third atom. When kra — 0, the

gas corresponds to the weakly repulsive gas.

As we have seen above, two different branches near the Feshbach resonance al-

low us to prepare both an attractive and a repulsive gas of atoms. Experimentally,

56



.
Ll

Two-particle energy

First excited

branch
3 Ground state
as branch
- 6‘6\ Feshbach
resonance s

>
Magnetic field

Figure 4-1: Schematic illustration of the energy spectrum of the two-particle system
in a spherical harmonic potential near a Feshbach resonance.

the atomic gas in the ground state branch has been achieved by (1) producing and
simultaneously cooling down a gas of dimers via three-body collisions with a fixed
(positive) scattering length or (2) crossing the Feshbach resonance adiabatically start-
ing from the negative scattering length. On the other hand, the repulsive gas can
be realized by adiabatically increasing the scattering length, starting from the small
value, a = 0* [29]. For the repulsive atomic gas, the strongly interacting gas suffers
from molecule formation leading to a short lifetime. To minimize deleterious molecule
formation in the atomic gas, one should increase the scattering length from zero to
the large value as quickly as possible. This quench could be done by ramping up the
magnetic field [102] or by changing the hyperfine state of the atom with an RF pulse
as discussed in section 4.5.

Before we discuss the properties of the repulsive gas of atoms, it is useful to distin-
guish two different universal states in the unitary limit la| — oco. In the ground state
branch, the effective interaction in the unitary limit is attractive, whereas it is repul-
sive in the first excited branch. This different behavior of the gas is clearly identified

in the calculation of the thermodynamic pressure in a toy model (see figure 4-2).
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Strongly interacting repulsive atomic gas

For an weakly repulsive Fermi gas, the ground-state energy be exactly calculated
within standard perturbation theory. The atom-atom interactions are approximated
by the psedopotential with a scattering length a. At nearly zero temperature, the
energy per particle is given by the following asymptotic expansion [88, 116, 126]:

E 3

= = Ep(Z

2 4
N + —kpa + — (11 — 2in2)(kpa)? + 0.23(kra)® + ...) (4.1)

5 37 35m

where Ep = % is Fermi energy and kg is the Fermi wavenumber, which should be
meaningful either for weakly interacting case (¢ — 0) or low density (kr — 0). Note
that the energy in the equation 4.1 denotes the energy of the true ground state for
purely repulsive potentials such as the hard-sphere model. In the dilute atomic gas,
this result describes the energy of metastable repulsive gas in the first excited branch.

Each term in the expression 4.1 has a physical physical interpretation:

e The first term corresponds to the kinetic energy of the noninteracting Fermi

gas.

e The second term proportional to kra implies both direct and exchange interac-
tion energy associated with the two-particle forward scattering. Indeed, this is
related to the definition of the s-wave scattering length a for low-energy colli-
sions in a low-density gas. Neglecting the effect of the presence of other particles
in the Fermi sea, free-particle scattering amplitude f(k, k') has a constant value

—a as k = k' — 0 (low-energy limit).

e The term proportional to (kra)? indicates the particle-hole excitation in the
presence of the Fermi sea. For example, this term includes the physical process
that an incident particle excites a particle in the Fermi sea, leaving a hole
behind. Subsequently, the same two particles collide with each other again,
removing a hole in the Fermi sea and bringing the system back to the initial
state.

e A correction of order (kra)® represents the three distinct collisions associated

with three-particle correlations [50].

The many-body problem for a large positive scattering length, kra > 1, is much
more challenging. To date, an exact solution of the many-body ground state in this
regime is not available and one has to rely on the numerical calculations or advanced

Hartree-Fock theories including the second-order fluctuations [133, 1, 52, 43].
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We may now ask for the thermodynamic property of the Fermi gas when the
scattering length is larger than the mean distance between particles. In particular,
the ground-state energy, the compressibility, and the thermodynamic pressure of the
repulsive gas near the Feshbach resonance are of interest.

For this purpose, we introduce a very simple model capturing relevant physics
in the strongly repulsive Fermi gas [160]. Although the many-body effects such as
correlation effects are not well taken into account in this model, it describes some

properties of strongly interacting gases.

A simple model: A two-component Fermi gas with arbitrary values of the scat-
tering length a can be simply modeled by considering a single fictitious particle in a
three-dimensional spherical box interacting with a fixed scatterer at the center. The
interactions between two atoms in different spin states are captured by the interaction
of the fictitious particle with the scatterer. The boundary of the sphere box repre-
sents the Pauli blocking in the presence of other fermions and, indeed, the radius of
the sphere, R, is determined by the density of the gas: kpR = \/%’/T. For N/2 spin
+1/2 and N/2 spin —1/2 fermions, the total energy of the system, E(a), at arbitrary
scattering length a is given by [160],
1

E(kpa) = §N6 (4.2)
where € = @2—"%“3 represents the energy of fictitious particle. The wavefunction ¢(r) of

the fictitious particle satisfies

R_,
——Vp = 4.3
p=cp (4.3)
with the contact interaction condition lim,_,q —8’5;“’) = —1 [139, 154]. For low-energy

limit, the only relevant partial wave is the s-wave leading to rotational symmetric

solution of equation 4.3. A simple calculation gives the energy of the fictitious particle
R2k?

m

as follow; for positive (negative) energy
of

(‘%), k is determined by the solution

tan kR = ka (tanh kR = ka). (4.4)

In figure 4-2, the total energy of the gas and the thermodynamic pressure are
shown as a function of kra. Here, since we are interested in the two lowest branches,
only the two smallest eigenvalues in 4.4 are considered in figure 4-2. In figure 4-2
(a), the upper branch corresponds to the first excited branch in figure 4-1 whereas
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Figure 4-2: The energy per particle and the thermodynamic pressure of the repulsive
interacting two-component Fermi gas in the simple model. (a) The energy per particle
(in (a)) and the thermodynamic pressure (in (b)) are shown as a function of kra. They
are normalized by the Fermi energy, Er, and the pressure, Py, respectively for the
non-interacting ideal Fermi gas.

the lower one to the ground state branch. The total energy of the repulsive gas (the
upper branch) gradually increases with the interaction parameter kra and eventually
saturates near the Feshbach resonance. On the other hand, the lower branch shows
the feature of dimers; the binding energy of a dimer near the resonance is given by
~ h%/ma?.

The difference between the two branches becomes more prominent in the thermo-

__ O0E(kpa)
ov

dynamic pressure P(a) = where V' is the volume of the system. After a

simple algebra, the pressure for the first excited branch, P.(a), is given by

10me 1
P.(kra) = Py x 3h2k%(1 — ea ) (4.5)
\/%7"(1‘* 27rrLLa 6)
where Py = 1%?%2 is the Fermi pressure of the non-interacting gas. The result in

figure 4-2 (b) shows that the thermodynamic pressure at large kra > 1 implies the
behavior of the repulsive (P.(kra) > P,) and attractive (Py(kra) < Pp) gas for the
first excited and the ground state branch respectively.

4.2 Implementation of the Stoner model in an Ul-

tracold Atomic System

Motivation: So far, we have seen that the two-component Fermi gas near the Fes-

hbach resonance may offer an opportunity to study the property of the repulsive
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Fermi gas. Encouraged by this, we now implement the Stoner model [181] using a
two-component gas of free fermions with short-range repulsive interactions which can
capture the essence of the screened Coulomb interaction in electron gases [181]. How-
ever, there is no proof so far that this simple model for ferromagnetism is consistent
when the strong interactions are treated beyond mean-field approaches. It is known
that this model fails in one-dimension where the ground state is singlet for arbitrary
interactions, or for two particles in any dimension [124]. Here, cold atoms are used
to perform a quantum simulation of this model Hamiltonian in 3D and provide ex-
perimental evidence that it leads to a ferromagnetic phase transition [187]. A similar
model is also realized in helium-3 [193], but it turns into solid and not into a fer-
romagnetic phase at high pressure. It has also been applied to neutrons in neutron
stars [156].

4.2.1 Experimental Technique
Preparation of the ultracold °Li cloud

The first step is the production of a spin-polarized Fermi gas in the |F = 3/2, mp =
3/2) state by sympathetic cooling with bosonic *Na atoms in a magnetic trap as
described in Ref. [78]. The ®Li cloud was then loaded into a deep optical dipole trap
with a maxium power of 3W and radial trap frequency of ~3.0 kHz, followed by an
RF transfer into the lowest hyperfine state |FF = 1/2,mp = 1/2). Additional axial
confinement was provided by magnetic fields. An equal mixture of |1) and |2) spin
states (corresponding to the |F' = 1/2,mp = 1/2) and |F = 1/2,mp = —1/2) states
at low magnetic field, see also appendix A) was prepared by a Landau-Zener RF sweep
at a magnetic field of 590 G, followed by 1 s for decoherence and further evaporative
cooling at 300 G. Finally, the optical trapping potential was adiabatically reduced
over 600 ms, and the field increased back to 590 G. The trap had a depth of 7.1 uK

and was nearly cigar shaped with frequencies v, = v, ~ 300 Hz and v, ~ 70 Hz.

Magnetic field ramp

Our current coil geometry does not allow very fast magnetic field ramping. After
improving the ramp rate of our power supplies to better than 1 ms, we observed that
the magnetic field was still lagging 4.5 ms behind, probably due to eddy currents as
described in figure 4-4. The actual magnetic field at the position of the atom cloud
was determined in a spectroscopic way. In the experiment, the magnetic field was

ramped up from 590 G to the field of interest within 4.5 ms.
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Figure 4-3: (a) The schematic shows the time sequence of the experiment. The sample
was exposed to the magnetic field of interest for 0 - 14 ms and analyzed in-situ for loss
measurement or after 4.6 ms time-of-flight for the measurement of kinetic energy and
the axial size of the cloud. The Feshbach fields were suddenly switched off at a rate of
1G/us, preventing the conversion of interaction energy into kinetic energy during the
expansion. (b) This absorption image shows the [1) component of the cloud trapped
at 812 G (left), and after 4.6 ms ballistic expansion imaged at zero field (right). The
field of view is 840m x550um. The magnetic field ramp was limited by eddy currents
to 4.5 ms. Spectroscopic measurements of the magnetic field showed that the field
was trailing behind the current which was controlled with a time constant faster than
1 ms.
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Figure 4-4: The effect of eddy currents on the magnetic field ramp was measured.
Though the current from the power supply was ramped up within 1 ms (red solid
curve), the magnetic field at the position of the atom cloud requires at least 4.5 ms
(red solid circles). The magnetic field is also shown for the slower ramp rate (blue
dotted curve and blue open circle) .

Molecule formation and the effective temperature

We start with an atom cloud consisting of an equal mixture of 6Li atoms in the low-
est two hyperfine states, [1) and [2), held at 590 G in an optical dipole trap with
additional magnetic confinement. The number of atoms per spin state ~ 6.5 x 10°
corresponds to a Fermi temperature Tr of ~1.4 uK. The effective temperature T
could be varied between T'/Tr = 0.1 and T/Tr = 0.6 and was determined right after
the field ramp by fitting the spatial distribution of the cloud with a finite temperature
Thomas-Fermi profile. Note that k5 is the Fermi wavevector of the non-interacting
gas calculated at the trap center. Applying the procedure discussed in Ref. [107] to
repulsive interactions, we estimate that the real temperature is ~20% larger than
the effective one. The effective temperature did not depend on k%a for ka < 6. At
higher temperatures, additional shot-to-shot noise was caused by large fluctuations in
the atom number. From the starting point at 590 G, the magnetic field was increased
towards the Feshbach resonance at 834 G, thus providing adjustable repulsive inter-
actions. Due to the limited lifetime of the strongly interacting gas, it was necessary
to apply the fastest possible field ramp, limited to 4.5 ms by eddy currents. The ramp
time is approximately equal to the inverse of the axial trap frequency and therefore
only marginally adiabatic. Depending on the magnetic field during observation, ei-
ther atoms or atoms and molecules were detected by absorption imaging as described
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in figure 4-3 [211].

4.3 Evidences for Itinerant Ferromagnetism in a
Fermi Gas of Ultracold Atoms

In this section, we introduce the experimental characterization of the ferromagnetic
phase transition in a Fermi gas of ultracold aotms. We have observed three different
evidences for ferromagnetic phase transition. The observations are qualitatively in

agreement with predictions in mean-field and more advanced models.

1. Local spin polariztion

The emergence of local spin polarization can be observed by the suppression of (either
elastic or inelastic) collisions, as the Pauli exclusion principle forbids collisions in a
fully polarized cloud. We monitor inelastic three-body collisions which convert atoms
into molecules. The rate (per atom) is proportional to f(a, T)nin, or f(a, T)n?(1—n?)
and is therefore a measure of the magnetization 7. For kra < 1, the rate coefficient
f(a,T) is proportional to a® max(T,Tr) [48]. For kra > 1, the f(a,T) is unknown
and the rate coefficient may be suppressed at a very low temperature due to the
Pauli blocking. However, the effect of the Pauli blocking has not yet been studied
quantitatively. This rate can be observed by monitoring the initial drop in the number
of atoms during the first 2 ms after the field ramp. We avoided longer observation
times since the increasing molecule fraction could modify the properties of the sample.

Figure 4-5 shows a sharp peak in the atom loss rate around k%a ~ 2.5 at T/TF =
0.12 indicating a transition in the sample to a state with local magnetization. The
gradual decrease is consistent with the inhomogeneous density of the cloud where the
transition occurs first in the center. The large suppression of the loss rate indicates

a large local magnetization of the cloud.

2. Kinetic energy of the cloud

The kinetic energy of the cloud was determined by suddenly switching off the optical

trap and the Feshbach fields right after the field ramp and then imaging state |1)

atoms at zero field using the cycling transition after a ballistic expansion time of

Ay,p = 4.6 ms. The kinetic energy was obtained from the Gaussian radial width o,
3mog?

as B, = W where m is the mass of the ®Li atom. Figure 4-6 demonstrates a

minimum of the kinetic energy at kza =~ 2.2 for the coldest temperature, T/Tr = 0.12,
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Figure 4-5: (a) Atom loss rate as a probe for local spin polarization, for different
temperatures: T/Tr = 0.55 (dashed curve), T/Tr = 0.22 (dotted curve), and T/Tr =
0.12 (solid black curve). The curves are guides to the eye, based on the assumption
of a loss rate which saturates for increasing a in the normal state. The shaded area
around the phase transition at 7'/Tp = 0.12 highlights the same region as in figure 4-6
and 4-7. Atom loss rates at kpa = 2.5 and kpa = 4.9 are obtained by measuring the
initial drop in the atom number as shown in (b) and (c) respectively.
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nearly coinciding with the onset of local polarization. The peak in the atom loss rate
occurs slightly later than the minimum of kinetic energy, probably because f(a,T)
increases with a [114]. Since the temperature did not change around k%a ~ 2.2,
the increase in kinetic energy is not caused by heating, but by a sudden change in
the properties of the gas, consistent with the onset of ferromagnetism. The observed
increase in kinetic energy is ~20 % at T/Tr = 0.12, smaller than the value (2%/3—1) =
0.59 predicted for a fully polarized gas. This discrepancy could be due to the absence
of polarization or partial polarization in the wings of the cloud. Also, it is possible
that the measured kinetic energy of the strongly interacting gas before the phase
transition includes some interaction energy if the Feshbach fields are not suddenly
switched off. For the current switch-off time of ~100 us, this should be only a 5%
effect, but the magnetic field decay may be slower due to eddy currents.

3. Cloud size

Finally figure 4-7 shows our observation of a maximum cloud size at the phase tran-
sition, in agreement with the prediction of the model. The cloud size may not have
fully equilibrated since our ramp time was only marginally adiabatic, but this alone

cannot explain the observed maximum.

4. Temperature dependence

The suppression of the atom loss rate, the minimum in kinetic energy, and the maxi-
mum in cloud size show a strong temperature dependence between T'/TF of 0.12 and
0.22. As the properties of a normal Fermi gas approaching the unitarity limit with
k%a >> 1 should be insensitive to temperature variations in this range, this provides
further evidence for a transition to a new phase.

At higher temperature (e.g. T/Tr = 0.39 in figure 4-6), the observed non-
monotonic behavior becomes less pronounced and shifts to larger values of k%.a for
3 < kza < 6. For all three observed properties (figure 4-5~ 4-7), a nonmonotonic
behavior is no longer observed at T/Tr = 0.55. The interpretation of the loss rate
is complicated since f(a,T) is unkown for kra > 1. The three body rate f(a,T) is
expected to be unitarity saturated for kpa > 1 [197]. The lines in figure 4-5 indicate
that the observed loss rate is consistent with unitarity saturation and a sudden drop
at the phase transition, which occurs at large values of kra at higher temperature.

One interpretation is that at this temperature and above, there is no phase tran-

sition any more. Note that in a mean-field approximation, a ferromagnetic phase
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Figure 4-6: Kinetic energy of a repulsively interacting Fermi gas determined for dif-
ferent interaction parameters kja and temperatures. The measured kinetic energy is
normalized by the Fermi energy E% of the noninteracting Fermi gas at T=0, calcu-
lated at the trap center with the same number of atoms per spin state. Each data
point represents the average of three or four measurements.
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mined from the measured cloud size, o, as p = %mwzzof (b) Number of particles
including both atoms and molecules right after the field ramp. This result shows that
25 % of atoms were converted into molecules during the field ramp, and this fraction
stayed constant for kz.a > 1.8, where the phase transition was reached. This molecule
fraction was independent of temperature.
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would appear at all temperatures, but for increasing values of k%a. Our observations

may imply that the interaction energy saturates around k%a = 5.

5. Limitations in the experiment

The spin-polarized ferromagnetic state should not suffer from inelastic collisions.
However, typical lifetime were 10 - 20 ms, probably related to a small domain size
(see below) and three-body recombination at domain walls.

We were unsuccessful in imaging ferromagnetic domains using differential in-situ
phase-contrast imaging [180]. A noise level of S/N ~10 suggests that there were
at least 100 domains in a volume given by our spatial resolution of ~ 3 pum and
the radial size of the cloud. This implies that the maximum volume of the spin
domains is ~ 5 um3, containing ~ 50 spin-polarized atoms. We suspect that the
short lifetime prevented the domains from growing to a larger size, and eventually
adopting the equilibrium texture of the ground state, which has been predicted to have
the spins pointing radially outward, like a hedgehog [19, 114]. All our measurements
are sensitive only to local spin polarization, independent of domain structure and
texture.

The only difference between our experiment and the ideal Stoner model is a molec-
ular admixture of 25 % (see figure 4-7). The molecular fraction was constant for
k%a > 1.8 for all temperatures and therefore cannot be responsible for the sudden
change of behavior of the gas at k%a ~ 2.2 for the coldest temperature T/Tr = 0.12 .
This was confirmed by repeating the kinetic energy measurements with a molecular
admixture of 60 %. The minimum in the kinetic energy occurred at the same k%a

within experimental accuracy.

4.4 Discussion

4.4.1 The Critical Value of kra Observed in the Experiment

The observed phase transition at kya ~ 2.2 must be rescaled in order to compare it to
the theoretical predictions. For this, we have to replace the ideal gas k% by the value
for the interacting gas, which is smaller by ~ 15% because of the expansion of the
cloud (figure 4-7), and obtain a critical value for kpa ~ 1.9 £+ 0.2. At T/Tr = 0.12,
the finite temperature correction in the critical value for kra is predicted to be less
than 5% [52]. The observed value for kra is larger than the mean-field prediction of
7/2 and the second order prediction of 1.054 at zero temperature [52]. Depending on
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the theoretical approach, the phase transition has been predicted to be first or second
order. This could not been discerned in our experiment due to the inhomogeneous
density of the cloud.

4.4.2 Estimation of the Maximum Total Repulsive Energy

Our work demonstrates a remarkable asymmetry between positive and negative scat-
tering length. Early work [86] predicted that for kr|a| = 7/2, both an attractive
and a repulsive Fermi gas become mechanically unstable (against collapse, and phase
separation, respectively). In an attractive Fermi gas, however, the mechanical in-
stability does not occur (due to pairing [138]), in contrast to our observations in a
repulsive Fermi gas. This suggests that the maximum total repulsive energy (in units
of 3/5(2Vn)EF) is larger than the maximum attractive energy |3 of 0.59 [34] realized
for infinite a.

Full phase separation at zero temperature requires a total repulsive energy of
(2%/3 —1) = 0.59 in units of 3/5(2Vn)Ep. At finite temperature T, one has to add T'S
where S = (2Vn)kpin2 is the entropy difference between the two phases as described
in figure 4-8. We can estimate the maximum repulsive energy by considering free
energy F',

F=E-TS (4.6)

where F is free energy of a two-component Fermi gas, T' the temperature, and S the

entropy. Across the ferromagnetic transition, the chagne in free energy satisfies

3
AF = Fryr — Fnopma = (237 — l)gNEF + kyTNIn2 — AE, epuisive < 0 (4.7

This gives us the maximum repulsive energy,

3 T
Alare]fmlsive > _NEF((23/2 - 1) + -—ln2§) (48)
) Tr 3

Our tentative observation of a ferromagnetic phase at T' = 0.397F implies a repulsive
energy of ~ 1.04 assuming full phase separation, larger than the maximum attractive
energy of 0.59.
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Figure 4-8: The entropy difference between the normal and the ferromagnetic phase.

4.4.3 Comparison with Ferromagnetism in Spinor Bose-Einstein

Condensates.

So far, magnetism in ultracold gases has been studied only for spinor [184, 168|
and dipolar [110] Bose-Einstein condensates. In these cases, magnetism is driven by
weak spin-dependent interactions which nevertheless determine the structure of the
condensate due to a bosonic enhancement factor. Especially in spinor condensates,
the long-range dipole-dipole interactions are not negligible in contrast to a strongly

interacting Fermi gas in which the short-range exchange interactions are dominant.

4.4.4 Discrepancy of the Critical Value of kra

The mean-field calculation predicts that itinerant ferromagnetism occurs at krpa =
7/2 in a homogeneous Fermi gas. The experiment reported in this thesis, however,
has observed that the critical value of kra is rather larger. More advanced models
predicts even smaller critical interaction strength (see table 4.1). This discrepancy
raises a question if our theoretical predictions are not precise enough or other physical
mechanism plays a role. In any cases, it is very important to resolve the discrepancy
in the critical kra since it would improve our theoretical understanding of a strongly
interacting many-body system. Recently, two rather opposite physical mechanisms
affecting the critical kra have been proposed: quantum fluctuations enhancing inter-

acting energy and three-body losses damping out quantum fluctuations.
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The role of quantum fluctuations

The energy density, €, of the Stoner Hamiltonian 3.19 can be calculated up to second-
order in kra by either perturbation theory [133, 1, 52] or field-theoretical approach [43]

2kpa

QkFa) Z 1y (exa )y (€xy ) [0 (€ks) + 1y (€5, )]

M~ (
ekl + 6/62 - ekg - 6k4

7

V Z €xne (€x) +

mean— field

(4.9)
where n, (€) denotes the Fermi distribution at the energy of ¢, v is the density of state
at the Fermi surface, and a is the s-wave scattering length. The underbraced leading
terms simply recovers the mean-field Stoner model. The quantum fluctuations are
encoded into the term proportional to (kra)? leading to a first-order phase transition
at low temperature. Physically, the second-order term represent particle-hole excita-
tions which are neglected in mean-field calculations. Also, the unitarity limit close to
the Feshbach resonance is taken into account by renormalizing (or regularizing) the
interaction strength g [148]:

2kFa 2 2kra 1
— () Z o (4.10)
Note that this treatment regularize the unphysical divergence of the second-order
terms close to the Feshbach resonance.

The presence of the quantum fluctuations enhances the interaction energy so that
it decrease the critical interaction strength kpa* = 1.05. Here, the second-order
contribution in 4.9 is actually positive definite ! because of the renormalization of
g [148].

Recently, the effect of the atom loss via the three-body collisions has been studied
in Ref [42] in a Fermi gas of ultracold atoms. It was shown that the atom loss hinders
the ferromagnetic phase transition by damping out the quantum fluctuations.

In summary, quantum fluctuations have an important role in a ferromagnetic
transition. Recently, however, it has been pointed out that the effect of quantum
fluctuations - first-order phase transition and lower critical interaction strength - may
be preempted by the formation of an inhomogeneous magnetic phase [43] and three-
body loss respectively [42]. In particular, the three-body loss damps quantum fluctu-

ations and thus increases the critical interaction strength needed for a ferromagnetic

ITherefore, the second-order term increases effective interaction strength.
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Predictions kra
MIT experiment [102] 1.9+0.3
Analytic method [52] 1.05
including quantum fluctuations
QMC [43] 0.85
Mean-field model [114] 1.84

Table 4.1: Prediction of critical interaction strength for itinerant ferromagnetism in
a Fermi gas of ultracold atoms.

transition.

4.4.5 Correlation Effects

The interpretation of our results in terms of a phase transition to itinerant ferro-
magnetism is based on the agreement with the prediction of simplified models based
on the Hartree-Fock approximation. In a strongly interacting regime, however, the
Hartree-Fock approximation does not take into account correlation effects [56].

In the Hartree-Fock method, the parallel spins are kept apart by the Pauli ex-
clusion principle whereas the antiparallel spins are spatially uncorrelated. Thus, the
antiparallel spins possess a relatively large energy via Coulomb repulsion or other
short-range interactions. In an exact treatment without any approximation, however,
it is likely that the antiparallel spins are somehow correlated due to strong repulsive
interactions. The correlation eventually would reduce the interaction energy, Uj,;, in
the system. The difference between the exact ground state of an strongly interacting
system and the approximated ground state in the Hartree-Fock method is caused by
so-called “correlation effects” [56].

The possible importance of correlations in the Hubbard model was pointed out
by Kanamori [105]. He argued that the short-range correlations reduce the effective
interaction energy, Us,:; therefore U;,; must be finite even with infinitely large bare
interactions. Furthermore, Gutzwiller [75, 76] approximately calculated that the non-
magnetic state in the presence of strong correlations can have lower energy than a
ferromagnetic state at low density. For this, he constructed his famous projected
wavefunction describing the reduction of on-site interaction energy in a lattice. How-
ever, both arguments by Kanamori and Gutzwiller are based on the lattice-model
so that further theoretical developments are required to treat correlation effects in a
interacting free Fermi gas.

Recent work [205] has shown, within a phenomenological model, that correlations
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can lead to similar experimental signatures as we have observed [102]. However,
the model does not quantitatively agree with our data, and has some qualitative
discrepancies as well; for example the extrema of lifetime, kinetic energy and cloud size
do not occur at the same value of the parameter kra in contrast to our observations.
It would be interesting to see if further development of the alternative theories could

lead to quantitative agreement with experiments.

4.5 Outlook: New Experiments

RF quench experiment with |1) and |3) atoms: studying of non-equilibrium

properties of the strongly interacting system.

As we have seen in the previous section, the MIT experiment shows some aspects
of both equilibrium and non-equilibrium dynamics. Our theoretical understanding
of Stoner’s model basically relies on equilibrium properties whereas the finite ex-
perimental time scales (for example, field ramp time of 4.5 ms) suggests that the
system is marginally adiabatic after rapid ramps of the magnetic field; therefore,
non-equilibrium.

In the previous experiment, we have prepared a strongly interacting mixture of
|1) and |2) state atoms near the Feshbach resonance located at 834 G. For this, the
magnetic field is ramped towards the resonance (834 G) within 4.5 ms. Unfortunately,
our current coil geometry did not allow sufficiently fast field ramp and the times scale
of the field ramp is not fast enough to study the quantum dynamics of systems in
non-equilibrium state, e.g. how magnetic domains grow, how itinerant ferromagnetic
phase transition occurs, and how clock shifts are suppressed.

Here, we propose a rapid switching of interaction strength using a quick RF
spinflip, which transforms a weakly interacting [1)-|2) mixture of fermions into a
strongly interacting |1)-|3) one (see figure 4.5). Preparing the |1)-|2) mixture near
a |1)-|3) Feschbach resonance for near 670 G, and applying RF photons to transfer
|2) atoms into the [3) state. The RF spinflip may take a few hundred ps which
is marginally fast compared to the time scale of non-equilibrium dynamics (about
~ (Ep/10)~" =~ 300ps) [14]. Note that a [1)-|3) mixture of fermions does not suffer
from “final-state effect” in the RF spectroscopy [175]. Therefore, the measurement
of clock shifts in the |1)-|3) mixture offer another tool to characterize the system.

Single-domain ferromagnetic state: Ramsey-type measurement of coher-

ence The observation of ferromagnetic domains is considered as an experimental
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Figure 4-9: Schematic illustration of the RF quench experiment. A radio-frequency
pulse is applied in order to transform a weakly interacting |1)-|2) mixture of fermions
into a strongly interacting |1)-|3) one. The scattering length near the Feshbach res-
onance in the [1)-|2) (red solid curve) and |1)-[3) (blue dashed curve) mixture is
shown.

smoking gun in itinerant ferromagnetism of cold Fermi gas since the ground state in
the stable ferromagnetic state consist of a single domain. The ferromagnetic domains,
however, were not observed in the previous MIT experiment [102] probably due to
the short lifetime of the systems which did not allow the domains to grow to larger
sizes [14]. Although non-equilibrium dynamics after quenching, such as the growth
rate of the ferromagnetic domain, may offer an opportunity for experimental studies,
this limits us to characterize and test the ferromagnetic equilibrium state.

Here, we propose to use an alternative approach preparing the system directly
in the ground state. First, the absolute ground state can be created by preparing a
coherence mixture of atoms in the (|1)+]2))/+/2 state as pointed out in Ref [52]. In the
presence of magnetic field inhomogeneities 2 the coherent mixture rapidly dephases
in about ~ 10 ms for weak interacitons [72]. However, in the ferromagnetic region,
dephasing is suppressed since it costs energy to break up one domain into many. The
suppression of dephasing in this regime may be characterized by (1) monitoring clock
shifts in the sample or (2) measuring atom-atom collisions (lifetime of the sample). In

the ferromagnetic ground state, we expect that clock shifts and atom-atom collisions

2In our experimental setup, magnetic field inhomogeneities are inevitable as the axial confinement
in the trapping potential mainly rely on the magnetic trap

(6]
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Figure 4-10: Schematics illustration of the single domain experiment

are highly suppressed.

The interplay between magnetic inhomogeneities and the ferromagnetic stabiliza-
tion energy would be more prominent in the Ramsey-type measurement of coherence
(see figure 4.5). Preparing a single ferromagnetic domain (in z — y plane in the Bloch
sphere) via the first /2 pulse, we can resolve spatial spin structures after some de-
phasing by selectively imaging the atomic cloud in two spin states (+z and -z in the
Bloch sphere) via the second 7/2 pulse.
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Chapter 5

Quantum Phase Coherence in

Degenerate Bosonic (Gases

This chapter describes phase coherence of Bose-FEinstein condensates (BECs) and
the decoherence dynamics. The experimental tools for a phase read-out and a phase
coherent splitting of Bose-Finstein condensates shall be discussed at the end of the

chapter.

5.1 Phase Coherence in a Bose-Einstein Conden-

sate

What is the phenomenon of Bose-Einstein condensation? To understand it, one needs
to formulate some of fundamental concepts such as long-range order, spontaneously
broken gauge symmetry , and order parameter [9]. In this section, I summarize
those concepts in the context of a weakly interacting Bose gas. From the following
discussions, we shall see that a many-body ground state of weakly interacting Bose
condensed atoms can be described by a condensate wavefunction (or a macroscopic

wavefunction) which possesses a well-defined phase.

Criterion for Bose-Einstein Condensation

In an ideal Bose gas in three dimensional potential, Bose-Einstein condensation occurs
when the particle density in the zero momentum state has a finite value. In this case,
the condensation is a first-order phase transition, but this is not generally valid in a
weakly interacting Bose gas [87]. The weakly interacting Bose gas requires a more
general definition of Bose-Einstein condensation, and surprisingly it had taken long
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time about 40 years from the first theoretical work about BEC to the generalized
criterion for Bose-Einstein condensation [92]. The generalized criterion for Bose-
Einstein condensation was first proposed by Penrose and Onsager [149] considering
the one-particle density matrix p:(z,y) = (¥ (x)y(y));

(W' (@)¥(y)) — (¥())"(¥(y)) when |z —y| — oo (5.1)

where () denotes ensemble average and () is a quantized boson field operator
at the position of r. Here, the complex number (1(z)) is called as “condensate
wavefunction”, and non-vanishing (i(z)) implies the existence of a Bose-Einstein
condensate. In this case, the condensate wavefunction is characterized by a modulus

no(z) and a phase ¢(r)

(U(2)) = (z) = V/no(2)e*™ (5.2)

This criterion is often referred to as “off-diagonal long-range order” [204] because it
involves the off-diagonal matrix element of the one-particle density matrix.

In the above criterion, however, one immediate question is raised up as follows.
Given a “global gauge invariance” of the Hamiltonian describing the system, ((z))
must be always zero in the ensemble average because every value of ¢ = /nge®® is
canceled by a value of ¥ = |/nge’®**™ after a constant phase change of . Therefore,
Bose-Einstein condensation can never occur in this mathematical argument.

The resolution of this conceptual problem lies in the recognition that the symmetry
of the original Hamiltonian may be spontaneously broken in nature. In this picture,
the symmetry of the Hamiltonian is no longer applicable to the ground state. The
concept of spontaneously broken gauge symmetry (SBGS) is of importance nowadays
in condensed-matter physics, and generally believed to be the key to explore the exotic
phenomena such as superfluidity and superconductivity [9]. The idea of SBGS is often
adopted to account for a phase transition as it typically occurs between phases with
different symmetry. In most cases, the phase transition brakes the symmetry during
the process !. Following this concept of SBGS, the ensemble average of ¥, (W(z)) ,
has a non-vanishing value even in the presence of the global gauge invariance.

Finally, the criterion of 5.1 reveals another major phenomenon of Bose conden-

sates, “phase coherence”. Phase coherence implies that the phase of the condensate

!This is not always true. For example, the infinite-order phase transitions are continuous
but break no symmetries. One of the famous example is KosterlitzThouless transition in two-
dimensional XY model. In 2D, many phase transitions in electron gases belong to this class.
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wavefunction, ¢(z), must be spatially correlated over the length scale of the whole
system. This enables us to treat Bose condensed atoms as being governed by the

same wavefunction 1 (z), which is actually the condensate wavefunction.

We are now ready to identify an order parameter describing the Bose-Einstein
condensed phase. The order parameter is proposed by Landau in his theory of the
second-order phase transition [9]. He pointed out that one can define the order param-
eter for the phase transition accompanied by symmetry breaking. The order param-
eter is simply any parameter which is zero in the symmetric state and has a nonzero
value in the unsymmetrical state after the phase transition. In the case of Bose gases,
a suitable choice of the order parameter is the condensate wavefunction 5.2. Its mod-
2

ulus determines the density of the condensate through n2(z) = |¢(z)|* and the phase

of the condensate is well-defined through ¢(z).

Mean-field description of a weakly interacting Bose gas.

So far, we have assumed that all particles stay in the zero momentum state when
Bose-Einstein condensation occurs. Starting from the generalized criterion 5.1, the
order parameter 5.2 characterizing the condensate wavefunction is identified for the
non-interacting Bose gas. This approach still retains validity when we introduce weak
interactions between atoms. To this end, the boson field operator is decomposed in

the form of
Y(z) = &(z) + ¢(2) (5.3)
where ®(z) = +/no(z)e**® denotes the order parameter and v’(z) describes the

non-condensed particles which occupy non-zero momentum states which is referred
to as the “quantum depletion” of the condensate. By treating ¢'(z) as a small per-
turbation, Bogoliubov formulated a mean-field description of a dilute Bose gas with
weak interactions, and developed the first-order theory for the excitations of inter-
acting Bose gases [26]. In his approach, the boson field operator is replaced by the
mean-field term ®(z) with a small fluctuations characterized by ¢'(z). For weakly
interacting alkali condensates, the quantum depletion is less than 1% whereas liquid
helium has large quantum depletion of 90%.

Bogoliubov’s idea separating out the condensate contribution from the boson field
operator (see equation 5.3) becomes particulary useful when the quantum depletion
is negligible. In this case, we can derive the equation for the condensate wavefunction

®(x) as a result of the zeroth-order perturbation theory. To this end, we first introduce
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a many-body Hamiltonian describing N interacting bosons trapped by an external

potential V,;; in second quantization:

2
= [ ar )50+ Vel + . [ e 001V 0000000
(5.4)
where V (r — ') describes an arbitrary two-body interaction potential and m denotes
the mass of particles.
For a weakly interacting dilute alkali condensate, the two-body interaction poten-
tial V/(r — ') reduces to the effective potential characterized by a single parameter,

the s-wave scattering length a:

V(ir—r")=gé(r—r") (5.5)
where g = ‘l’rmﬂ.
Now, nonlinear Schrodinger equation for the condensate wavefunction ®(z) is

derived in the mean-field description:

(22 4 Vi) + 99%(2)0(x) = pu(2) (5.6)

2m

where p is the chemical potential. The equation 5.6 is called “Gross-Pitaevskii equa-
tion” [69, 70] which is one of the main tools for investigating ultracold Bose condensed
atoms trapped in a nonuniform potential. The generalization of Bogoliubov’s mean-

field description to time-dependent configurations is given by the Heisenberg equation
L0 -
zha@(x,t) = [, H] (5.7)

giving the equation for the condensate wavefuction ¥(x, ).

For more comprehensive discussions on the description of Bose condensed atoms,
I refer the reader to many excellent books, for example by Pethick and Smith [152]
and Pitaevskii and Stringari [159].
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5.2 Decoherence in Interacting Bose Gases

Decoherence can be defined as the loss of information from the system that we are
considering into the environment. The major sources of decoherence are either the
interaction of the system with the environment or the intrinsic quantum and/or ther-
mal fluctuations in the system. In the system of cold atomic gases, the information we
are interested in is the phase of the condensate. By definition described in previous
section, the condensate has phase coherence over the whole system. However, the
system of condensates inevitably undergoes decoherence process due to quantum and
thermal fluctuations associated with atom-atom interactions. Of particular interest
is the loss of phase coherence with time (so-called phase diffusion) and the loss of

spatial coherence along the condensate (phase fluctuation).

Phase diffusion

For two separated Bose-Einstein condensates, a state of well-defined relative phase
(so called phase coherent state), |¢), is a superposition state of many relative number
states, |N1, No) (or |k, N — k)), where N; and N, are the occupation of each well for
N = N; + N, atoms. Initially (¢ = 0), a phase coherent state takes the form of:

N
60 = 0)) = 57 D VwCee Ik, N — B 55)
k=0

Because of atom-atom interactions in the condensates, the energy of number

states, F(Ny, N»), have a quadratic dependence on the atom numbers N; and Ny:

N+ (N; — N,)
2

where p is the chemical potential of condensates. As a result, the different relative

d
E(Ny, Ny) = ;l%hc:N/Q(k — N/2)? where k = (5.9)

number states have different phase evolution rates [35, 96] leading to a spread of
evolution rates, causing “phase diffusion” or “decoherence” of the relative phase with

time. A phase coherent state at time ¢ is given by:

N
1 . .
6() = g7 D V/wCe e  HEN s, N — k) (5.10)
k=0

The phase diffusion rate, R, is proportional to the derivative of the chemical
potential of condensates, u(N;) (¢ = 1,2), with respect to the atom number and the
standard deviation of the relative atom number, AN, [35, 122, 202, 96, 117, 97]:
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R = (27 /h)(dp/dN;)n,—n AN, (5.11)

A typical decoherence time 1/R in a condensate is less than 50 ms. A number
squeezed state with sub-Poissonian number fluctuations (AN, = v/N/s), where s > 1
is the squeezing factor, will exhibit a reduced phase diffusion rate relative to a phase
coherent state with AN, = v/N. Now, the question is how to prepare a number
squeezed state in condensates. Indeed, it turned out that atom-atom interactions
tends to localize atoms during splitting process leading to number squeezing as we
shall discuss in the next chapter 6.

In contrast to normal diffusion processes, the phase uncertainty, A¢, increases

here linearly. The phase uncertainty evolves with time as follows:
Ap(t)? = A¢E + (Rt)? (5.12)

where Aggy ~ (s/AN,) is the initial phase uncertainty. Interestingly, the term “phase
diffusion” is not really appropriate because the phase diffusion has a time dependence
of o t, not o V/%.

Phase fluctuation

So far, we have seen that a Bose-Einstein condensate should have a phase coherence
over a long-range length scale which is equal to the size of the condensate. This long-
range coherence in a condensate is generally valid in three-dimensional systems, but
not in one- or two-dimensional systems where phase fluctuations play the important
role.

Phase fluctuations cause the condensate to break up into several quasi-condensates
with random phase, i.e. long range coherence is lost. This usually happens in elon-
gated geometries when the temperature is sufficiently high to excite such modes [155,
51], or in interacting one-dimensional condensates even at zero temperature due to
quantum fluctuations [23].

A typical elongated trap geometry, for example realized by an atom chip, has
an aspect ratio of ~200 [179, 174, 101], sufficient to induce phase fluctuations in a
quasi-condensate along the axial direction [155] already at very low temperatures (or

in the 1D case, even at zero temperature). When the temperature of a condensate is
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above the characteristic temperature,

_ 15N (hw,)?

T*
32u

(5.13)
where p is the chemical potential, N total atom number, w, axial trap frequency, and
h the Planck’s constant divided by 27 [155], then thermal excitations of low energy
axial modes lead to longitudinal phase fluctuations. For temperatures above T™, the
coherence length L* of a phase-fluctuating condensate is shorter than the length L of
the condensate L*/L = T*/T [155].

When Bose condensates are used for atom interferometry, spatial phase fluctu-
ations have two major consequences. First, they speed up phase diffusion, since
AN/N refers now to the atom number in a single quasi-condensate. Second, they
make the atom interferometer much more sensitive to random relative displacements
of the split condensates, which have to be smaller than the coherence length, which,
for condensates with phase fluctuations, can be much smaller than the size of the

condensate.

5.3 Measurement of the Relative Phase between

Two Condensates

Bose-Einstein condensates have phase coherence over the whole atomic cloud unless
phase diffusion and phase fluctuations emerge and destroy it. Of particular interest
has been the investigation of phase coherence properties in various systems such as
the Josephson junction in a double-well potential, optical lattices, and elongated one-
dimensional system.

In related efforts, access to a phase-coherent condensate has brought a new family
of interferometry technique in atom optics, so-called confined atom interferometry.
Until our work reported in chapter 7, the only method to read out the relative phase
has been the “ballistic expansion” method. In this scheme, two spatially separated
condensates with the well-defined relative phase are released after some hold time
from their confining potential, and finally the phase shift is obtained by imaging and
analyzing the interference pattern formed in the overlapped atomic cloud. To date,
the relative phase has been reliably measured after ballistic expansion of two separated
condensates to decrease the atomic density [177]; therefore atom-atom interactions are

negligible during phase read-out. Nevertheless, the ballistic expansion method lacks
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the simplicity and robustness of in-trap recombination. In addition, the condensates
cannot be recycled after phase read-out because of the destructive expansion of the
condensates.

In this section, we demonstrate three different phase read-out methods; (1) bal-
listic expansion method (2) phase sensitive in-trap recombination method and (3)
optical read-out method (summarized in figure 5-2). Recent developments including
the method (2) and (3) suggest that the confined atom interferometer can circumvent

the deleterious effects of atom-atom interactions during phase read-out.

(1) Ballistic expansion method

In this method, the relative phase between the two separated condensates is deter-
mined by the spatial phase of their matter wave interference pattern formed after
ballistic expansion as described in figure 5-1. The ballistic expansion reduces the
atomic density so that the effects atom-atom interactions are neglected when two
condensate are overlapped. For a ballistic expansion time ¢ > 1/w, where w, is the
trap frequency along the axis connecting two condensates, each condensate had a

quadratic phase profile [46],

Vu(7,t) = /ne(7, t)exp(z |r + d/2|2+¢i) (5.14)

where :t indicates the left or right condensate, n. the condensate density, m atomic
mass, d the vector connecting two condensates, and ¢ the condensate phase. The

overlapped interference pattern now becomes,

n(F,0) = W+ Yo =y 4+ 2y cos(Tae 6] (5.19)

Here, the relative phase (¢, — ¢_) can be extracted from the spatial phase shift
¢r = ¢4 — ¢_ in the modulated pattern of eq. 5.15. In the experiment, one can fit
an integrated cross section of the matter wave interference pattern with sinusoidally-

modulated Gaussian curve (see figure 5-1),

2
I(z) = acexp(—(z — z0)*/0?)[1 + ,BCOS(TW(SL‘ — Zo) + ¢r)]- (5.16)
obtaining the relative phase, ¢,, of two condensates. Note that fringe spacing, A = %,

is proportional to the expansion time and the inverse of the separation between two

condensates.
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Figure 5-1: Matter-wave interference and relative phase read-out. (a) Absorption
image of an overlapped condensate released from double-well potential is taken after
10 ms time-of-flight. The optical density profile (open circle in (b)), obtained by
integrating the the optical signal between two dashed lines, is fitted to a sinusoidally-
modulated Gaussian curve (blue curve in (b)) as showns in section 5.3 from which
the relative phase is measured.

(2) Phase sensitive in-trap recombination method

In contrast to the ballistic expansion of atom clouds, in-trap recombination of two
condensates is inherently simple and robust, and moreover it allows one to store the
condensates in a confined potential during the measurement process. This is one
definite advantage of a confined atom interferometer without precedent in optics.
The challenge, however, is how to extract the relative phase after connecting two
originally separated condensates. It was pointed out that the recombination process
may produce the excited mode with exponential growth rate, leading to an unstable
measurement in phase [60]. Recently, however, we demonstrated that in-trap recom-
bination leads to heating of the atomic cloud. The heating is phase-sensitive and can
be used as a robust phase read-out of the atom interferometer. This method poten-
tially gives us an opportunity to recycle condensates after resetting the temperature
through evaporating cooling. Experimental details shall be discussed in chapter 7.1.

(3) Optical read-out method

Both phase read-out methods we have seen above rely on the merger of two sepa-
rated condensates with or without ballistic expansion. This requires coherent control
of external (motional) state in order not to perturb the phase. Recently, a new
phase-readout method based on stimulated light scattering was proposed [158], and
demonstrated experimentally [166]. Two counter-propagating laser beams outcouple
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Figure 5-2: Schematics for measuring the relative phase of two separated condensates
are shown: (a) ballistic expansion method, (b) in-trap recombination method, and
(¢) non-destructive optical read-out method. Additional details are discussed in the
text.

a small fraction of atoms from the two spatially separated condensates leading to a
interference between outcoupled atomic clouds. By monitoring the rate of outcoupled
atoms or the number of scattered photons, the relative phase between two original
condensates can be determined. In this process, the phase measurement establishes
the relative phase between two (originally) independent condensates. Note that this

method is nondestructive similar to the in-trap recombination method.
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5.4 Tools for the Study of Coherence Properties

of a Bose gas

For the study of coherence properties in Bose gases including phase diffusion [177,
174, 101], phase fluctuations [80, 163, 99], and non-equilibrium dynamics in one-
dimensional system [83, 23], interferometric measurements provide a very robust and
precise way to extract the physical quantities that we want to measure. For all
these purposes, it is imperative that the relative phase between two Bose condensates
is not perturbed by the splitting process itself. Recently, the coherent control of
external (or motional) [177, 174, 101] and internal [21] quantum states ? in a Bose
condensate has been demonstrated. Here, we focus on the external dynamics assuming
that internal quantum states (usually hyperfine state in cold atom experiments) are
conserved. By deforming a single trapping potential into double wells, the wavepacket
of a condensate is spatially delocalized into two wells adiabatically; we call this process
“coherent splitting”. For the coherent splitting, there are two important time scales,
namely the oscillation period in a trap T4, and the collapse time Teoapse- The
time scale 7 at which the splitting ends up should be adiabatic with respect to the
external dynamics (i.e. 7 >> Tirqep), but non-adiabatic the internal time scale related
to collapse-revival process (i.e. T < Teouapse). In a typical BEC experiment, Teoiapse
is on the order of 5~50 ms.

The coherent splitting in a confined interferometer has been firstly demonstrated
by Shin et al. in an optical double-well potential [177], and then by Schumm et al.

in a magnetic trap combined with oscillating radio frequency field [174].

Coherent splitter using an adiabatic RF-induced potential

Adiabatic RF-induced potential was first proposed in order to trap neutral atoms in a
two-dimensional geometry [208]. Combining static magnetic trapping field with oscil-
lating radio frequency (RF) near fields, the original magnetic potential adiabatically
evolves into the effective dressed potential as described in figure 5-3 (a)-(c). Here, an
RF field couples internal atomic state with different magnetic moments characterized

by the quantum number my 2. In a dressed state basis, the effective potential Vo5 (r)

2Note that coherent control of internal states (in state-dependent fashion) is a crucial ingredient
to realize quantum entanglement in combination with controlled collisions.

3 Adiabatic RF-induced splitting sometimes can be considered as “anti-evaporation”. Whereas
the evaporation process removes atoms with higher kinetic energy in an untrapped internal state by
adiabatically coupling two different internal state, RF-induced splitting adiabatically keeps atoms
in trapped internal state. In evaporation, the RF resonance is near the outer turning point; in
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Figure 5-3: Schematic for an adiabatic RF-induced splitter used in MIT experiments.
Three different spin states are shown in (a). In the presence of oscillating radio
frequency fields (b), the effective potential becomes double wells in a dressed state
basis (c). (d) By adjusting the RF frequency, a single well is smoothly transformed
into double wells allowing for coherent splitting of a condensate. Note that coherent
splitting can also be possible by varying RF amplitude at a fixed RF frequency [174].

at position r is determined by

Vers(r) = mp/[189FBac(r) — hwrr]? + [upgr Brro (r)/2]? (5.17)

where gr is the Lande g-factor, yup the Bohr magneton, B;. the magnitude of the
static magnetic field, Brr, the magnitude of the component of the RF field perpen-
dicular to the direction of static field, and wgrr the RF frequency.

Recently, the adiabatic rf-induced potential has been implemented into an atom
chip realizing coherent splitting of condensates [174|. By turning on the RF field
adiabatically, the single trapping potential smoothly transforms into double wells.
Here, the conditions for adiabatic switch-on of the RF field are given by Landau-
Zener theory.

The wires on the atom chip carry both d.c current and oscillating current. De-
pending on the relative geometry between the static trapping potential and the RF
field, the direction of splitting can be arbitrarily controlled as described in figure 5-4

(a) [84].

RF-induced splitting, it is near the inner turning point.
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(a) Horizontal splitting (b) Vertical splitting
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Figure 5-4: The spatial orientation of the double-well potential is determined by the
relative orientation of the static magnetic field and the oscillating magnetic RF field.
Potential minima form where both the static and the oscillating fields are parallel as
described in (a) and (b). The red circle in (a) represents the position of the trapping
potential where a double-well potential is formed in the horizontal direction.

The adiabatic RF-induced splitting has several advantages [119] over the con-
ventional two-wire scheme [179] which requires two independent wires generating
quadrupole trap. During the merging and splitting process in the two-wire scheme,
the trapping potential becomes very weak. Confinement is no longer parabolic, but
caused only by higher-order multipoles (usually hexapole) leading to a significant weak
confinement. This often induces unwanted atom loss during splitting, and therefore
makes the splitting region unstable. The adiabatic RF-induced splitting, however
keeps the confinement tight during splitting or merging and does not suffer from the
atom loss. In addition, the RF-induced splitting is less sensitive to magnetic bias
fields and realizes high trap-frequencies far from a surface.

Figure 5-4 demonstrates the coherent beam splitter implemented at MIT (see
chapter 6 for experimental details).

Towards precision measurement with Bose-Einstein condensates.

So far, we have discussed the phase coherence between two separated condensates.
This property allows us to build a new type of atom interferometer with BECs. In
atomic physics, precision measurements are usually performed at low atomic densities
because of collisional shifts and dephasing. Since the atom-atom interaction energy
results in so-called clock shifts [63] which are proportional to the high density, most

precision measurements with neutral atoms are performed with free-falling atoms in

89



atomic beams [118, 73] or in fountain geometries [151]. Major efforts are currently di-
rected towards atom interferometry using confined geometries, such as atom traps or
waveguides, often realized by using atom chips [59, 45]. These geometries are promis-
ing in terms of compactness and portability, and also offer the prospect of extending
interrogation times beyond the typical 0.5 s achievable in the atomic fountains [151].
Is spite of these advantages, confined atom interferometer has a few intrinsic limita-
tions; e.g. phase diffusion [35, 122, 202, 96, 117, 97] and spatial phase fluctuations
(see section 5.2). In the following chapter, we shall show that a chip-based atom in-
terferometer can be operated even in the presence of both phase diffusion and phase

fluctuations.
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Chapter 6

Long Phase Coherence Time via
Number Squeezing and Phase
Fluctuations of BECs in a

Double-well Potential

This chapter describes the experimental studies of phase coherence and the decoherence
dynamics of Bose-Einstein codensates in a double-well potential. The experiments

were reported in two publications:

e G.-B. Jo, Y. Shin, S. Will, T. A. Pasquini, M. Saba, W. Ketterle, D. E.
Pritchard, M. Vengalattore, and M. Prentiss
Long phase coherence time and number squeezing of two Bose-FEinstein conden-

sates on an atom chip
Physical Review Letters 98, 030407 (2007) Included in appendix H.

e G.-B. Jo, J.-H. Choi, C.A. Christensen, Y.-R. Lee, T.A. Pasquini, W. Ketterle,
and D.E. Pritchard
Matter-wave Interferometry with Phase Fluctuating Bose-Einstein Condensates
Physical Review Letters 99, 240406 (2007) Included in appendix E.

In this chapter, we discuss the phase coherence of a Bose-Einstein condensate
trapped in an elongated atom-chip trap. Two main questions are addressed in section
6.1 and 6.2 respectively:

(1) How long can the phase coherence between separated condensates be maintained
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and how can one enhance the phase coherence time?

(2) What is the effect of spatial phase fluctuations on atom interferometry?

6.1 Long Phase Coherence Time and Number Squeez-
ing

The distinguished property of Bose-Einstein condensates (BECs) is their phase co-
herence. High-contrast interference between condensates [11] clearly revealed this
property. Observations of many interesting phenomena, including Josephson oscil-
lations [36, 5|, number squeezing [142], and the transition from superfluid to Mott
insulator [66] rely on phase coherence between two spatially separated condensates.
As we have seen in the previous chapter 5, an RF beam splitter allows us to
study and/or exploit the phase coherence in condensates in many different ways.
Here, our system consists of a double-well potential on an atom chip with adjustable
barrier between two wells. This tunable barrier in a double-well system allows for the
preparation of coherent state of condensates, the realizatoin of Josephson junction, the
study of decoherence dynamics, and the development of confined atom interferometry.
Furthermore, the geometry of the magnetic trap generated by an atom chip introduces

low-dimensional effects including phase fluctuations as follows.

e Highly nonequilibrium system :
In contrast to equilibrium properties of a Bose condensate, the relaxation dy-
namics from nonequilibrium states is not well-understood [90]. One reason is
that it is relatively difficult to prepare such a nonequilibrium state in a coherent
manner. For the split-condensate system built in MIT experiments [99], a phase
coherent state is highly out of equilibrium, and the condensates inevitably suf-
fer from both quantum and thermal decoherence over time. In particular, the
relaxation process is of interest and importance in low-dimensional systems in

which quantum decoherence effects are more prominent [99, 83, 85].

e Bosonic Josephson Junction (BJJ) :
The Josephson effects, predicted by Brian D. Josephson in 1962 [104], occur
when two macroscopic quantum states are weakly connected. First experimen-
tal realization was made in the system of two superconductors coupled via an
insulating thin film and later the effects were observed in superfluid helium-3

and helium-4. Recently, the Josephson effects was also studied in Bose-Einstein
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condensates [36, 2]. Bose-Einstein condensates in a double-well potential with
tunable barrier becomes available allowing for unprecedented quantitative in-

vestigation of the Josephson effects.

Low-dimensional physics :

As we have discussed in the section 5.2, the effect of phase fluctuations associ-
ated with quantum and thermal fluctuations becomes important in elongated
quasi-1D condensates realized on an atom chip. The coherent dynamics in de-
generate quasi-1D Bose atoms can be investigated in a interferometric way using
coherent the RF splitter.

Towards chip-based atom interferometry :

A coherent beam splitter is one of the essential parts for confined atom interfer-
ometry. In general, a good confined atom interferometer requires the following
conditions: (1) high atomic density leading to large sinal-to-noise ratio, (2)long
phase coherence time for high sensitivity, (3) efficient and reliable phase read-
out, and (4) uniform phase along the condensate. Bose-Einstein condensates, a
very bright source of atoms, have been considered to be used in a confined atom
interferometer because of their phase coherence and high atomic density (con-
dition (1)). In this chapter, we experimentally demonstrate that a chip-based
atom interferometer installed at MIT is promising to maintain phase coher-
ence over a sufficiently long time (condition (2)). The robustness of the system
against phase fluctuations is also described in section 6.2 (condition (4)). For
phase read-out methods, conventional and recently developed methods are de-
scribed in section 5.3 and chapter 7. All recent developments including MIT
experiments suggest that it is possible to operate confined atom interferometer

with Bose condensates at high atomic density.

6.1.1 Splitting Process in a Double-well Potential: a Bosonic

Josephson Junction

Splitting of the condensate results in two separated condensates which cannot be
suitably described by the Gross-Pitaevskii equation (GPE) [69, 70] which describes

atoms only in a single-mode. This can be resolved by taking an approximate form of

the bosonic field operator in the two-mode basis which naturally consists of the ground

[symmetric, figuure 6-1 (a)] and the first excited state [antisymmetric, figuure 6-1 (b)]

in a double-well system. In this section, I will derive a relevant Josephson Hamiltonian
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(a) Symmetric state (b)  Antisymmetric state

Figure 6-1: Schematic illustration of the ground and the first excited state in a double-
well potential. The symmetric ground state (a) and the antisymmetric excited state
(b) are shown.

describing the splitting of the condensates in the two-mode approximation.

Two-mode approximation and a Josephson Hamiltonian

The relevant Hamiltonian describing weakly interacting bose condensed atoms in a

double-well potential is given by
A= [ g (70 + UV (F0) + JEEOVEROR] 6

where ¥(r) is a bosonic field operator, U(r) the external potential describing a double-
well, and g = 4mah?/m the interaction strength with the s-wave scattering length a
and atomic mass m. In two-mode approximation, ¥(r) becomes the superposition of
the ground state 1, and the excited state ¢, with appropriate creation (or annihila-

tion) operators:
U(r) = a1y + Getle (6.2)

Here, ! (af) is the creation operator for a particle in the ground state (excited state).
Now, the observable quantities such as the atom number and the relative phase can

be conveniently described by changing the basis as follows:

1 1
a; = —(a, + a.) and agp = —=(ay — Qe 6.3
L \/E( 9 ) R \/Q( g ) ( )
In this new basis, the relevant quantum state become g (¢1) denoting the wave-
function of localized atoms in the right (left) well. More intuitive form can be obtained

by inserting equations 6.2 and 6.3 into equation 6.1. Neglecting two-particle tunneling
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process !, the two-mode Hamiltonian takes a form of

—~ eA R
H= Ech—eja (6.4)
where ' ; ; ;
. aLap—ayar . aradg-+apa
n:———RR2 LL,az—————LR2 R°L (6.5)

Here, two conjugate operators 7 and & are the atom number difference (or relative
atom number) and the tunneling operator related to the relative phase respectively.
The coefficient e. = 4g [ dr|yy|?|¢e|* describes the local interaction within each well
and e; tunneling energy of particles. In the splitting process, e; is a function of time.
The equation 6.4, sometimes known as Bose-Hubbard Hamiltonian, captures essential

physics of many phenomena including ac/dc-Josephson effect and self-trapping.

What is the ground-state wavefunction of the Hamiltonian 6.47 In the limiting
case of large tunneling energy e; > e, the ground state wavefunction takes the form
of % containing the well-defined relative phase between two wells. On the other
hand, the ground state beccoms a Fock state minimizing the atom number difference
when the local interaction e, is dominant.

The equation 6.4 derived from the two-mode approximation describes relevant dy-
namical properties of Bose Josephson junction as a function of two relevant wavefunc-
tions 1, and .. Two conjugate observables, however, the atom number difference
AN and the relative phase ¢, can be calculated only when v, and 1. are exactly
known. For a sufficiently low temperature, the many-body Schrédinger equation re-
duces to Gross-Pitaevskii equation (GPE) and two wavefunctions 1, and 1), can be
derived. Now, a Josephson Hamiltonian in terms of AN and ¢ is given by
E,

—N,% — Ejcos(¢) ~ QN,? + E;¢? (6.6)

H Josephson — 2 B

where N, = N — Ng is the atom number difference of atoms in the two conden-
sates 2. Here, N, and ¢ are conjugate variables satisfying [N, ¢] = i. Indeed, the
charging energy E, is given by E, = Ed]% where p is the chemical potential. Note
that the equation 6.6 is equivalent to the Hamiltonian of a harmonic oscillator with
a characteristic frequency of w = \/FE when N, and ¢ correspond to position and

momentum variables.

ITwo-particle tunneling process term is proportional to ([zTL& R+ &JI'{& )2
2Here, we assume that A= m = 1 for convenience.
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Description of the splitting process: Rabi, Josephson, and Fock regime

To describe the splitting process of the condnesates, it is useful to study the property
of the ground state of the Josephson Hamiltonian 6.6. First, comparing the equa-
tion 6.6 with a harmonic oscillator, the relative number fluctuation is simply given
by AN, = (%)1/ 4 strongly depending on the ratio of the charging and tunneling en-
ergies. Note that this expression is not suitable in Rabi regime. In Rabi regime, the
two-particle tunneling process we have neglected in the expression 6.4 is not negligi-
ble. In this case, the tunneling energy E; must be renormalized to obey Poissonian
distribution.

For our purpose, it is convenient to divide three different regimes as follows (see

figure 6-2):
e Rabi regime: E./E; < 1/N? and AN, ~ VN
e Josephson regime: 1/N? <« E./E; < 1 and 1 < AN, < VN
e Fock regime: 1 < E./E; and AN, < 1

The ground states in these regimes have different statistics in the atom number and
the relative phase. In Rabi regime, the relative atom number fluctuates with AN, =
VN, obeying Poissonian distribution. The system corresponds to the non-interacting
limit in this regime, and the relative phase is well-defined. In the Josephson regime,
the distribution of atom number is sub-Poissonian leading to a number-squeezed state
(1 € AN, < V/N). The relative phase can be well-defined in this regime although
there is a small amount of quantum noise in the phase. In a Bose condensate, the
uncertainty in the phase is negligible as the atom number, N, is large enough. In
contrast to other regimes, the ground state in the Fock regime have only a well-defined
atom number, not a relative phase. The uncertainty in the phase diverges infinitely.

The description of three different regimes in the Josephson junction may guide
us to obtain a simplified description of the splitting process. The tunneling energy
E;(t) changes from infinity to zero within the time scale of 7, when a condensate
splits into two parts. By noting that two time scales w(t) = \/’EC—E; and 7, exist
in the system, we can distinguish two steps of the splitting process (see figure 6-2).
When w(t) > 1/75 (step 1 in figure 6-2), the system of the double-well potential
evolves adiabatically so that the ground state of the equation 6.6 should describe
the actual state of the system in a good approximation. If adiabatic condition is no
longer valid at t* (therefore w(t) < 1/7,), the rest of the splitting is approximated to
“Instantaneous splitting” (step 2 in figure 6-2). In other word, one assumes that the
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Figure 6-2: Three different regimes in the description of the dynamic splitting of
condensate: Rabi, Josephson, and Fock regimes.

tunneling energy E; becomes zero at t*. Therefore, the final state when the splitting
ends is determined by the ground state of the system at the moment ¢*. Note that
slow (or adiabatic) splitting results in the Fock state in which AN, = 0 whereas the
fast splitting ® the final state lies in the Rabi regime.

The condition w(t*) = 1/7, implies that the uncertainty in the relative atom

number after the splitting process is given by

1 d
ANT = ECTS |t:t"‘ where Ec = ﬁ (67)
This result implies that one can prepare a number-squeezed state in a double-well
potential via the dynamic splitting. The main knob is the speed of the splitting
process, 7,, which will determine the critical time ¢* (see figure 6-2). In a harmonic

trap, a squeezing factor £ becomes:

_VN _ |2
$=An ~ V5H™

(6.8)

As we have seen in the previous chapter 5, Bose condensates suffer from intrinsic
phase diffusion leading to the potential problem with atom interferometry. In the fol-
lowing section 6.1.2, we will discuss how we prepare a number-squeezed state through
the dynamic splitting and the effect of number squeezing on the phase diffusion. In
the MIT experiment [101], this simple model gives a squeezing factor of ~13 with
T, =70 ms and p = hx6 kHz.

¥We shall see the condition for “fast splitting” in the next paragraph: 7, < 1 /1
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Figure 6-3: (a) Schematic of the atom chip interferometer is shown. (b) Double-well
potential. The separation d between the two wells and the barrier height U were
controlled by adjusting the frequency or amplitude of the RF field. (¢) Matter wave
interference. For various hold times after splitting, absorption images of condensates
released from the double-well potential were taken after 10 ms time-of-flight. The
field of view is 260 x 200 pm.

6.1.2 Preparation of a Number-squeezed State on an Atom
Chip

So far, we have discussed the possibility of preparing a number-squeezed state through
splitting precess. The result (see equation 6.8) may encourage us to operate an atom
interferometer with high atomic density source even in the presence of deleterious
phase diffusion. Indeed the repulsive atom-atom interactions make it energetically fa-
vorable for the two condensates to split with equal numbers in a double-well potential,
whereas number fluctuations , such as in a coherent state, cost energy [131, 33]. The
relation 6.8 implies this process; the higer the atomic density (or chemical potential)
is, the less the relative atom number fluctuates. Interaction-induced squeezing reduces
the phase diffusion caused by the same interactions [35, 122, 202, 96, 117, 97, 131, 33|

Coherent splitting and matter-wave interference

Bose-Einstein condensates of ~ 4 x 10° *Na atoms in the |F = 1,mp = —1) state
were transported into the science chamber and subsequently transferred into a mag-
netic trap generated by atom chip wires and external bias field [179]. A double-well
potential in the horizontal plane was formed using adiabatic RF-induced splitting as
described in figure. 6-3 (a) [208, 174] and in section 5.4.

Atoms were confined radially by the combined magnetic potential of a current-

carrying wire and external bias field as described in figure 6-3. Axial confinement in
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z direction was provided by a pair of endcap wires (not shown) [179]. By dressing the
atoms with an oscillating radio frequency (RF) field from a second wire, the single
minimum in the magnetic trapping potential was deformed into a double-well [174].
If the trapping position lies on the circle containing the trapping wire and centered
on the RF wire, the splitting occurs in the horizontal plane. Condensates were placed
185 pum away from the chip surface. For the single well, the radial (axial) trap
frequency was f, = 2.1 kHz (f, = 9 Hz) and the Larmor frequency at the trap center
was ~ 190 kHz (B, =~ 0.27 G). Splitting was performed over 7, =75 ms by linearly
ramping the frequency of the RF field from 143 kHz to 225 kHz. Gravity points in the
+2 direction. Typical double-well potential is shown in figure. 6-3 (b). The separation
d between the two wells and the barrier height U were controlled by adjusting the
frequency or amplitude of the RF field. Typically, the separation of the two wells was
d ~ 8.7 pm, the height of the trap barrier was U ~ h x 30 kHz, and the chemical
potential of the condensates, measured from the trap bottom, was p ~ h x 6 kHz (see
figure 6-3(b)).

The lifetime of the atoms at the splitting position was ~1.8 s, significantly longer
than in our previously demonstrated two-wire splitting method [81, 41, 179].

Atoms were held in the double-well potential for varying hold times, released by
turning off the trapping potential within 30 us at a known phase of the RF field,
overlapped, and interfered in time-of-flight (see figure 6-3 (c)). The relative phase of
the two condensates was measured as the spatial phase of the interference pattern [177,
179] as described in chapter 5.

When the trapping potential was switched off, we observed strong correlation
between the population distribution of the spin components and the phase of the RF
field at the moment of release, probably since the strength of the RF field (~0.35G)
was comparable to the local static field (~0.27G) [13]. The trapping potential was
switched off at a value of the RF phase chosen to release atoms predominantly in the
|F = 1,mp = —1) state.

Atom interferometry in a double-well potential

Phase evolution : An atom interferometer requires two independent condensates
without any weak link which may lock the phase [177, 179]. To demonstrate this in-
dependence, we monitored the relative phase over short intervals right after and after
up to 190 ms delay time. During each of these intervals, the phase evolved linearly
with time at ~ 27 x 200 Hz, the signature of independent condensates (figure 6-4).

The non-vanishing phase evolution rates are attributed to small asymmetries in the
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Figure 6-4: Phase evolution of the relative phase during three different time intervals.
The evolution rate of the relative phase are determined from the linear fit to be (a)
191 Hz, (b) 198 Hz, and (c) 255 Hz. The data points represent the average of ten
measurements for (a) and (b), and fifteen for (c).

two trapping potentials, which lead to slightly different chemical potential after the
splitting process. The time variation of this rate is attributed to axial motion of the
two separated condensates. Note that the observed drift of the phase evolution rate
of ~ 60 Hz is only 1% of the condensates’ chemical potential. In principle, the phase
drift could be zeroed by a compensation field, but this has not been attempted.

Phase imprinting and read-out To rule out the possibility that any weak link
existed during the 200 ms time evolution and reset the relative phase, we demon-
strated that an applied phase shift could be read out 200 ms after its appliance
(figure 6-5). This proves that two independently evolving condensates have preserved
phase coherence up to 200 ms, a factor of 10 longer than the phase diffusion time,

7. = 1/R ~20 ms, for our parameters.
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Figure 6-5: Applying various phase shifts to the condensates at 2 ms after splitting,
the shifts of the relative phase were measured at 7 ms and 191 ms, showing strong
correlation. The dotted line denotes the ideal case of perfect phase coherence. Phase
shifts were applied by pulsing an additional magnetic field in the z direction for 50 us
with variable amplitude.

Quantitative analysis of phase coherence: Rayleigh test

What is the experimental criterion for phase coherence between two condensates after
some hold time? Most conveniently, one can measure the relative phases from the in-
terference patterns formed after some ballistic expansion, and obtain the distribution
of phases for different experimental runs [177, 174] which is typically characterized by
the standard deviation. For the quantitative study of phase coherence, however, the
standard deviation of the phase does not provide the best characterization because
the phase is measured modulo 2 (so-called circular data). In the limit of a large data
set, a completely random distribution has a phase variance of ~ (37/5)%. Already
for smaller variances, the overlap of the tails of the Gaussian distribution can cause
ambiguities.

To measure correlations in circular data appropriately, we perform a Rayleigh
test [58] on the measured relative phases as described in figure 6-6. Here, we represent
each measurement of the relative phase as a phasor with unit length and compare
the length of the sum of N measured phasors with the expectation value of VN for
N random phasors. The larger the difference, the smaller is the probability that
the data set is compatible with a random phase distribution. This probability of
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Figure 6-6: Quantitative study of phase coherence. In a circular data (1), the Rayleigh
test compares the phasor sum of the data (2) with the distribution of phasor sums for
random data (3) and returns the randomness (4), the probability that uncorrelated
measurements would produce a phasor sum larger than the measurement.
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uncorrelated phases is called randomness [58]. Uncorrelated data have an expected
value of randomness near 0.5, while strongly correlated data would have a small
value, e.g. ten data points drawn from a distribution with variance (7/5)> have a
probability of only 107 to be compatible with uncorrelated phases. If a series of
phase measurements has a randomness value of 0.01 (0.1), the relative phase is non-
random with a probability of 99% (90%).

6.1.3 Phase Diffusion and Number Squeezing

To study phase diffusion in our system, we analyze the distribution of ten measure-
ments of the relative phase at various times after splitting, as shown in figure 6-7.
The data show a well-defined phase (with probability > 90%) for times shorter than
~ 200 ms. In contrast, the simulation for a coherent state in our experimental condi-
tions, shown as a blue dotted line, predicts the same scatter of phase measurements
already after ~20 ms. Fitting a phase diffusion model to the data points with ran-
domness probability > 0.1, gives a phase diffusion time of 200 ms. The solid line is a

fit which includes the initial variance A¢}:
NGt = AdR + (R 69

The variance of the initial state, A¢? = (0.287)? is dominated by technical noise
including fitting errors and non-ideal trap switch off. The contribution due to initial
number fluctuations, Ag2 ~ (s/v/N)?, is ~ (7.1 x 107*7)? for a coherent state (s=1),
and remains small unless the squeezing leads to number fluctuations on the order
of a single atom, s ~ v/N. The fitted value for the phase diffusion rate of R =
5 s~! includes technical shot-to-shot variations in the relative atom number of two
condensates after splitting and thermal fluctuation. Therefore, the inferred squeezing
factor s=10 represents a lower bound. It implies that our relative atom number
fluctuations were smaller than £0.03% corresponding to £50 atoms.

Locally the interference pattern of two pure condensates should always have 100%
contrast, where contrast is defined as the density amplitude of the interference fringes
over the mean density. Since in our experiment the contrast is derived from interfer-
ence pattern integrated along the line-of-sight, it decreased gradually with time and
exhibited fluctuations most likely due to asymmetric axial motion (figure 6-7(b)).
Except for small regions near 110 and 300 ms hold time, the contrast was above 10%,
sufficient for accurate determination of the phase. The small windows with poor

contrast have a large probability for random phases.
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Figure 6-7: (a) The randomness probability of ten measurements of the relative phase
is displayed up to 400 ms after splitting. The blue dotted curve (red dashed curve)
shows a simulation for a phase-coherent state (number squeezed state with s = 10),
which have negligible initial phase uncertainty. The solid line includes an initial phase
uncertainty of 0.287 (see text). The shaded region represents the window where ten
data points from the sample with the given phase uncertainty would fall with 50%
probability. (b) Contrast of the interference pattern. Since the endcap wires generate
a field gradient % as well as a field curvature %_%1 at the position of the condensates,
the two wells are not parallel to the trapping wire and consequently have slightly
different axial trapping potential. This difference induces relative axial motion of the
two condensates, which periodically reduces the contrast.
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Figure 6-8: a) A single trapped condensate at rest was accelerated by shifting the trap
center by ~ 430 pum in the axial direction (¢ = 0 ms). The frequency of the RF field
was linearly ramped from 154 kHz to 204 kHz during 16 ms after launch, splitting the
condensates and separating them by 5—6 um. (b) Phase measurements were done for
up to 26 ms after the launch. The probability for random phases was determined for
data sets of ten measurements. Until 16 ms, this probability was extremely low (less
than 107'?) and the relative phase was constant, implying that the two condensates
were still connected. For ¢ > 16 ms, the relative phase evolved (similar to figure 6-
4), and the probability for a random phase distribution was smaller than 10%. This
demonstrates that phase coherence was preserved after full splitting. The figure shows
the interference pattern for ¢ = 22 ms. The field of view is 260x200 pm.

6.1.4 Conclusion and Remarks

So far, we showed that we can operate a BEC interferometer at high atomic density,
with mean-field energies exceeding h x 6 kHz. Using a radio frequency (RF) induced
beam splitter [208, 41, 174], we demonstrate that condensates can be split repro-
ducibly, so that even after 200 ms, or more than one thousand cycles of the mean-field
evolution, the two condensates still have a controlled phase. The observed coherence
time of 200 ms is ten times longer than the phase diffusion time for a coherent state.
This work is a major advance in the coherence time of confined atom interferome-
ters, which have operated at interrogation times below ~50 ms [177, 174, 62] due to
technical limitations. This work also advances the preparation of number squeezed
states to much higher atom numbers [101, 172]. Previous experiments in optical lat-
tices [142, 66, 55| and in an optical trap [40] were limited to very small populations
(~ 1 —1000 atoms). In addition, the fact that the clouds could be prepared on an
atom chip with dc and RF electric currents, but without any laser beams, is promising

for future applications.
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Rotational sensitive interferometry: “Sagnac effect”

The work presented so far, and also all previous work on interferometry of confined
or guided atoms, featured geometries without any enclosed area between the two
paths of the interferometer. An enclosed area is necessary for rotational sensitivity
[169, 118, 73] and requires moving atoms. As described in figure 6-8, we were able
to extend the coherent beam splitter to condensates moving on an atom chip. The
observed coherence time (10 ms) and propagation distance after splitting (~ 350 pm)
were only limited by the chip geometry. This corresponds to an enclosed area of
~1500 pm?, and a response factor @24 ~ 7.9 x 10~°rad/S2. for rotation sensing,

where m is the probe particle mass and Q. the earth rotation rate [20].

Atom loss and Number squeezing

In the experiment, the condensates after coherent splitting exhibit losses with the
lifetime of 1.8 s. Thess stochastic atom losses introduce the relative atom number

uncertainty AN,,ss during the hold :

At

Tloss

ANoss 2 1/ No (6.10)

where Ny ~ 4 x 10° is the total number of atoms right after splitting, At ~ 200 ms
denotes hold time, and 7.} ~ (1.8 s)7! is an initial atom loss rate. According to the
relation 6.10, the atom number fluctuation due to atom losses becomes AN, =~ 200
atoms. This estimation is inconsistent with our estimation of relative atom number
fluctuations of 50 atoms in the experiment.

The discrepancy in the atom number fluctuations may be resolved in two ways.
First, the stochastic nature of the atom losses spontaneously suppresses the relative
atom number fluctuations [93]. The dependance of the atom loss rate on the atomic
density tends to reduce the relative atom number; therefore suppresses the atom
number fluctuation. For the loesses via three-body collisions, it has been shown that
the atom losses induce atom number squeezing by a factor of ~ 2 [93]. Second, the
lifetime of the condensates after splitting may be longer than ~1.8 s since the atom
loss rate is proportional to n? where n is the atomic density. In the experiment, the

lifetime of ~1.8 s was measured at the splitting position without RF fields.
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Figure 6-9: Phase fluctuations in an elongated condensate. (a) Relevent energy scale
is described in an elongated condensate of the MIT experiment. The characteristic
temperature T* for phase fluctuations and the typical temperature T of the conden-
sate are shown. (b) In the splitting process, the effect of the phase flucuations are
common-mode to both condensates. Therefore, the interference pattern formed in
the overlapped atomic cloud after ballistic expansion must be straight even in the
presence of the phase fluctuations. However, the relative motion of the condensates
associated with asymmetries in the double well potential may cause the degradation
the contrast in the interference fringe.

6.2 Matter-wave Interferometry with Phase Fluc-

tuating Bose-Einstein Condensates

6.2.1 Phase Fluctuations in an Elongated Bose-Einstein Con-

densate

The phase coherence in elongated Bose-Einstein condensates (BECs) suffers from
spatial phase fluctuations even well below the BEC transition temperature. In this
section, I briefly demonstrate that atom interferometers using such condensates are
robust against phase fluctuations, i.e. the relative phase of the split condensate is
reproducible despite axial phase fluctuations. For comprehensive discussion on the
experimental details, I refer to Ref. [99].

Previous experiments [179, 174, 101] including the one in the previous sectoin 6.1.2
on atom interferometry have operated in a regime, where phase fluctuations are pre-

dicted to be present. As described in figure 6-9 (a), the characteristic temperature
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Figure 6-10: Measurement of phase fluctuations in a single condensate. (a) Ab-
sorption image of the expanded atomic cloud after 7 ms time-of-flight was taken.
For quantitative analysis of the spatial phase fluctuations in a condensate, the den-
sity profile in (b) obtained from an absorption image is Fourier transformed as in
(c). After filtering out high and low momentum components as in (d), the profile is
transformed back (e) and its root-mean-square average is determined (f). The high
momentum limit of 0.2 pixel™ in (d) corresponds to the phonon energy of 100 nK
which is eaual to the characteristic energy determined by the radial trap frequecy.
Note that the phonons with low energy less than 100 nK mainly contributes to the
phase fluctuations in the elongated trap.

T™ for phase fluctuations (see equation 5.13) is much lower than the temperature, T,
of the system. However, their presence has not been observed because the interfer-
ometer was read out by integrating the interference fringes along the axial direction.
Other experiments characterized phase fluctuations by interferometric techniques [80]
and Bragg spectroscopy [163], but didn’t study the effect of phase fluctuations on an
atom interferometer.

In this section, we demonstate the axial phase fluctuations spatially resolved and
characterize their effect on the atom interferometer. We show explicitly, that atom
interferometry can be performed in the presence of phase fluctuations. This has been
expected [23], since for sufficiently short times after splitting, those fluctuations are
identical for both condensates and therefore don’t affect the measurement of the rel-

ative phase (see figure 6-9 (b)). For the same reason, atom interferometry is possible
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with thermal clouds of atoms [73]. However, already at short times, phase fluctua-
tions degrade the contrast and can limit the performance of the atom interferometer.
This degradation is not due to the quantum effect of the increased relative number
fluctuations in each quasi-condensate because of the high degree of number squeezing,
but is rather caused by asymmetries in the double well potential leading to relative

motion of the condensates.

6.2.2 Effect of Phase Fluctuations on Atom Interferometry
Quantifying phase fluctuations

To study the effect of phase fluctuations, we first characterized the amount of phase
fluctuations in the condensate before splitting by observing density modulations of
the expanded atomic cloud after 7 ms time-of-flight (figure 6-10 (a)). In trap, the
mean-field interaction energy suppresses density fluctuations, but ballistic expansion
converts phase fluctuations into density modulations [51] since the initial velocity
field is proportional to the gradient of the phase. The number of observed density
striations of around ten is consistent with the ratio of the measured temperature of
~ 650 &+ 100 nK and the calculated value of T* ~ 60 nK. Since the barrier height is
comparable to the temperature, we assume that both condensates interact with the
same heat bath. However, we don't expect any difference to the case of two separated
thermal clouds.The longitudinal phase fluctuations were quantified by measuring the
root-mean-square average of the density fluctuations as described in figure 6-10.

The amount of phase fluctuations was controlled by changing the atom number
and the temperature with rf-evaporation. The rf field generated by the rf wire [fig-
ure 5-4 (b)] was swept down from ~ 20 kHz above the Larmor frequency at the trap
center to a variable final value, leading to a variable chemical potential and tem-
perature of the condensate (figure 6-11 inset) 4. The variation of the spatial phase

fluctuations with chemical potential is shown in figure 6-11 (a).

Effect of phase fluctuation on the reproducibility of the relative phase

The effect of phase fluctuation on an atom interferometry was characterized by mea-
suring the reproducibility of the relative phase of split condensates as described in
figure 6-11 (b). To this end, we split the condensates coherently and observe the

reproducibility of ten interference fringes (“randomness”) obtained by recombining

4In the final stage of the evaporation, the ratio of trap depth to temperature was rather small
(~2), possiblely due to heating from the atom chip potential.
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Figure 6-11: (a) Spatial phase fluctuations in a single condensate. The phase fluctua-
tions were characterized by observing the density modulations in an absorption image
of the expanded cloud after 8 ms time-of-flight (see inset) and calculating the rms
fluctuations as described in reference [51]. The chemical potential (or atom number)
was controlled by additional rf-evaporative cooling. The temperature of the conden-
sate is shown in the inset graph. For chemical potentials less than 3.5 kHz, we could
not measure the temperature of a condensate due to the lack of discernable thermal
atoms. The observed phase fluctuations do not decrease monotonically, but show a
minimum at the chemical potential of ~ 3.5kHz, probably because the effect of the
lower temperature was more than offset by the loss in the atom number. In the inset
graph, T™ displays the characteristic temperature for the onset of the phase fluctu-
ations. (b) Effect of spatial phase fluctuations on the reproducibility of the relative
phase right after splitting. The probability of random phases was measured with
variable longitudinal phase fluctuations immediately after splitting (0 ms hold time).
The phase was determined by analyzing the central ~40% of the axial length of the
interference pattern.
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the condensates during ballistic expansion. For values of the chemical potential larger
than 3.0 kHz, the randomness is less than 0.1 which implies a reproducible phase with
90% confinence.

Comparing (a) and (b) in figure 6-11, one clearly recognizes the degradation of
reproducibility of the relative phase with increasing spatial phase fluctuations. We
cannot rule out that the condensate had some weak collective excitations after prepa-
ration. However, the amount of the excitation should not depend on the final tem-
perature. Therefore, we attribute the temperature dependence of the fringe contrast

to phase fluctuations.
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Chapter 7

Development of Atom Optics

Elements

This chapter focuses on the experiments reported in two publications:

e G.-B. Jo, J.-H. Choi, C.A. Christensen, T.A. Pasquini, Y.-R. Lee, W. Ketterle,
and D.E. Pritchard
Phase Sensitive Recombination of Two Bose-Einstein condensates on an atom
chip
Physical Review Letters 98, 180401 (2007) Included in appendix F

e Caleb A. Christensen, Sebastian Will, Michele Saba, Gyu-Boong Jo, Yong-II
Shin, Wolfgang Ketterle, and David Pritchard

Trapping of Ultracold atoms in a hollow-core photonic crystal fiber
Phys. Rev. A 78, 033429 (2008) Included in appendix G

7.1 Phase Sensitive Recombination of Two Bose-

Einstein Condensates

Coherent splitting of a Bose-Einstein condensate and resulting long phase coherence
time have allowed us to study merger dynamics of two separated condensates. Encour-
aged by the long phase coherence time for the time up to 200 ms (see chapter 6), we
tried to coherently split a condnesate and reversely recombine two separated conden-
sates in a trap. Many discussions of confined atom interferometers, inspired by optical
fiber interferometers, propose a read-out by merging the two separated clouds as we

tried [79, 185, 137]. These discussions usually assume non-interacting atoms [79, 10]
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and don’t address the deleterious effects of atomic interactions, including dephasing,
collisional shifts, and phase diffusion [35, 122, 202, 96, 117, 97]. A recent study showed
that the recombination process is much more sensitive to atomic interactions than
the splitting process since merging clouds with the opposite phase involves excited
modes of the recombined potential and can lead to exponential growth of unstable
modes [186]. To circumvent these problems, previous realizations of confined atom
interferometry usually used ballistic expansion of the two spatially independent con-
densates, which decreases the atomic density before overlap [177, 179, 174, 101] or
worked at very low atom densities and pushed the clouds into each other with pho-
ton recoil [62]. While this avoids the deleterious effects of atom-atom interactions
during the recombination, it lacks the inherent simplicity and robustness of in-trap
recombination.

In this section, I briefly introduce a new phase read-out method using in-trap
recombination of two separated condensates. It turns out that in-trap recombination
leads to heating of the atomic cloud which is phase-dependent. Our result demon-
strated that it can be used as a robust and sensitive read-out of the atom interferome-
ter. The resulting oscillations of the condensate atom number are dramatic (typically
~25% contrast), occur over a wide range of recombination rates, and permit high
signal to noise ratios since they simply require a measurement of the total number of

condensate atoms in the trap.

Phase-sensitive recombination of two condensates

The recombination of two condensates was implemented using a radio frequency in-
duced double well potential as described in figure 6-3. By changing the RF frequency,
two separated condensates with well-defined relative phase were prepared and then
the double well potential was deformed into a single well as described in figure 7-1
(a).

The phase-sensitive excitations after recombination lead to an increase in tem-
perature based on our working assumption that the phase-sensitive excitation of the
cloud decays quickly, on the order of ~1 ms in our system, and leads to an increase
in temperature on the order of hw/kp ~ 100 nK for the case of A¢ = 7, and less for
other values of A¢ where w is the radial trap frequency and A¢ denotes the relative
phase.

The increase in temperature of a merged cloud can be monitored by measuring the
central atom density during ballistic expansion. Phase-sensitive collective excitations,

in addition to mechanical excitations from the splitting and merging processes, heat
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Figure 7-1: Phase-sensitive recombination of two separate condensates. (a) The
phase-coherent condensates were prepared using a radio frequency induced double
well potential on an atom chip [101]. The splitting was done within 75 ms by ramp-
ing up the rf frequency from 140 kHz to 225 kHz. During the hold time, the relative
phase of two independent condensates evolved with time at ~500 Hz. After a variable
time, the double well potential was deformed into a single well and the two trapped
condensates were merged by decreasing the rf frequency by 33 kHz over a variable
“recombination time”. The condensates started to spill over the barrier after <10%
of the recombination time or ~3 kHz decrease of the rf frequency. (b) The relative
phase of two split condensates was monitored for various hold time after splitting by
suddenly releasing the two condensates and observing interference fringes. For the
independent condensates (solid circle), the evolution rate of the relative phase were
determined from the linear fit to be ~500 Hz. For the weakly coupled condensates
(open square), the relative phase did not evolve. At 0 ms hold time, the relative
phase was set to zero for both cases. (c) For the same range of delay times as in
(b), the condensate atom loss after in-trap recombination was determined. The rel-
ative phase (x-axis) was obtained from interference patterns as in (b). The merging
time was 5 ms. The matter-wave interference patterns (after 9 ms time-of-flight) and
absorption images of merged clouds (after 8 ms time-of-flight) show the correlation
between phase shift and absorption signal (see inset). The field of view is 260 x 200
pm and 160 x 240 pm for matter-wave interferences and merged clouds respectively.
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Figure 7-2: The condensate atom loss was monitored during a variable hold time for
the two split condensates whose relative phase evolved at ~500 Hz. The merging
was done for different values of the recombination time: 100 ms (a), 10 ms (b), 5 ms
(c), and 1 ms (d). The dotted lines are sinusoidal curves fitted with fixed frequency
~500Hz. The reproducible phase shift for the 5 ms and 10 ms data occurred during
the recombination process. The data points represent the average of 6 measurements.

the cloud and lower the condensate fraction and, therefore, reduce the central density.
In the experiment, the split condensates were held in the double well potential for
varying hold times, merged into a single potential, and released by turning off the
trapping potential.

After 8 ms time-of-flight, we measured the number of atoms in a fixed area which
is comparable to the size of (expanded) Thomas-Fermi radius [dotted box in figure 7-
1(c)]. While the total atom number was conserved, the number within the fixed
area decreased, indicating that the temperature had increased. The fractional loss of
condensate atoms was obtained as the ratio of atom number after recombination to
the atom number before splitting.

To confirm that this oscillatory heating was associated with the relative phase
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of the split condensates, we measured the relative phase as the spatial phase of the
interference pattern when the split condensates were suddenly released and interfered
during ballistic expansion [figure 7-1 (b)] [177]. Figure 7-1 (b) and (c) show the strong
correlation between the relative phase and the heating of atom clouds. As the relative
phase increased from 0 to 7, the atom loss after recombination increased [figure 7-
1(c)]; m-relative phase (0-relative phase) difference leads to maximum (minimum) loss
of condensate atoms.

The use of phase-sensitive recombination as a read-out for an atom interferometer
is demonstrated in figure 7-2. The separated condensates accumulate relative phase
for an evolution time of up to 6 ms which is read out after in-trap recombination.
The phase-sensitive recombination signal showed high contrast over a wide range of
recombination times (figure 7-2). The observed largest amplitudes of condensate atom
loss correspond to a change in temperature on the order of ~100 nK, in agreement with
the estimate in the introduction. This is testimony to the insensitivity of the energy of
phase-dependent excitations against changes in the exact recombination parameters,

and is promising for further applications of chip-based atom interferometry.
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7.2 Trapping of Ultracold Atoms in a Hollow-core
Photonic Crystal Fiber

In this section, I briefly describe a proof-of-principle experiment showing the pos-
sibility of trapping of ultracold atoms in a hollow-core photonic crystal fiber. This
project was originally initiated by Michele Saba in BEC III. The hollow-core fiber was
implemented into the atom chip setup described in figure 2-1. For more experimental
details, I refer to Ref. [39].

Ultracold atoms in waveguides are being used for studying quantum optics [191],
performing atom interferometry [196, 101], and implementing schemes for quantum-
information science [192]. Of particular interest is the ability of waveguides and
microtraps to strongly confine atoms, providing high optical densities, strong inter-
actions with light, and mechanisms for transporting atoms for further experiments.
Recently major efforts has been directed toward trapping of ultracold atoms in the
hollow-core optical fibers because of its intrinsic feature: simultaneously confining
both a small number of ultracold atoms and photons inside the small volume of the
hollow-core.

In particular, recently developed hollow-core photonic crystal fibers (model: Blaze
Photonics HC-1060-02) which propagate a single Gaussian mode light (1064 nm
wavelength) confined to a hollow core allow us to overcome the uncontrolled guid-
ing of atoms in the conventional hollow core fibers used in the previous experi-
ments [162, 94, 135]. Here, we have succeeded in trapping of ultracold atoms in
the hollow-core photonic crystal fiber. This preliminary experiment has shown that
the ensemble of cold atoms can be loaded into the hollow core fiber with tight con-
finement.

In the experiment, the Bose-Einstein condensates trapped in the red-detuned opti-
cal dipole trap (ODT) is positioned 1 mm away from the end of a fiber (see figure 7-3).
The atoms trapped in the ODT is transferred into the core of the fiber by coupling
the red-detuned light into the fiber from the other side of the fiber [hereafter called
the hollow-core trap(HCT)]. By adjusting the intensities of two lights, the atom can
be loaded into the fiber or be retrieved controllably as described in figure 7-4. The
number of atoms after retrieval is about 5% of the 106 atoms initially prepared in the
ODT.

This system, consisting of tightly confined ultracold atoms in the core of the fiber,
would open a new area of nonlinear quantum optics if a small number of photons are

introduced in the same region. To date, few-photon nonlinear optics has been only
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(a)

Hollow-core photonic
crystal fiber

(b)

Figure 7-3: Schematic illustrations for trapping of atoms in a hollow-core fiber. (a)
The atoms are transferred from a free-space ODT into a trap formed by a red-detuned
Gaussian light mode confined to the core of the fiber (HCT). The fiber used in the
experiment is 2 cm long. (b) Diagram of the optics setup. The light for the ODT and
the HCT is produced by a 1064 nm Spectra-Physics J201-BL-106C diode pumped
solid state multimode laser. Intensities are controlled by using acousto-optical modu-
lators. The beams are frequency shifted such that they have 50 MHz relative detuning
in order to prevent static interference fringes in regions where the traps overlap.
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Figure 7-4: Images of atoms in the ODT during the experiment. (a) Atoms are held
in the ODT near the fiber, with no light coupled into the fiber. The dashed line
indicates the position of the 100 xm thick fiber. (b) Light is coupled to the fiber, and
as the ODT intensity is ramped down, atoms are depleted from the ODT until (¢) no
atoms remain outside the fiber when the ODT power reaches zero. (d) After ramping
the ODT back up, atoms that were trapped in the HCT return to the ODT.

possible in the system of the cavity in which atoms strongly interact with photons.
This enhancement between atoms and photons would be also feasible in the hollow-
core fiber system. For example, the recent seminal work has demonstrated the optical
switching with cold atoms in the hollow core fiber [15].
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Chapter 8

Conclusion and Outlook

Transition to strongly interacting physics in BEC III

This thesis contains two different experimental studies of bosonic and fermionic gases.
Over 6 years after producing the first Bose-Einstein condensate in the BEC III lab
(June 2001), major efforts had been directed toward understanding the properties
of condensates and demonstrating atom interferometry with Bose condensed atoms.
To this end, a series of proof-of-principle experiments had been successfully demon-
strated as summarized in the Ph.d. theses [113, 89, 147] of former members of Ket-
terle/Pritchard group. These highly productive results benefit from the concept of
“Science Chamber” in our lab. In summer 2007, the apparatus was upgraded to gen-
erate a degenerate Bose-Fermi mixture of 2*Na and ®Li. Adding fermions opened new
opportunities to explore quantum magnetism in a repulsive Fermi gas and heteronu-
clear molecules consisting of bosonic ?Na and fermionic éLi atoms. Also, from this
point, we broadened the scope of research direction toward the understanding of the
strongly interacting regime in a gas of ultracold atoms. My Ph.D. research described
in this thesis is an example showing how the field of ultracold dilute gases evolves

into the area of strongly correlated physics.

8.1 The future in BEC III

At the moment when I was writing this thesis, the major efforts were directed toward
two projects simultaneously in the science chamber: (1) the study of itinerant fer-
romagnetism in a Fermi Gas of ultracold atoms and (2) the production of fermionic
heteronuclear molecules. For itinerant ferromagnetism, the study can be extended

into a low-dimensional system with or without optical lattices. In a lattice system,
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there are many fundamental questions relevent to magnetism, waiting to be answered
by experiments with cold atoms [123]. Also, the simulation of a model Hamiltonian in
a repulsive Fermi gas such as the Stoner model would contribute to the realization of
the quantum simulator in atomic physics. The production of fermionic heteronuclear
molecules would also open a new era to study the properties of the dipolar atomic
gas. In addition, the flexibility of the science chamber will allow us to explore systems
consisting of fermi atoms, fermionic heteronuclear molecules, or Bose-Fermi mixtures.

I am leaving the science chamber lab in capable hands and I hope that the science
chamber will continue to contribute to the field of cold atom physics. Given the
advances and successes we have already accomplished in the science chamber, I believe
the future is bright.
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Appendix A

Properties of “Na and °Li.

This appendix contains summarizes properties of 2*Na and °Li.
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Figure A-1: Sodium and lithium D2 transition hyperfine structure, with frequency
splittings between the hyperfine energy levels. The frequency of the light used for
trapping, repumping, slower, and imaging is shown.
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Figure A-2: *Na and SLi hyperfine structure in an external magnetic field. For
»3Na with a nuclear spin I = 3/2, there are (25 + 1)(2I + 1) = 8 hyperfine states.
For SLi with I = 1, six hyperfine states are available. A F=1 and F=2 sodium
condensate is produced in the hyperfine state |F' = 1,mp = —1) (black solid line)
and |[F' = 2, mp = 2) (red solid line) respectively. Sympathetic cooling with a F=2
condensate is performed in the stretched state |F' = 3/2, mp = 3/2) (labeled as |6),
black solid line) for lithium atoms. A repulsive two-component Fermi gas of lithium
atoms is prepared in the two lowest hyperfine states |F = 1/2,mp = —1/2) and
|F'=1/2,mp = 1/2) (labeled as |1) and |2) repectively) near the Feshbach resonance
located at 834 G.
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Appendix B

Designs for the Apparatus

This appendix contains designs for the apparatus.

Atomic beam skimmer

e Oven nozzle design

Mount design for an atom chip experiment

Design for a new science chamber

Design for a re-entrant port
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(b) Oven Nozzle Design

* All CF flanges are for Ni gaskets (with less indentation),

nominal diameter 2.75”
* All the parts are made of 316SS

** All the parts are made of 316SS.

2.750

’/ 0.021”
Oven nozzle A Oven nozzle B
. =
'1 -
Q @)
~ : HOL) :
O ?\_}? O3 - \5/ v*©
1 :
g0
i w i * All dimensions in inches
- 8 * All dimensions in inches
} % 45&220

8-32 tapped hole

<

|

0.100



(c) Mount Design for an Atom Chip Experiment built in 2005

2 pieces

(2) 6-32 tapped
Material: 1/2" thick aluminum stock /
All dimensions inches unless otherwise noted Y T
ol o
: i e ML NLNNLN : :
<—1.000—>{
—0.950»
0.05 .| 1+0.800-
030 1 <—0.900-> 0.650>
0250 —=| = ~ (4) 6-32 tapped
0.500] / (4) 9/32" clearance holes (thru)
0.250 | O O
0.500 I
) - - - - - - i} ] j 0.150
0.150

‘0500 — = 0.250
«0.650*
grooves 0.035 wide X 0.050 deep
) /
: : Uprn 'om Tom o ) : : r
1O} 10 o_.i_sg 0.500
ol P v

(2) 6-32 tapped




(d) Design for a New Science Chamber

_30- Rofatable

N 3

Roiaiublgb 3

'r&
ke

6.75" Flange

S ..
4

2 1/8" flange
|
pratable o
1.33" flange e % q‘ -
Rotatable \V_

2.0
g —
Rotatable flanges (Flange A and B, 2.75")

The flange has é clearance bolt holes
and 6 tapped bolt holes threaded 8-32 (.250-28).

clearance tapped bolt
balt hole hole (8-32)

. Dimension: Irch "
Nonmagnetio,material (maybe 3045S) 1.50" OD pipe
All flanges except two 2.75" (flange A and B

have normal clearance bolf holes
« Al 1.33" flanges'are rotatable TrLE: Customized vacuum
. Dimensions are approximatfe, and can be chamber
adjusted for sirength and ease of manufacturing

in 2%.
. Please, check the position of clearance holes on R Date
the 4.75" flange. Tt?ere must not be a clearance Numl‘f_' GY"b‘:g"" J‘r" d
hole right on the 1.5" tube connecting flange A :.':"" 96'/1‘; 253"" 178 e 10/23
and B. | guess that there are 18 holes on the 6.75" one: 5l7.=299-
flange. Make sure that the first hole from the axis
ggoﬂn?cﬁng flange A and B) has 10 degree from SCALE: 1:5 Quantity: 1 SHEET1OF |
e axis.
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(e) Design for a re-entrant Port

Optically fiat viewport (1.33" diameter)

0.84

Air

1.83

. 1.00

‘acuum *

There should be holes on the flange
for bolts

TITLE:

Bucket window for UHV
. Dimension: Inch
. Nonmagnetic material (maybe 3045$)
. Dimensions are approximate, and can be SIZE Gyu-Boong Jo REV
adjusted for strength and ease of manufacturing A email: gyuboong@mit.edu
in 2%, phone: 1-617-253-4178

. Anti-reflection coating for 589nm, 670nm and 1064 nm SCALE: 1:2 WEIGHT: SHEET 1 OF 1
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Appendix C

Itinerant ferromagnetism in a

Fermi gas of ultracold atoms

This appendix contains a reprint of Ref. [102]: Gyu-Boong Jo, Ye-Ryoung Lee, Jae-
Hoon Choi, Caleb A. Christensen, Tony H. Kim, Joseph H. Thywissen, David E.
Pritchard, and Wolfgang Ketterle Itinerant Ferromagnetism in a Fermi Gas of Ultra-
cold Atoms, Science 325, 1521-1524 (2009).
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ble spectra could easily push this effect to higher
frequencies that are beneficial for a variety of
practical applications (30).
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Itinerant Ferromagnetism in a Fermi
Gas of Ultracold Atoms

Gyu-Boong Jo,* Ye-Ryoung Lee, Jae-Hoon Choi,! Caleb A. Christensen,® Tony H. Kim,*
Joseph H. Thywissen,” David E. Pritchard,’ Wolfgang Ketterle®

Can a gas of spin-up and spin-down fermions become ferromagnetic because of repulsive
interactions? We addressed this question, for which there is not yet a definitive theoretical answer,
in an experiment with an ultracold two-component Fermi gas. The observation of nonmonotonic
behavior of lifetime, kinetic energy, and size for increasing repulsive interactions provides strong
evidence for a phase transition to a ferromagnetic state. Our observations imply that itinerant
ferromagnetism of delocalized fermions is possible without lattice and band structure, and our data
validate the most basic model for ferromagnetism introduced by Stoner.

agnetism is a macroscopic phenome-
non with its origin deeply rooted in
quantum mechanics. In condensed-
matter physics, there are two paradigms for
magnetism: localized spins interacting via tun-
neling and delocalized spins interacting via an
exchange energy. The latter gives rise to itin-
erant ferromagnetism, which is responsible for
the properties of transition metals such as cobalt,
iron, and nickel. Both kinds of magnetism in-
volve strong correlations and/or strong interac-
tions and are not yet completety understood. For
localized spins, the interplay of magnetism with
d-wave superfluidity and the properties of frus-
trated spin materials are topics of current research.
For itinerant ferromagnetism (/-7), phase transi-
tion theories are still qualitative.
We implemented the Stoner model, a text-
book Hamiltonian for itinerant ferromagnetism
(8), by using a two-component gas of free fer-
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mions with short-range repulsive interactions,
which can capture the essence of the screened
Coulomb interaction in electron gases (8). How-
ever, there is no proof so far that this simple
model for ferromagnetism is consistent when the
strong interactions are treated beyond mean-field
approaches. It is known that this model fails in
one dimension, where the ground state is singlet
for arbitrary interactions, or for two particles in
any dimension (3). In our work, cold atoms were
used to perform a quantum simulation of this
model Hamiltonian in three dimensions, and we
showed experimentally that this Hamiltonian
leads to a ferromagnetic phase transition (2).
This model was also realized in helium-3 (9), but
the liquid tum into a solid phase and not into a
ferromagnetic phase at high pressure. It has also
been applied to neutrons in neutron stars (/0).
To date, magnetism in ultracold gases has
been studied only for spinor (//, 12) and dipolar
(13) Bose-Einstein condensates (BECs). In these
cases, magnetism is driven by weak spin-
dependent interactions, which nevertheless de-
termine the structure of the condensate because
of a bosonic enhancement factor. In contrast,
here we describe the simulation of quantum mag-
netism in a strongly interacting Fermi gas.

An important recent development in cold
atom science has been the realization of super-
fluidity and the BEC-Bardeen-Cooper-Schrieffer
(BCS) crossover in strongly interacting, two-
component Fermi gases near a Feshbach reso-
nance (/4). These phenomena occur for attractive
interactions for negative scattering length and for
bound molecules (corresponding to a positive
scattering length for two unpaired atoms). Very
little attention has been given to the region of
atoms with strongly repulsive interactions. One
reason is that this region is an excited branch,
which is unstable against near-resonant three-
body recombination into weakly bound mole-
cules. Nevertheless, many theoretical papers
have proposed a two-component Fermi gas near
a Feshbach resonance as a model system for itin-
erant ferromagnetism (/ 5-22), assuming that the
decay into molecules can be sufficiently sup-
pressed. Another open question is the possibility
of a fundamental limit for repulsive interactions.
Such a limit due to unitarity or many-body phys-
ics may be lower than the value required for the
transition to a ferromagnetic state. We show that
this is not the case and that there is a window of
metastability where the onset of ferromagnetism
can be observed.

A simple mean-field model captures many
qualitative features of the expected phase transi-
tion but is not adequate for a quantitative de-
scription of the strongly interacting regime. The
total energy of a two-component Fermi gas of
average density n (per spin cpmponent) in a
volume V is given by EFZVn{QT% [(1+n)*+
(1 = 0> + Zkra(1 +n)(1 = n)}, where E;
is the Fermi energy of a gas, ;- is the Fermi wave
vector of a gas, a is the scattering length charac-
terizing short-range interactions between the two
components, and | = An/n = (m; — mp)(my + my)
is the magnetization of the Fermi gas. The local
magnetization of the Fermi gas is nonzero when
the gas separates into two volumes, where the
densities n; and n, of the two spin states differ
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by 2An. We studied an ensemble in which the
number of atoms in each spin state is conserved.
This is equivalent to a free electron gas at zero
cxternal magnetic ficld where the total magne-
tization is zero. The interaction term represents
any shon-range spin-independent potential. When
the gas is fully polarized, it avoids the repulsive
interaction but increascs its kinetic encrgy by a
factor of 22°. The phase transition occurs when
the minimum in energy is at nonzero magneti-
zation (Fig. 1A) at kpe = n/2. This onset was
previously discussed in the context of phase sep-
aration in a two-component Fermi gas (/5-/8).
Figure 1B shows several consequences of the
phase transition for a system at constant pres-
sure. First, for increasing repulsive interactions,
the gas expands, lowering its density and Fermi
energy: kinetic energy is therefore reduced.
When the gas enters the ferromagnetic phase,
kinetic energy increases rapidly because of the
larger local density per spin state. Furthermore,
the volume has a maximum value at the phase
transition. This can be undcrstood by noting that
pressurc in our model is (2/3)Ey/V + Eind¥,
where Ey;, is kinetic energy and E;,, is interaction
energy. At the phase transition, the system in-
creases its kinetic energy and reduces its inter-
action energy, thus reducing the pressure. This
maximum in pressure at constant volume tums
into a maximum in volume for a system held at
constant pressure or in a trapping potential. We
have observed three predictions of this model: (i}
thc onsct of local magnetization through the
suppression of inelastic collisions, (ii) the mini-
mum in kinetic energy, and (iii) the maximum in
the size of the cloud. These qualitative features
arc generic for the ferromagnetic phasc transition
and should also be present in morc-advanced
models (79).

We start with an atom cloud consisting of an
equal mixture of °Li atoms in the lowest two
hyperfine states, held at 590 G in an optical
dipole trap with additional magnetic confine-
ment (23). The number of atoms per spin state is
approximately 6.5 * 10°, which corresponds to
a Fermi temperature 7y of ~1.4 pK. The ef-
fective temperature 7 could be varied between
T/'Te = 0.1 and T/T¢ = 0.6 and was determined
immediately after the field ramp by fitting the
spatial distribution of the cloud with a finite
temperature Thomas-Fermi profile. We define
kr as the Fermi wave vector of the noninteract-
ing gas calculated at the trap center. Applying
the procedure discussed in (24) to repulsive in-
teractions, we estimate that the real temperature
is approximately 20% larger than the effective
one. The effective temperature did not depend
on kpa for kla < 6, At higher temperatures,
additional shot-to-shot noise was caused by
large fluctuations in the atom number. From
the starting point at 590 G, the magnetic field
was increased toward the Feshbach resonance at
834 G, thus providing adjustable repulsive inter-
actions, Because of the limited lifetime of the
strongly interacting gas, it was necessary 10 ap-

ply the fastest possible field ramp, limited to
4.5 ms by eddy currents. The ramp time is ap-
proximately equal to the inverse of the axial trap
frequency (23) and therefore only marginally
adiabatic. Depending on the magnetic field dur-
ing observation, either atoms or atoms and
molecules were detected by absorption imaging
as described in fig. S1(25).

The emergence of local spin polarization can
be observed by the suppression of (either clastic
or inelastic) collisions, because the Pauli exclu-
sion principle forbids collisions in a fully po-
larized cloud. We monitored inclastic three-body
collisions, which convert atoms into molecules.
The rate (per atom) is proportional to f(a,T)n 1z
or fla,T) n*(1 — 1) and is therefore a measure
of the magnetization n. For kpa << |, the rate
coefficient fia.T) is proportional to o® max(7,7¢)
(26). This ratc can be observed by monitoring
the initial drop in the number of atoms during
the first 2 ms afier the field ramp. We avoided
longer observation times, because the increasing
molecule fraction could modify the propertics of
the sample.

A sharp peak appears in the atom loss rate
around ARa = 2.5 at T/Ty = 0.12 (Fig. 2), in-
dicating a transition in the sample to a state with
local magnctization. The gradual decreasc is con-
sistent with the inhomogeneous density of the
cloud, where the transition occurs first in the
center. The large suppression of the loss rate
indicates a large local magnetization of the cloud.

The kinctic cnergy of the cloud was deter-
mined by suddenly switching off the optical trap
and the Feshbach fields immediately afler the
field ramp and then imaging state |1) aloms at
zero ficld using the cycling transition afier a
ballistic expansion time of A7 = 4.6 ms. The ki-
netic energy was obtained from the Gaussian
radial width o, as Ey,, = [3me,2Y(2Ar)] where
m is the mass of the ®Li atom. A minimum of
the kinetic energy at kP = 2.2 for the coldest
temperature 7/T¢ = 0.12 ncarly coincided with

the onset of local polanization (Fig. 3). The peak in
the atom loss rate occurs slightly later than the
minimum of kinetic energy, probably because

fa.T) increascs with a (22). Becausc the temper-

ature did not change around 4fa = 2.2, the in-
crease in kinetic enetgy is not caused by heating
but by a sudden change in the properties of the
gas, which is consistent with thc onsct of ferro-
magnctism. The observed increase in kinetic cner-
gy is approximalr.lg 20% at T'Tg = 0.12, smaller
than the value (22 - 1) = 0.59 predicted for a
fully polarized gas. This discrepancy could be
due to the absence of polarization or partial po-
larization in the wings of the cloud. Also, it is
possible that the measured kinetic energy of the
strongly interacting gas before the phase transition
includes some interaction energy if the Feshbach
fields are not suddenly switched off. For the cur-
rent switch-off time of ~100 ps, this should be
only a 5% effect, but the magnetic field decay
may be slower because of eddy currents.
Finally, Fig. 4 shows our observation of a
maximum cloud size at the phasc transition, in
agreement with the prediction of the model. The
cloud size may not have fully equilibrated, because
our ramp time was only marginally adiabatic, but
this alone cannot explain the observed maximum.
The suppression of the atom loss rate, the
minimum in kinetic energy, and the maximum
in cloud size show a strong temperature depen-
dence between 7/Ty = 0.12 and 0.22. The prop-
erties of a normal Fermi gas approaching the
unitarity limit with k7 @ >> 1 should be insensitive
to temperature variations in this range; therefore.
the observed temperature dependence provides
further evidence for a transition to a new phase.
At higher temperature (e.g.. T'7p = 0.39 as
shown in Fig. 3), the observed nonmonotonic
behavior becomes less pronounced and shifts to
larger values of ka for 3 < kpa < 6. For all three
observed properties (Figs. 2 to 4), a nonmonotonic
behavior is no longer observed at 777 = 0.55 (27).
One interpretation is that at this temperature and

A B 0. Fig. 1. Ferromagnetic phase tran-
Energy at Constant Volume g : sition at 7 = 0, according to the
8 mean-field model described in the
. £ text. The onset of itinerant ferro-
£ o magnetism occurs when the energy
13 as a function of magnetization flips
B from a U shape to a W shape (A).
.% 1 (B) Enthalpy, volume, and kinetic
s £ 0o energy, normalized to their values
o = for the ideal Fermi gas, and mag-
= netization as a function of the inter-
g ¢ 145 action parameter k:a. k; is defined
g 2 by the density of the gas. The dotted
125 line marks the phase transition.
B3
[]
/ g 125
NS Bus
4105 0 405 4+ =

o 05 o s
Magnetization

20 25

Interaction Parameter kra
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above, there is no longer a phase transition. In a
mean-field approximation, a ferromagnetic phase
would appear at all temperatures but for increasing
values of Apa. Our obscrvations may imply that
the interaction energy saturates around kPa = 5.

The spin-polarized ferromagnetic state should
not suffer from inelastic collisions. However,
typical lifetimes were 10 to 20 ms, which were
probably rclated to a small domain size and three-
body recombination at domain walls.

Fig. 2. Atom loss rate as a probe Magnetic Field [G]
for local spin polarization, for 600 750 780 800 810 g5 818
different temperatures. I/T; = 0.55 1 i ] | i I 1
(triangles, dashed curve), 7Tz = _, 200
0.22 (open circles, dotted curve), £
and 71T = 0.12 (solid circles, solid "3 150 —
black curve). The curves are guides &
to the eye, based on the assump- S 100 —
tion of a loss rate that saturates for §
increasing a in the normal state, The € 0
shaded area around the phase o
transition at 7T = 0.12 highlights < 0 —
the same region as in Figs. 3 and 4. T T T T
0 2 4 6 8
Interaction Parameter kfa
Fig. 3. Kinetic energy of Magnetic Field [G]
a repulsively interacting 600 750 780 80 810 815 818
Fermi gas determined for 1 1 ] | l l
different interaction pa- 0.60—
rameters kfa and tem- 4
peratures. The measured 055 +
kinetic energy is normal- + ]
ized by the Fermi energy o b + 2
E2 of the noninteracting 0.50— + &
Fermi gas at 7 = 0, cal- =
culated at the trap center 0.45— +
with the same number of
atoms per spin state. Each .
data point represents the ! ] ! !
average of three or four 055
measurements.
0.50 — . N
ol 1444y tho
s M
i 8
— 0.40 — 8.
& . E
g._’ I I : ] (=4
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We were unsuccessful in imaging ferromag-
netic domains using differential in situ phase-
contrast imaging (28). A signal-to-noise level of
~ 10 suggests that therc were at least 100 do-
mains in a volume given by our spatial resolution
of ~3 um and by the radial size of the cloud. This
implies that the maximum volume of the spin do-
mains is ~5 um’, containing ~50 spin-polarized
atoms. We suspect that the short lifetime prevented
the domains from growing to a larger size and
eventually adopting the equilibrium texture of the
ground state, which has been predicted to have
the spins pointing radiatly outward, like a hedgehog
(20, 22). All our measurements are sensitive only
to local spin polarization and are independent of
domain structure and texture.

The only difference between our experiment
and the ideal Stoner model is a molecular ad-
mixture of 25% (Fig. 4). The molecular fraction
was constant for k2a > 1.8 for all temperatures and
therefore cannot be responsible for the sudden
change of behavior of the gas at kfe = 2.2 at the
coldest temperature 777y = 0.12. This prediction
was confirmed by repeating the kinetic cnergy
measurements with a molecular admixture of 60%.
The minimum in the kinetic energy occurred at the
same value of Afa within experimental accuracy.

For a comparison of the observed phasc tran-
sition at kPa = 2.2 to the theoretical predictions, the
ideal gas kP has to be replaced by the value for the
interacting gas, which is smaller by ~15% because
of the expansion of the cloud (Fig. 4), resulting in a
critical value for kpa = 1.9+ 0.2. At T =0.12, the
finite temperature correction in the critical value for
kpa is predicted 10 be less than 5% (/9). The
observed value for kga is larger than both the mean-
ficld prediction of n/2 and the sccond-order pre-
diction of 1,054 at zcro temperature (/9). Depend-
ing on the theoretical approach, the phase transition
has been predicted to be first or second order. This
could not been discemned in our experiment because
of the inhomogeneous density of the cloud.

It has been speculated (79) that earlier experi-
ments on the measurement of the interaction ener-
gy (29) and radio frequency spectroscopy of Fermi
gases (30) showed evidence for the transition to a
ferromagncetic state at or below &g = 1. This inter-
pretation scems to be ruled out by our experiment.

Our work demonstrates a remarkable asym-
metry between positive and negative scatlering
length. Early work (/5) predicted that for kgla] =
/2, both an attractive and a repulsive Fermi gas
become mechanically unstable (against collapse
and phase separation, respectively). In an attract-
ive Fermi gas, however, the mechanical in-
stability does not occur [due to pairing (3/)), in
contrast to our observations in a repulsive Fermi
gas. This suggests that the maximum total re-
pulsive energy [in units of 3/5(2Fn)Er] is larger
than the maximum attractive energy |Bf of 0.59
(32) that is realized for infinite a (23).

The interpretation of our results in terms of
a phase transition to itinerant ferromagnetism
is based on the agreement with the prediction
of simplified models [Fig. 1, (/5-22)]. Future
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A Magnetic Field [G] B Magnetic Field [G]
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5 650 —| + + + o % Fig. 4. Maximum in volume at the phase transition. (A} Axial size
= s00 +¢¢ ¢ — % 3 and chemical potential of the cloud for various temperatures. The
S ¢ + 4 | g U Chemical potential y is determined from the measured cloud size, o,
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work should address how the observed signa-
tures are modified by strong interactions and
comrelations. Additional insight can be obtained
by varying the magnetic field ramp time over a
wide range and studying the rclaxation toward
an equilibrium state (33).

Heisenberg and Bloch’s explanation for fer-
romagnetism was based on exchange energy;
that is. the Pauli principle and spin-independent
repulsive interactions between the electrons.
However, it was unknown what other “‘ingre-
dients™ wete needed for itinerant ferromagnetism.
It was not until 1995 (6, 7) that a rigorous proof
was given that, in certain lattices, spin-independent
Coulomb intcractions can give risc to feomag-
netism i itinerant electron systems. Our finding
suggests that Heisenberg’s idea does not require a
lattice and band structure but already applies to a
free gas with short-range interactions. Our exper-
iment can be regarded as quantum simulation of a
Hamiltonian for which even the existence of a
phase transition was unproven. This underlines the
potential of cokl atom experiments as quantum
simulators for many-body physics.

References and Notes
1. F. Bloch, Z. Phys. 57, 545 (1929).
£. Stoner, Philos. Mag. 15, 1018 (1933).
E. Lieb, D. Mattis, Phys. Rev. 125, 164 (1962).
P. W. Brouwer, Y. Oreg, B. |. Halperin, Phys. Rev. 8 60,
R13977 (1999).

2.
3.
4.

5. D. Volthardt, N. Blumer, K. Held, M. Kallar, Metallic
Ferromagnetism~An Electronic Correlation Phenomenon.
vol. 580 of Lecture Notes in Physics (Springer,
Heidelberg, Gennany, 2001).

6. H. Tasaki, Phys. Rev. Lett. 75, 4678 (1995).

7. A. Tanaka, H. Tasaki, Phys. Rev. Lett. 98, 116402 (2007).

8. D. W. Snoke, Solid State Physics: Essential Concepts
(Addison-Wesley, San Francisco, CA, 2008).

9. D. Vollhardt, Rev. Mod. Phys. 56, 99 (1984).

10. ). Pfarr, Z. Phys. 251, 152 (1972).

11. ). Stenger et ol., Nature 396, 345 (1998).

12. L E. Sadler, ]. M. Higbie, S. R. Leslie, M. Vengalattore,
D. M. Stamper-Kum, Nature 443, 312 (2006).

13. T. Lahaye et al., Nature 448, 672 (2007).

14, M. Inguscio, W. Ketterle, C. Salomon, Ultracold Fermi
Gases, Proceedings of the International School of Physics
Enrico Fermi, Course CLXIV (I0S Press, Amsterdam,
2008},

15. M. Houbiers et of., Phys. Rev. A 56, 4864 (1997).

16. L. Salasnich, B. Pozzi, A, Parola, L. Reatto, J. Phys. At.
Mol. Opt. Phys. 33, 3943 (2000).

17. M. Amoruso, |. Meccoli, A. Minguzzi, M. Tasi, Eur. Phys. ). D
8, 361 (2000).

18. T. Sogo, H. Yabu, Phys. Rev. A 66, 043611 (2002).

19. R. A. Duine, A. H. MacDonald, Phys. Rev. Lett. 95,
230403 (2005).

20. 1. Berdnikay, P. Coleman, S. H. Simon, Phys. Rev. B 79,
224403 (2009).

21. S. Zhang, H. Hung, C. Wu, preprint available at
http://arxiv.org/absf0805.3031v4 (2008).

22. L ]. LeBlanc, ). H. Thywissen, A. A. Burkov, A. Paramekanti,
Phys. Rev. A 80, 013607 (2009).

23. Materials and methods are available as supporting
material on Science Online,

24. ). Kinast et ol., Science 307, 1296 (2005).

25. ML W. Zwierlein ef al. Phys. Rev. Lett. 91, 250401 (2003).

26. ]. P. D'Incao, B. D. Esry, Phys. Rev. Lett. 94, 213201 {2005),

27. The interpretation of the loss rate is complicated because
fla,T) is unkown for keo > 1, The three-body rate fla, T} is
expected to be unitarity saturated for k2 >> 1 (34). The
lines in Fig. 2 indicate that the observed loss rate is
consistent with unitarity saturation and a sudden drop at
the phase transition, which occurs at large values of k0
at higher temperature.

28. Y. Shin, M. W. Zwierlein, C. H. Schunck, A. Schirotzek,
W. Ketterle, Phys. Rev. Lett. 97, 030401 (2006).

29. 1. Bourdel et gl., Phys. Rev. Lett. 91, 020402 (2003).

30. S. Gupta et al., Science 300, 1723 (2003).

31. P. Noziéres, S. Schmitt-Rink, J. Low Temp. Phys. 59, 195
(1985).

32. ). Carlson, S. Reddy, Phys. Rev. Lett. 95, 060401 (2005).

33. M. Babadi, D. Pekker, R. Sensarma, A. Georges, E. Demler,
preprint available at htp:/ariv.org/abs/0908.3483 (2009).

34. T. Webes, ). Herbig, M. Mark, H.-C. Nageri, R. Grimm,
Phys. Rev. Lett. 91, 123201 (2003).

35. Supported by NSF and the Office of Naval Research, through
the Multidisciplinary University Research Initiative program,
and under Army Research Office grant no. W911NF-07-1-
0493 with funds from the Defense Advanced Research
Projects Agency Optical Lattice Emulator program.

G.-B.] and Y.-R.L acknowledge additional support from the
Samsung Foundation. We thank E. Demler, W. Hofstetter,
A. Paramekanti, L. ). LeBlanc, and G. ]. Conduit for useful
discussions; T. Wang for experimental assistance; and

A. Keshet for development of the computer control system.

Supporting Online Material
www.sciencemag.org/cgi/contentflull/325/5947/1521/DC1
Materials and Methods

SOM Text

Fig. 51

References

1 June 2009; accepted 21 July 2009
10.1126/science.1177112

18 SEPTEMBER 2009 VOL 325 SCIENCE www.sciencemag.org

on October 1, 2009

Downloaded from



Supporting online materials for

Itinerant Ferromagnetism in a Fermi Gas of Ultracold
Atoms

Gyu-Boong Jo'*, Ye-Ryoung Lee!, Jae-Hoon Choi!, Caleb A. Christensen’,
Tony H. Kim?, Joseph H. Thywissen?, David E. Pritchard!, and Wolfgang Ketterle!

IMIT-Harvard Center for Ultracold Atoms, Research Laboratory of Electronics,
Department of Physics, Massachusetts Institute of Technology, Cambridge, MA 02139, USA
2Department of Physics, University of Toronto, Toronto, Ontario M5S1A7, Canada

*To whom correspondence should be addressed; E-mail: gyuboong @mit.edu

Materials and Methods

Preparation of the ultracold °Li cloud The first step is the production of a spin-polarized
Fermi gas in the |F = 3/2, mp = 3/2) state by sympathetic cooling with bosonic ?*Na atoms
in a magnetic trap as described in ref (S/). The SLi cloud was then loaded into a deep optical
dipole trap with a maxium power of 3W and radial trap frequency of ~3.0 kHz, followed by an
RF transfer into the lowest hyperfine state |F = 1/2, mp = 1/2). Additional axial confinement
was provided by magnetic fields. An equal mixture of |1) and |2) spin states (corresponding
to the |[F' = 1/2,mp = 1/2) and |F = 1/2,mp = —1/2) states at low magnetic field)
was prepared by a Landau-Zener RF sweep at a magnetic field of 590 G, followed by 1 s for
decoherence and further evaporative cooling at 300 G. Finally, the optical trapping potential

was adiabatically reduced over 600 ms, and the field increased back to 590 G. The trap had

1



a depth of 7.1 pK and was nearly cigar shaped with frequencies v, = v, ~ 300 Hz and

v, ~ 70 Hz.

Supporting online text

Estimation of the maximum total repulsive energy Full phase separation at zero tempera-
ture requires a total repulsive energy of (2%/? — 1) = 0.59 in units of 3/5(2Vn)Er. At finite
temperature 7', one has to add T'S where S = (2Vn)kpln2 is the entropy difference between
the two phases. Our tentative observation of a ferromagnetic phase at 7' = 0.397F implies a
repulsive energy of ~ 1.04 assuming full phase separation, larger than the maximum attraction

energy of 0.59.
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Fig. S1: (A) The schematic shows the time sequence of the experiment. The sample was
exposed to the magnetic field of interest for 0 - 14 ms and analyzed in-situ for loss measurement
or after 4.6 ms time-of-flight for the measurement of kinetic energy and the axial size of the
cloud. The Feshbach fields were suddenly switched off at a rate of 1G/us, preventing the
conversion of interaction energy into kinetic energy during the expansion. (B) This absorption
image shows the |1) component of the cloud trapped at 812 G (left), and after 4.6 ms ballistic
expansion imaged at zero field (right). The field of view is 840umx550um. The magnetic field
ramp was limited by eddy currents to 4.5 ms. Spectroscopic measurements of the magnetic field
showed that the field was trailing behind the current which was controlled with a time constant

faster than 1 ms.
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Response to comment by Tin-Lun Ho on “Itinerant
Ferromagnetism in a Strongly Interacting Fermi Gas
of Ultracold Atoms”, Science 325, 1521 (2009)

Gyu-Boong Jo!, Ye-Ryoung Lee!, Jae-Hoon Choi!, Caleb A. Christensen’,
Tony H. Kim!, Joseph H. Thywissen?, David E. Pritchard!, and Wolfgang Ketterle!

IMIT-Harvard Center for Ultracold Atoms, Research Laboratory of Electronics,
Department of Physics, Massachusetts Institute of Technology, Cambridge, MA 02139, USA
2Department of Physics, University of Toronto, Toronto, Ontario M5S1A7, Canada

Ho claims in his comment that our experiment is direct evidence that itinerant
ferromagnetism does not exist in ultracold Fermi gases. This claim is incorrect
and based on an invalid estimate of relaxation times and an erroneous inter-
pretation of the detectability of ferromagnetic domains. We point out that the
experimental evidence is consistent with the existence of ferromagnetism, but
further experiments are needed to distinguish a ferromagnetic ground state
from a non-magnetic ground state with ferromagnetic correlations.

In our recent paper (/), we showed for a Fermi gas of lithium-6 atoms that the lifetime,
kinetic energy, and cloud size vary non-monotonously for increasing repulsive interactions, and
that this behavior is consistent with predictions of a phase transition to a ferromagnetic state
based on mean-field models. However, we were not able to observe ferromagnetic domains due
to finite imaging resolution and line of sight integration, which suggests that the size of domains
were smaller than 2um.

We explicitly state in our paper that all our measurements are sensitive only to local spin
polarization and are independent of domain structure. This implies that further experimental
evidences are required to distinguish between equilibrium domains and short-rage fluctuating
domains. In our conclusion, we explicitly point out that our interpretation in terms of a phase
transition to itinerant ferromagnetism is based on the qualitative agreement with the prediction



of simple models (2). We also stated that strong interactions and correlations, for which no
detailed theoretical treatment exists, could possibly modify our findings.

The possible importance of correlations is reiterated by Ho. However, no theoretical treat-
ment is provided in his comment. Instead, he refers to theoretical studies in lattices, but it is
not clear how they can be applied to the continuum case studied in our paper. Recent work (3)
shows, within a phenomenological model, that correlations can lead to similar experimental
signatures as we have observed. However, the model does not quantitatively agree with our
data, and has some qualitative discrepancies as well; for example the extrema of lifetime, ki-
netic energy and cloud size don’t occur at the same value of the parameter kra, where k is the
Fermi momentum and a the s-wave scattering length, in contrast to our observations. It would
be interesting to see if further development of the alternative theories could lead to quantitative
agreement with experiments. Note that a ferromagnetic phase transition has been predicted by
theories including mean-field and correlations in second order (4, 5), but it remains to be seen if
correlations are adequately treated.

Ho argues that our non-observation of spin domains clearly shows their absence and there-
fore the existence of a non-magnetic state. He states that even if the formation of domains
favors small sizes, there should be occasionally a domain which is large enough to be detected.
However, Ho makes no predictions about the statistics of occurrence of large domains, and how
they could be detected in the presence of statistical and systematic noise sources. We note that
our non-observation of domains was based on visual inspections of several images which didn’t
show any discernable textures. We presented these results in our paper using weak language (for
example, “a signal-to-noise ratio ... suggests” and “we suspect...” ) and gave estimates without
any error bars. Ho’s suggestion of looking for the rare event of a large domain conflicts with
interference fringes, speckle and other imaging artifacts which, at some level, are present in all
experimental images. To exclude the existence of such domains, one needs a prediction about
their probability of occurrence, and a careful analysis of all experimental limitations.

Recent work (6), posted prior to Ho’s comment, makes predictions about the size distri-
bution of domains and their growth rate after a rapid quench across a critical value of kra.
These authors conclude that the expected pattern size of ~ 2k~ is much smaller than the
experimental imaging resolution and provide a theoretical explanation for the non-observation
of domains.

Finally, Ho claims that large domains should form on a time scale 2/ Er, where 7 is Plancks
constant divided by 27 and E the Fermi energy, which is fast compared to the hold time in our
experiment. This estimate is incorrect. It should apply only to the local response, i.e. screening
of interactions and local correlations, but not to the formation of domains, which should show
a slowing down near the quantum critical point. The time of domain formation must depend on
their size I, so there is a second dimensionless parameter k! in the problem. This is directly
confirmed in the calculations of Ref. (6) which predict that the time scale for domain formation
strongly depends on the domain size and how far the system is quenched beyond the critical
point.



In conclusion, we strongly disagree with Ho that our experiment has shown that Fermi gases
with strong repulsive interactions are non-magnetic. Ho’s claim ignores the dependence of the
time scale for domain formation on their size. So far, the experimental evidence is consistent
with a phase transition to a ferromagnetic state, but it cannot rule out a non-magnetic state with
strong ferromagnetic correlations, partly due to the fact that no detailed theoretical predictions
exist for such a state.

We thank Eugene Demler for valuable discussions.
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Appendix D

Long Phase Coherence Time and
Number Squeezing of two

Bose-Einstein Condensates on an
Atom Chip

This appendix contains a reprint of Ref. [101]: G.-B. Jo, Y. Shin, S. Will, T. A.
Pasquini, M. Saba, W. Ketterle , D. E. Pritchard, M. Vengalattore, and M. Prentiss,
Long Phase Coherence Time and Number Squeezing of two Bose-Einstein Conden-
sates on an Atom Chip, Phys. Rev. Lett. 98, 030407 (2007).
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Long Phase Coherence Time and Number Squeezing of Two Bose-Einstein Condensates
on an Atom Chip
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We measure the relative phase of two Bose-Einstein condensates confined in a radio frequency induced
double-well potential on an atom chip. We observe phase coherence between the separated condensates
for times up to ~200 ms after splitting, a factor of 10 longer than the phase diffusion time expected for a
coherent state for our experimental conditions. The enhanced coherence time is attributed to number
squeezing of the initial state by a factor of 10. In addition, we demonstrate a rotationally sensitive (Sagnac)
geometry for a guided atom interferometer by propagating the split condensates.

DOI: 10.1103/PhysRevLett.98.030407

Precision measurements in atomic physics are usually
done at low atomic densities to avoid collisional shifts and
dephasing. This applies to both atomic clocks and atom
interferometers. At high density, the atomic interaction
energy results in so-called clock shifts [1], and leads to
phase diffusion in Bose-Einstein condensates (BECs) [2-
7]. Most precision measurements with neutral atoms are
performed with free-falling atoms in atomic beams [8,9] or
in fountain geometries [10]. Major efforts are currently
directed towards atom interferometry using confined ge-
ometries, such as atom traps or waveguides, often realized
by using atom chips [11]. These geometries are promising
in terms of compactness and portability, and also offer the
prospect of extending interrogation times beyond the typi-
cal 0.5 s achievable in the atomic fountains [10].

However, given the deleterious effects of high atomic
density, those devices were thought to be able to operate
only at low density and therefore at small flux, seriously
limiting the achievable signal-to-noise ratio and sensitivity.
Here we show that we can operate BEC interferometer at
high density, with mean field energies exceeding h X
6 kHz, where h is Planck’s constant. Using a radio fre-
quency (rf) induced beam splitter [12-14], we demonstrate
that condensates can be split reproducibly, so that even
after 200 ms, or more than 1000 cycles of the mean field
evolution, the two condensates still have a controlled
phase. The observed coherence time of 200 ms is 10 times
longer than the phase diffusion time for a coherent state.
Therefore, repulsive interactions during the beam splitting
process [15] have created a nonclassical squeezed state
with relative number fluctuations 10 times smaller than
for a Poissonian distribution.

Our work is a major advance in the coherence time of
confined atom interferometers, which have operated at
interrogation times below ~50 ms [13,16,17] due to tech-
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nical limitations. Our work also advances the preparation
of number squeezed states to much higher atom numbers.
Previous experiments in optical lattices [18,19] and in an
optical trap [20] were limited to very small populations
(~1-1000 atoms). In addition, the fact that the clouds could
be prepared on an atom chip with dc and rf electric cur-
rents, but without any laser beams, is promising for future
applications. Finally, operating the rf-induced beam split-
ter on propagating condensates, we realized an on-chip
Sagnac interferometer.

For two separated Bose-Einstein condensates, a state of
well-defined relative phase (phase-coherent state), |¢),
is a superposition state of many relative number states,
IN, = N; — N,), where N, and N, are the occupation of
each well for N = N; + N, atoms. Because of atom-atom
interactions in the condensates, the energy of number
states, E(N|, N,), have quadratic dependence on the atom
numbers N| and N, so that the different relative number
states have different phase evolution rates [2,5]. A super-
position state will therefore have a spread of evolution
rates, causing ‘‘phase diffusion” or “‘decoherence’ of the
relative phase with time. In contrast to normal diffusion
processes, the phase uncertainty, A¢, increases here line-
arly. The phase diffusion rate, R, is proportional to the
derivative of the chemical potential of condensates, u(N;)
(i = 1, 2), with respect to the atom number and the stan-
dard deviation of the relative atom number, AN,: R =
Q7/h)dpu/dN)n,=n2AN, [2-7). A number squeezed
state with sub-Poissonian number fluctuations (AN, =
JN /s), where s > 1 is the squeezing factor, will exhibit
a reduced phase diffusion rate relative to a phase-coherent
state with AN, = +/N.

Bose-Einstein condensates of ~4 X 10° 2>Na atoms in
the |F = I, mz = —1) state were transferred into a mag-

© 2007 The American Physical Society
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netic trap generated by the trapping wire on an atom chip
and external bias field [21]. A double-well potential in the
horizontal plane was formed using adiabatic rf-induced
splitting as described in Fig. 1(a) [12-14]. Typically, the
separation of the two wells was d ~ 8.7 wm, the height of
the trap barrier was U ~ h X 30 kHz, and the chemical
potential of the condensates, measured from the trap bot-
tom, was p ~ h X 6 kHz [Fig. 1(b)]. The lifetime of the
atoms at the splitting position was ~1.8 s, significantly
longer than in our previously demonstrated two-wire split-
ting method [21,22]. rf-induced splitting has several ad-
vantages over two-wire schemes: no loss channel (open
port) during splitting, less sensitivity to magnetic bias
fields, and realization of high trap frequencies far from a
surface [23]. Atoms were held in the double well for
varying hold times, released by turning off the trapping
potential within 30 us at a known phase of the f field [24],
overlapped, and interfered in time of flight [Fig. 1(c)]. The
relative phase of the two condensates was measured as the
spatial phase of the interference pattern [16,21].

An atom interferometer requires two independent con-
densates without any weak link which may lock the phase
[16,21]. To demonstrate this independence, we monitored
the relative phase over short intervals right after and after
up to 190 ms delay time. During each of these intervals, the

@) . 400um ®) ©
-

[o]" i wire Trapping wire [#]
I (- 70 mA) (~1A)

Condensates
(~185 um from @

FIG. 1 (color online). Schematic of the atom chip interferome-
ter. (a) Atoms were confined radially by the combined magnetic
potential of a current-carrying wire and external bias field. Axial
confinement in the x direction was provided by a pair of end cap
wires (not shown) [21]. By dressing the atoms with an oscillating
f field from a second wire, the single minimum in the magnetic
trapping potential was deformed into a double well [13]. If the
trapping position lies on the circle containing the trapping wire
and centered on the rf wire, the splitting occurs in the horizontal
plane. Condensates were placed 185 um away from the chip
surface. For the single well, the radial (axial) trap frequency was
fr=21kHz (f, = 9 Hz) and the Larmor frequency at the trap
center was = 190 kHz (B, = 0.27 G). Splitting was performed
over 75 ms by linearly ramping the frequency of the rf field from
143 to 225 kHz. Gravity points in the +z direction. (b) Double-
well potential. The separation d between the two wells and the
barrier height U were controlled by adjusting the frequency or
amplitude of the rf field. (c) Matter wave interference. For
various hold times after splitting, absorption images of conden-
sates released from the double-well potential were taken after
10 ms time of flight. The field of view is 260 X 200 wm.

phase evolved linearly with time at ~27 X 200 Hz, the
signature of independent condensates (Fig. 2). The non-
vanishing phase evolution rates are attributed to small
asymmetries in the two trapping potentials, which lead to
slightly different chemical potential after the splitting pro-
cess. The time variation of this rate is attributed to axial
motion of the two separated condensates. Note that the
observed drift of the phase evolution rate of ~60 Hz is
only 1% of the condensates’ chemical potential. In princi-
ple, the phase drift could be zeroed by a compensation
field, but this has not been attempted.

To rule out the possibility that any weak link existed
during the 200 ms time evolution and reset the relative
phase, we demonstrated that an applied phase shift could
be read out 200 ms after its appliance (Fig. 3). This proves
that two independently evolving condensates have pre-
served phase coherence up to 200 ms, a factor of 10 longer
than the phase diffusion time, 7. = 1/R = 20 ms, for our
parameters.

For the quantitative study of phase fluctuations, the
standard deviation of the phase does not provide the best
characterization because the phase is measured modulo
27r. In the limit of a large data set, a completely random
distribution has a phase variance of ~(37/5)2. Already for
smaller variances, the overlap of the tails of the Gaussian
distribution can cause ambiguities. As a more appropriate
measure of correlation, we represent each measurement of
the relative phase as a phasor with unit length and compare
the length of the sum of N measured phasors with the
expectation value of /N for N random phasors. The larger
the difference, the smaller is the probability that the data
set is compatible with a random phase distribution. This
probability of uncorrelated phases is called randomness
[26]. Uncorrelated data have an expected value of random-
ness near (.5, while strongly correlated data would have a
small value, e.g., ten data points drawn from a distribution
with variance (7/5)? have a probability of only 10~ to be
compatible with uncorrelated phases.

To study phase diffusion in our system, we analyze the
distribution of ten measurements of the relative phase at
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FIG. 2 (color online). Phase evolution of the relative phase
during three different time intervals. The evolution rate of the
relative phase are determined from the linear fit to be (a) 191,
(b) 198, and (c) 255 Hz. The data points represent the average of
ten measurements for (a) and (b), and 15 for (c).
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FIG. 3. Long phase coherence of two separated condensates.
Applying various phase shifts to the condensates at 2 ms after
splitting, the shifts of the relative phase were measured at 7 and
191 ms, showing strong correlation. The dotted line denotes the
ideal case of perfect phase coherence. Phase shifts were applied
by pulsing an additional magnetic field in the z direction for
50 ws with variable amplitude.

various times after splitting, as shown in Fig. 4. The data
show a well-defined phase (with probability >90%) for
times shorter than ~200 ms. In contrast, the simulation for
a coherent state in our experimental conditions, shown as a
blue dotted line, predicts the same scatter of phase mea-
surements already after ~20 ms. Fitting a phase diffusion
model to the data points with randomness probability
>(.1, gives a phase diffusion time of 200 ms. The solid
line is a fit which includes the initial variance A ¢3:

Ap(1)* = A + (R1). (1)

The variance of the initial state, A2 = (0.287)? is domi-
nated by technical noise including fitting errors and non-
ideal trap switch off. The contribution due to initial number
fluctuations, A¢2 = (s/AN,)?, is ~(7.1 X 107*r)* for a
coherent state (s = 1), and remains small unless the
squeezing leads to number fluctuations on the order of a
single atom, s ~ +/N. The fitted value for the phase diffu-
sion rate of R = 5 s~ ! includes technical shot-to-shot var-
iations in the relative atom number of two condensates
after splitting and thermal fluctuation. Therefore, the in-
ferred squeezing factor s = 10 represents a lower bound. It
implies that our relative atom number fluctuations were
smaller than +0.03% corresponding to =50 atoms.
Locally the interference pattern of two pure condensates
should always have 100% contrast, where contrast is de-
fined as the density amplitude of the interference fringes
over the mean density. Since in our experiment the contrast
is derived from interference pattern integrated along the
line of sight, it decreased gradually with time and exhibited
fluctuations most likely due to asymmetric axial motion
[Fig. 4(b)]. Except for small regions near 110 and 300 ms
hold time, the contrast was above 10%, sufficient for
accurate determination of the phase. The small windows
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FIG. 4 (color online). Phase diffusion and number squeezing.
(a) The randomness probability of ten measurements of the
relative phase is displayed up to 400 ms after splitting. The
blue dotted curve (red dashed curve) shows a simulation for a
phase-coherent state (number squeczed state with s = 10),
which have negligible initial phase uncertainty. The solid line
includes an initial phase uncertainty of 0.287 (see text). The
shaded region represents the window where ten data points from
the sample with the given phase uncertainty would fall with 50%
probability. (b) Contrast of the mterfercnce pattern. Since the
end cap wwes generate a field gradient —‘ as well as a field
curvature —51 at the position of the condensates. the two wells
are not parallel to the trapping wire and consequently have
slightly different axial trapping potential. This difference indu-
ces relative axial motion of the two condensates, which periodi-
cally reduces the contrast.

with poor contrast have a large probability for random
phases.

The observed long phase coherence time implies that the
initial state is number squeezed. The probable origin of
number squeezing during the splitting is repulsive atom-
atom interactions [15]. The interactions make it energeti-
cally favorable for the two condensates to split with equal
numbers in a symmetric double-well potential, whereas
number fluctuations, such as in a coherent state, cost
energy. Describing splitting dynamics by the Josephson
Hamiltonian shows how the interplay of tunneling and
interactions leads to an increase of squeezing as the barrier
is increased [15,27]. Assuming that the squeezing can no
longer increase when the Josephson frequency becomes
slower than the inverse splitting time, we estimate a
squeezing factor of ~13 for our experimental conditions
[27]. For our elongated condensates, phase fluctuations are
present for temperature above ~100 nK which is ~1/10 of
the BEC transition temperature [28]. Since we cannot
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FIG. 5 (color online). Confined atom interferometry with en-
closed area. (a) A single trapped condensate at rest was accel-
erated by shifting the trap center by ~430 um in the axial
direction (+ = 0 ms). The frequency of the rf field was linearly
ramped from 154 to 204 kHz during 16 ms after launch, splitting
the condensates and separating them by 5-6 um. (b) Phase
measurements were done for up to 26 ms after the launch. The
probability for random phases was determined for data sets of
ten measurements. Until 16 ms, this probability was extremely
low (less than 107'?) and the relative phase was constant,
implying that the two condensates were still connected. For ¢ >
16 ms, the relative phase evolved (similar to Fig. 2), and the
probability for a random phase distribution was smaller than
10%. This demonstrates that phase coherence was preserved
after full splitting. The figure shows the interference pattern
for t = 22 ms. The field of view is 260 X 200 wm.

measure the temperature of an almost pure condensate in
time of flight, it is not clear whether the interfering con-
densates had correlated phase fluctuations or not.

The work presented so far, and also all previous work on
interferometry of confined or guided atoms, featured ge-
ometries without any enclosed area between the two paths
of the interferometer. An enclosed area is necessary for
rotational sensitivity [8,9,29] and requires moving atoms.
As described in Fig. 5, we were able to extend the coher-
ent beam splitter to condensates moving on an atom chip.
The observed coherence time (10 ms) and propagation
distance after splitting (~350 wm) were only limited by
the chip geometry. This corresponds to an enclosed area
of ~1500 um?, and a response factor 3ZZ4 ~ 7.9 X
1075 rad/), for rotation sensing, where m is the probe
particle mass and (2, the earth rotation rate [30].

In conclusion, the present work demonstrates a long
phase coherence time of ~200 ms between two spatially
separated condensates on an atom chip, rivaling the inter-
rogation times in fountain-type interferometers [10].
Number squeezing by a factor =10 occurs during the
preparation of the split state, providing a well-defined
phase beyond the phase diffusion limit for a coherent state.
Thus, interaction-induced squeezing reduces the phase
diffusion caused by the same interactions [15]. These
results show that it is both possible and promising to use

condensates at high density for interferometry on an atom
chip.
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Elongated Bose-Einstein condensates (BECs) exhibit strong spatial phase fluctuations even well below
the BEC transition temperature. We demonstrate that atom interferometers using such condensates are
robust against phase fluctuations; i.e., the relative phase of the split condensate is reproducible despite
axial phase fluctuations. However, larger phase fluctuations limit the coherence time, especially in the
presence of some asymmetries in the two wells of the interferometer.

DOIL: 10.1103/PhysRevLett.99.240406

A noninteracting zero temperature Bose-Einstein con-
densate is the matter-wave analogue to the optical laser,
and therefore the ideal atom source for atom interferom-
etry. Finite temperature and atomic interactions profoundly
change the coherence properties of a condensate and in-
troduce phase fluctuations and phase diffusion. Those phe-
nomena are of fundamental interest [1-6], but also of
practical importance because they may limit the perform-
ance of atom interferometers [7-9]. This applies, in par-
ticular, to magnetic microtraps and waveguides (e.g., atom
chips) [10] since tight confinement and elongated geome-
try enhances phase diffusion and phase fluctuations.

Phase diffusion is a quantum effect associated with the
coherent splitting of the condensate. Number fluctuations
lead to density fluctuations, which, due to interactions,
cause fluctuations of the energy and cause diffusion of
the relative phase proportional to the chemical potential
times AN/N, the amount of fluctuations in the relative
atom number. In our previous work [11,12], we showed
that such phase diffusion could be dramatically reduced by
number squeezing, increasing the coherence time. In this
paper, we characterize and discuss the role of spatial phase
fluctuations in an atom interferometer.

Phase fluctuations cause the condensate to break up into
several quasicondensates with random phase; i.e., long
range coherence is lost. This usually happens in elongated
geometries when the temperature is sufficiently high to
excite such modes [1,2], or in interacting one-dimensional
condensates even at zero temperature due to quantum
fluctuations [13]. Spatial phase fluctuations have two major
consequences for atom interferometry. First, they speed up
phase diffusion, since AN/N refers now to the atom num-
ber in a single quasicondensate. Second, they make the
atom interferometer much more sensitive to random rela-
tive displacements of the split condensates, which have to
be smaller than the coherence length, which, for conden-
sates with phase fluctuations, can be much smaller than the
size of the condensate.

A typical elongated trap geometry, realized by an atom
chip, has an aspect ratio of ~200 [8,11,14], sufficient to
induce phase fluctuations in a quasicondensate along the

0031-9007/07/99(24)/240406(4)
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axial direction [1] already at very low temperatures (or in
the 1D case, even at zero temperature). When the tempera-
ture of a condensate is above the characteristic tempera-
wre, T* = 15N(hw.)?/32u, where u is the chemical
potential, N total atom number, w, axial trap frequency,
and 7 the Planck’s constant divided by 27 [1], then thermal
excitations of low energy axial modes lead to longitudinal
phase fluctuations. For temperatures above T*, the coher-
ence length L* of a phase-fluctuating condensate is shorter
than the length L of the condensate L*/L = T*/T [1].

Previous experiments [8,11,14] on atom interferometry
have operated in a regime where phase fluctuations are
predicted to be present. However, their presence has not
been observed because the interferometer was read out by
integrating the interference fringes along the axial direc-
tion. Other experiments characterized phase fluctuations
by interferometric techniques [15] and Bragg spectroscopy
[16], but did not study the effect of phase fluctuations on an
atom interferometer.

In this Letter we observe the axial phase fluctuations
spatially resolved and characterize their effect on the co-
herence time of the atom interferometer. We show explic-
itly that atom interferometry can be performed in the
presence of phase fluctuations. This has been expected
[13], since for sufficiently short times after splitting, those
fluctuations are identical for both condensates and there-
fore do not affect the measurement of the relative phase.
For the same reason, atom interferometry is possible with
thermal clouds of atoms [17]. However, already at short
times, phase fluctuations degrade the contrast and can limit
the coherence time. As we discuss below, we believe that
this degradation is not due to the quantum effect of the
increased relative number fluctuations in each quasicon-
densate because of the high degree of number squeezing,
but is rather caused by asymmetries in the double-well
potential leading to relative motion of the condensates.

Bose-Einstein condensates of ~4 X 10° 23Na atoms in
the |F = 1, mp = — 1) state were transferred into a magnetic
trap generated by the trapping wire on an atom chip and
external bias field [14]. Using adiabatic rf-induced splitting
[8,18], a double-well potential in the vertical plane (paral-

© 2007 The American Physical Society
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lel to the gravity direction) was formed as illustrated in
Fig. 1(a) [19]. Gravity was compensated by a magnetic
field gradient from the trapping wire. Typically, the sepa-
ration of the two wells was d ~ 6 um, the height of the
trap barrier was U ~ h X 10 kHz, and the difference of the
trap bottom between two wells ~h X 300 Hz. The trap-
ping frequencies were ~2 kHz (radial) and ~10 Hz (ax-
ial). The absorption imaging light for data acquisition was
resonant with the |F =2)— |F'=3) cycling transition for
the trapped atoms and was aligned perpendicular to the con-
densate axis [side imaging in Fig. 1(c)]. The atoms were
optically pumped into the |F =2) hyperfine level with a
pulse resonant with the |F = 1)— |F’ =2) transition.

First, we characterized the presence of phase fluctua-
tions in the condensate before splitting by observing den-
sity modulations of the expanded atomic cloud after 7 ms
time of flight (Fig. 2 inset). In trap, the mean-field inter-
action energy suppresses density fluctuations, but ballistic
expansion converts phase fluctuations into density modu-
lations [2] since the initial velocity field is proportional to
the gradient of the phase. The number of observed density
striations of around ten is consistent with the ratio of the
measured temperature of ~650 = 100 nK and the calcu-
lated value of T* =60nK. Since the barrier height is com-
parable to the temperature, we assume that both conden-
sates interact with the same heat bath. However, we do not
expect any difference to the case of two separated thermal
clouds.

(®)

FIG. 1 (color online). Geometry of the atom chip interferome-
ter. (a) Atoms were confined radially by the combined magnetic
potential of a current-carrying wire and an external bias field. A
pair of end cap wires (not shown) provided axial confinement.
The single well was deformed into a vertical double well within
15 ms by adding rf current into the trapping wire dressing the
atoms with oscillating rf fields. Absorption image was taken by a
probe beam directed along the condensate axis [(b), axial imag-
ing] and perpendicular to the condensate axis [(c), side imaging].
All data in this Letter were obtained using side imaging. The
fields of view are 160 X 260 pum and 180 X 100 um for axial
and side imaging, respectively.

The longitudinal phase fluctuations were quantified by
measuring the root-mean-square average of the density
fluctuations as described in Fig. 2 [20]. The amount of
phase fluctuations was controlled by changing the atom
number and the temperature with rf-evaporation. The rf
field generated by the rf wire [Fig. 1(a)] was swept down
from ~20 kHz above the Larmor frequency at the trap
center to a variable final value, leading to a variable chemi-
cal potential and temperature of the condensate (Fig. 2
inset) [21]. The variation of the spatial phase fluctuations
with chemical potential is shown in Fig. 2.

Having firmly established the presence of phase fluctua-
tions, we can now demonstrate the robustness of an atom
interferometer against longitudinal phase fluctuations. For
this, we split the condensates and observe the reproduc-
ibility of ten interference fringes obtained by recombining
the condensates during ballistic expansion. The regular,
almost straight interference fringes (Figs. 1 and 3) show
that the spatial phase fluctuations are common mode and
do not affect the relative phase in a major way.

However, when we increase the amount of phase fluc-
tuations, we observe an increasing blurring or waviness of
the interference fringes (Fig. 3). The number of wiggles of
the waviness is comparable to the modulation pattern
observed in the ballistic expansion of single condensates
(Fig. 2). Of course, without any technical imperfection in
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FIG. 2. Spatial phase fluctuations in a single condensate. The
phase fluctuations were characterized by observing the density
modulations in an absorption image of the expanded cloud after
8 ms time-of-flight (see inset) and calculating the rms fluctua-
tions as described in Ref. [2]. The chemical potential (or atom
number) was controlled by additional rf-evaporative cooling.
The temperature of the condensate is shown in the inset graph.
For chemical potentials less than 3.5 kHz, we could not measure
the temperature of a condensate due to the lack of discernible
thermal atoms. The observed phase fluctuations do not decrease
monotonically, but show a minimum at the chemical potential of
~3.5 kHz, probably because the effect of the lower temperature
was more than offset by the loss in the atom number. In the inset
graph, T* displays the characteristic temperature for the onset of
the phase fluctuations.
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FIG. 3 (color online). Effect of spatial phase fluctuation on the
waviness of interference fringes. (a) Interference fringes ob-
tained right after splitting a condensate. For large spatial phase
fluctuation (e.g., 4.6 kHz), the fringe pattern shows more sig-
nificant wiggles than for smaller phase fluctuations (e.g.,
3.6 kHz). (b) From the fringes for 3.6 kHz (dashed line) and
4.6 kHz (solid line) chemical potentials, relative phases are
obtained along the axial direction. In both cases, the overall
relative phase can be well determined by averaging along the
axial coordinate, but considerable axial variations of the relative
phase were observed in the regime of large longitudinal phase
fluctuations (solid line). The error bars indicate the statistical
uncertainty in the phase determination.

the splitting process, phase fluctuations would be com-
mon mode and not lead to any observable effects right
after the splitting. For the smallest amount of spatial phase
fluctuations, the relative phase is almost constant along the
axial direction [dashed line in Fig. 3(b)]. The effect of
larger phase fluctuations is displayed by the solid line.
However, an average relative phase can still be determined.

To quantify the reproducibility of the relative phase, we
determine the probability of the ten measurements of the
relative phase being random (called randomness) [11]
(Fig. 4). For values of the chemical potential larger than
3.0 kHz, the randomness is less than 0.1 which implies a
reproducible phase with 90% confidence. However, by
comparing Figs. 2 and 4, one clearly recognizes the deg-
radation of reproducibility of the relative phase with in-
creasing spatial phase fluctuations. We cannot rule out that
the condensate had some weak collective excitations after
preparation. However, the amount of the excitation should
not depend on the final temperature. Therefore, we attrib-
ute the temperature dependence of the fringe contrast to
phase fluctuations.

By introducing a variable hold time after the splitting,
we can examine how spatial phase fluctuations limit the
coherence time of a matter-wave interferometer. Figure 5

phase was determined by analyzing the central ~40% of the
axial length of the interference pattern. In the inset graph, the
visibility of the integrated interference fringe over the central
~40% is shown.

shows the increase of randomness with hold time. For the
smallest amount of phase fluctuations (chemical potential
~3.4 kHz, black squares in Fig. 5), the phase coherence
time is ~23 ms. As the spatial phase fluctuations increase
(solid circles and open squares in Fig. 5), the phase coher-
ence time becomes shorter [22]. It should be noted that in
the absence of spatial phase fluctuations, for a condensate
with zero temperature, the rate of phase diffusion decreases
with chemical potential, proportional to ~ux~'/4 [34],
which is also valid at finite temperature [3]. Our observed
increase of decoherence with increasing chemical potential
is therefore attributed to the increase of spatial phase
fluctuations. The increasing waviness of the interference
fringes show that the decoherence is caused by random-
ization of the relative phase along the axial direction
[Fig. 5(b)].

By which mechanism do the spatial phase fluctuations
affect the interferometer signal? For our experimental pa-
rameters, the rate of phase diffusion (assuming Poissonian
number fluctuations after the splitting) is ~20 ms [3,4].
For our value of T/T*, the condensate fragments into ~10
quasicondensates which should decrease the coherence
time by a factor of /10 to about 7 ms. Our observation
of much longer coherence times implies strong squeezing
of the relative number fluctuations, as already observed in
Ref. [11]. In Ref. [11] we inferred a reduction of the
number fluctuations below shot noise by a factor of 10.
However, having now established the presence of strong
phase fluctuations, we should reinterprete our previous
result. Those data were taken at a value of 7/T* of about 7,
which implies that the number fluctuations for each quasi-
condensate was squeezed by a factor of ~25. Qur current
experiments were carried out in a rotated geometry (in
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FIG. 5. Effect of longitudinal phase fluctuations on the coher-
ence time between the split condensates. (a) The probability for a
random phase for ten measurements of the relative phase is
shown for three different amounts of the longitudinal phase
fluctuations. (b) For condensates in the regime of large longitu-
dinal phase fluctuations (~4.5 kHz), interference fringes show
more wavy patterns, which led to the increased randomness of
the measured relative phase.

order to be able to observe along a radial direction), but the
value of T/T* ~ 10 is similar. If we assume that the
squeezing factor is the same, then we should have observed
phase coherence times comparable to the 200 ms observed
previously [11].

We therefore conclude that the shorter coherence times
observed in this Letter are not limited by the fundamental
quantum phase diffusion of quasicondensates because of
strong number squeezing, but rather reflect the interplay of
spatial phase fluctuations and some relative motion of the
two condensates. This is probably due to some asymme-
tries in the current trapping potential [23] and/or technical
noise. The loss of coherence due to phase fluctuations starts
already during the splitting process (Figs. 3 and 4), and
increases with hold time.

The main conclusions of this Letter are that matter-wave
interferometers are robust against spatial phase fluctua-
tions, especially when strong number squeezing mitigates
the fragmentation into smaller quasicondensates (which
show faster phase diffusion than a single condensate)
resulting in coherence times of up to 200 ms [I1].
However, spatial phase fluctuations make the interferome-

ter much more sensitive to residual relative motion of the
two split condensates and therefore require a highly sym-
metric double-well potential.
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The recombination of two split Bose-Einstein condensates on an atom chip is shown to result in heating
which depends on the relative phase of the two condensates. This heating reduces the number of
condensate atoms between 10% and 40% and provides a robust way to read out the phase of an atom
interferometer without the need for ballistic expansion. The heating may be caused by the dissipation of
dark solitons created during the merging of the condensates.

DOI: 10.1103/PhysRevLett.98.180401

Most experiments in atom interferometry use freely
propagating atom clouds [1-3]. Alternative geometries
are confined-atom interferometers where atoms [3] are
guided or confined in trapping potentials [4], often realized
by using atom chips [5]. These geometries are promising in
terms of compactness and portability, and also offer the
prospect of extending interrogation times beyond the typi-
cal 0.5 s achievable in the atomic fountains. Such interfer-
ometers can be used to study atom-surface interactions [6]
and Josephson phenomena [7].

Many discussions of confined-atom interferometers pro-
pose a readout by merging the two separated clouds {8-
10]. These discussions usually assume noninteracting
atoms [8,11] and do not address the deleterious effects of
atomic interactions, including dephasing, collisional shifts,
and phase diffusion [12-17]. A recent study showed that
the recombination process is much more sensitive to
atomic interactions than the splitting process since merg-
ing clouds with the opposite phase involves excited modes
of the recombined potential and can lead to exponen-
tial growth of unstable modes [18]. To circumvent these
problems, previous realizations of confined-atom interfer-
ometry used ballistic expansion of the two spatially inde-
pendent condensates, which decreases the atomic density
before overlap [4,19-21] or worked at very low atom
densities and pushed the clouds into each other with photon
recoil [22,23]. While this avoids the deleterious effects of
atom-atom interactions during the recombination, it lacks
the inherent simplicity and robustness of in-trap recombi-
nation. Furthermore, in-trap recombination, combined
with dispersive, in situ, imaging [24], could make it pos-
sible to recycle the condensate for the next measurement
cycle after resetting the temperature through evaporating
cooling. The detection optics for in situ imaging may even
be integrated onto the atom chip [25]. Moreover, a trapped
sample at high optical density can be read out with subshot
noise precision using cavity-enhanced atom detection [26].

In this Letter, we show that in-trap recombination leads
indeed to heating of the atomic cloud. However, this heat-
ing is phase dependent and can be used as a robust and
sensitive readout of the atom interferometer. The resulting
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oscillations of the condensate atom number are dramatic
(typically ~25% contrast), occur over a wide range of
recombination rates, and permit high signal to noise ratios
since they simply require a measurement of the total
number of condensate atoms in the trap.

The implications of phase-sensitive recombination ex-
tend beyond atom interferometry. Recombination with un-
controlled phase was used to replenish a continuous Bose-
Einstein condensate (BEC) [27] or to create vortices [28].
An extreme case of the merge process, where two con-
densates are suddenly connected, has been studied by
optically imprinting a dark soliton into a single trapped
condensate [29,30]. Here we use methods of atom inter-
ferometry to prepare two condensates with well-defined
relative phase and study the merging process for variable
recombination times.

Two special cases of the merging process can be exactly
described (Fig. 1). Two noninteracting separated conden-
sates with the same phase should adiabatically evolve into
the ground state of the combined potential, whereas a
mr-relative phase should result in the lowest lying antisym-
metric state with excitation energy Nhw, where N is the
total number of atoms in a trap and w is the transverse
frequency of the trapping potential. The other limiting case
is a merging process where a thin membrane separates two
interacting condensates until the potentials are merged, and
then is suddenly removed. For the O-relative phase, the
merged condensate is in its Thomas-Fermi ground state.
For a m-relative phase, however, the merged condensate
contains a dark soliton. Although the wave function differs
from the ground state only in a thin layer, the total energy
of this excited state is proportional to Nhw, as the lowest
antisymmetric state in the noninteracting case [31].

Our working assumption is that the phase-sensitive ex-
citation of the cloud decays quickly, on the order of ~1 ms
in our system, and leads to an increase in temperature on
the order of hw/kgz =~ 100 nK for the case of A¢p = =, and
less for other values of A¢, where kg is the Boltzmann
constant. The parameters of our experiment were inter-
mediate between limiting cases of suddenness or adiaba-
ticity, and we found a window of recombination times for

© 2007 The American Physical Society
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FIG. 1 (color online). Schematic of the in-trap recombination
with a well-defined relative phase. (a) The phase-coherent con-
densates were prepared using a radio frequency induced double-
well potential on an atom chip [21]. The splitting was done
within 75 ms by ramping up the rf frequency from 140 to
225 kHz. During the hold time, the relative phase of two
independent condensates evolved with time at ~500 Hz. After
a variable time, the double-well potential was deformed into a
single well and the two trapped condensates were merged by
decreasing the rf frequency by 33 kHz over a variable “recom-
bination time.” The condensates started to spill over the barrier
after =10% of the recombination time or ~3 kHz decrease of
the rf frequency. (b),(c) The merged matter-wave functions are
shown for the cases of an adiabatic merger of noninteracting
condensates and for a sudden merger of interacting condensates.

the phase-sensitive readout to which none of these descrip-

tions apply.
Bose-Einstein condensates of ~4 X 10° 2*Na atoms in
the |F = 1, mp = —1) state were transferred into a mag-

netic trap generated by the trapping wire on an atom chip
and an external bias field [19]. The cloud had a condensate
fraction = 90% and the temperature was ~1/2 of the BEC
transition temperature, well above 0.1 when axial phase
fluctuations are excited. Using adiabatic rf-induced split-
ting [20,32], a double-well potential in the horizontal plane
was formed. Typically, the separation of the two wells was
d ~ 6 um, the height of the trap barrier was U~hX
10kHz, and the chemical potential of the condensates,
measured from the trap bottom, was u ~ h X 6 kHz, where
h is Planck’s constant. In the experiment, the coherence
time of two separated condensates was at least ~50 ms
[21]. The recombination of two split condensates was
realized by reducing the rf frequency as described in
Fig. 1(a), which decreases the trap barrier height. The
merging occurred slowly compared to the time scale de-
termined by the radial trap frequency (~1 kHz) to mini-
mize mechanical excitation.

To monitor the energy increase after recombination, we
measured the central atom density during ballistic expan-
sion. Phase-sensitive collective excitations, in addition to
mechanical excitations from the splitting and merging
processes, heat the cloud and lower the condensate fraction
and, therefore, reduce the central density. In the experi-
ment, the split condensates were held in the double-well
potential for varying hold times, merged into a single
potential, and released by turning off the trapping potential
within 30 us. After 8 ms time of flight, we measured the
number of atoms in a fixed area which is comparable to the
size of (expanded) Thomas-Fermi radius [dotted box in
Fig. 2(c)]. While the total atom number was conserved, the
number within the fixed area decreased, indicating that the
temperature had increased. The fractional loss of conden-
sate atoms was obtained as the ratio of atom number after
recombination to the atom number before splitting.

The fractional loss of condensate atoms was reproduc-
ible for a given hold time, and observed to oscillate be-
tween 15% and 35% as a function of hold time at a rate of
500 Hz (Figs. 2 and 3). The observed oscillations are sinu-
soidal, although the nonlinear interactions can give rise to
nonsinusoidal variations [16]. To confirm that this oscilla-
tory heating was associated with the relative phase of the
split condensates, we measured the relative phase as the
spatial phase of the interference pattern when the split
condensates were suddenly released and interfered during
ballistic expansion [Fig. 2(a)] [4]. The strong correlation
between the two measurements [Fig. 2(b)] is the central re-
sult of this Letter. As the relative phase increased from 0 to
r, the atom loss after recombination increased [Fig. 2(b)];
the mr-relative phase (0-relative phase) difference leads to
maximum (minimum) loss of condensate atoms.

The use of phase-sensitive recombination as a readout
for an atom interferometer is demonstrated in Fig. 3. The
separated condensates accumulate relative phase for an
evolution time of up to 6 ms which is read out after in-
trap recombination. The phase-sensitive recombination
signal showed high contrast over a wide range of recom-
bination times [Figs. 3 and 4(a)]. The observed largest
amplitudes of condensate atom loss correspond to a change
in temperature on the order of ~100 nK, in agreement with
the estimate in the introduction. This is testimony to the
insensitivity of the energy of phase-dependent excitations
against changes in the exact recombination parameters,
and is promising for further applications of chip-based
atom interferometry.

The dependence of the condensate atom loss on the
recombination time allows us to speculate about different
excitations caused by the merging process. The 1 ms re-
combination time shows little contrast [Fig. 3(d)]. This
time scale is comparable to the period of radial oscillations,
and one would expect breakdown of adiabaticity and ex-
citation of collective excitations independent of the relative
phase. Significant loss (~30%) was observed for all rela-
tive phases and masked or suppressed any phase-sensitive
signal. The loss of contrast for the long recombination
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FIG. 2 (color online). Phase-sensitive recombination of two
separate condensates. (a) The relative phase of two split con-
densates was monitored for various hold time after splitting by
suddenly releasing the two condensates and observing interfer-
ence fringes. For the independent condensates (solid circle), the
evolution rate of the relative phase was determined from the
linear fit to be ~500 Hz. For the weakly coupled condensates
(open square), the relative phase did not evolve. At 0 ms hold
time, the relative phase was set to zero for both cases. (b) For the
same range of delay times as in (a), the condensate atom loss
after in-trap recombination was determined. The relative phase
(x axis) was obtained from interference patterns as in (a). The
merging time was 5 ms. (c) The matter-wave interference
patterns (after 9 ms time of flight) and absorption images of
merged clouds (after 8 ms time of flight) show the correlation
between phase shift and absorption signal. The field of view is
260 X 200 pm and 160 X 240 um for matter-wave interfer-
ences and merged clouds, respectively.

times could be caused by relaxation of the phase-sensitive
collective excitation during the merging process when the
condensates are connected only by a region of low density,
and solitonlike excitations have lower energy. An alterna-
tive explanation is the evolution of the relative phase (at
~500 Hz) during the effective recombination time. In a
simple picture assuming a thin membrane being slowly
pulled out between the condensates, a phase evolution
during this time would create local solitons with phases
varying between 0 and 7. This could wash out the phase-
sensitive signal to an average value. Since the data for
100 ms recombination time show low loss [comparable
to the zero relative phase loss for faster recombination
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FIG. 3. Oscillations of condensate atom loss after recombina-
tion reflecting the coherent phase evolution. The condensate
atom loss was monitored during a variable hold time for the
two split condensates whose relative phase evolved at ~500 Hz.
The merging was done for different values of the recombination
time: 100 (a), 10 (b), 5 (c), and 1 ms (d). The dotted lines are
sinusoidal curves fitted with fixed frequency ~500 Hz. The
reproducible phase shift for the 5 and 10 ms data occurred
during the recombination process. The data points represent
the average of 6 measurements.

times, Fig. 3(d)], we favor the first explanation. Further-
more, it is not clear during what fraction of the ramp time
of the rf frequency (called the recombination time) the
effective merging of the condensates and the creation of
a phase-sensitive collective excitation occurs. The time
between when the barrier equals the chemical potential
and when the barrier reaches ~70% of the chemical po-
tential is 10% of the recombination time. Another open
question is what the rate of phase evolution is at the mo-
ment of the merger. It is plausible that during splitting, the
condensates have the same chemical potential, and that the
observed difference is created only when the condensates
are further separated by ramping up the barrier. This would
imply that during recombination, the situation reverses, the
chemical potential difference is reduced and reaches near
zero when the condensates merge. In any case, our work
raises intriguing questions for further experimental and
theoretical studies: What kind of phase-sensitive excita-
tions are created during a merger process? How and when
do they dissipate, and what would happen when two con-
densates with different chemical potentials are merged?
The present work demonstrates that interactions be-
tween atoms and collective excitations are not necessarily
deleterious to direct recombination of separated trapped
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FIG. 4 (color online). Recombination time and atom loss.
(a) The amplitude of atom loss oscillations was determined for
various recombination times. (b) Assuming that minimum atom
loss occurs at O-relative phase of the two condensates, relative
phases were obtained from the fitted atom loss oscillations in
Fig. 3.

condensates that have acquired a relative phase in atom
interferometry. In contrast, the phase-sensitive generation
of collective excitations is used to monitor the relative
phase. This complements our previous work where atomic
interactions were shown to enhance the coherence time by
preparing a number squeezed state with the help of atomic
interactions during the beam splitting process [21]. So the
merger between condensed matter and atomic physics goes
both ways. In recent years, atomic physics has developed
powerful tools to study many-body physics [33], and, as we
have shown here, many-body physics provides methods
and tools to atom optics.

This work was funded by DARPA, NSF, and ONR.
G.-B. Jo and Y.-R. Lee acknowledge additional support
from the Samsung Foundation. We would like to acknowl-
edge Y. Shin for useful discussions, and M. Vengalattore
and M. Prentiss for atom chip fabrication.

*Electronic address: hitp://cua.mit.edu/ketterle_group/

[1] D.W. Keith, C.R. Ekstrom, Q.A. Turchette, and D.E.
Pritchard, Phys. Rev. Lett. 66, 2693 (1991).

[2] M. Kasevich and S.Chu, Phys. Rev. Lett. 67, 181 (1991).

[3] P. Berman, Atom Interferometry (Academic, New York,
1997).

[4] Y. Shin, M. Saba, T. A. Pasquini, W. Ketterle, D. E. Pritch-
ard, and A.E. Leanhardt, Phys. Rev. Lett. 92, 050405
(2004).

[5] J. Fortagh and C. Zimmermann, Rev. Mod. Phys. 79, 235
(2007).

[6] J.D. Perreault and A.D. Cronin, Phys. Rev. Lett. 95,
133201 (2005).

(7]
(8]
9]
(10]
[11]
(12]
(13]
(14]
[15]

(16]
(171

(18]

(19]

(20]

(21]

[22]

(23]
[24]

[25]
[26]

(27]

(28]

[29]

(30]

(31]

(32]

(33]

180401-4

M. Albiez, R. Gati, J. Folling, S. Hunsmann, M. Cristiani,
and M. K. Oberthaler, Phys. Rev. Lett. 95, 010402 (2005).
W. Hinsel, J. Reichel, P. Hommelhoff, and T. W. Hénsch,
Phys. Rev. A 64, 063607 (2001).

J.A. Stickney and A. A. Zozulya, Phys. Rev. A 66, 053601
(2002).

A. Negretti and C. Henkel, J. Phys. B 37, L385 (2004).
E. Andersson, T. Calarco, R. Folman, M. Andersson, B.
Hessmo, and J. Schmiedmayer, Phys. Rev. Lett. 88,
100401 (2002).

Y. Castin and J. Dalibard, Phys. Rev. A §5, 4330 (1997).
M. Lewenstein and L. You, Phys. Rev. Lett. 77, 3489
(1996).

E.M. Wright, D.F. Walls, and J.C. Garrison, Phys. Rev.
Lett. 77, 2158 (1996).

J. Javanainen and M. Wilkens, Phys. Rev. Lett. 78, 4675
(1997).

A.J. Leggett and E. Sols, Phys. Rev. Lett. 81, 1344 (1998).
J. Javanainen and M. Wilkens, Phys. Rev. Lett. 81, 1345
(1998).

J. A. Stickney and A. A. Zozulya, Phys. Rev. A 68, 013611
(2003).

Y. Shin, C. Sanner, G.-B. Jo, T. A. Pasquini, M. Saba, W.
Ketterle, D. E. Pritchard, M. Vengalattore, and M. Prentiss,
Phys. Rev. A 72, 021604 (2005).

T. Schumm, S. Hofferberth, L. Andersson, S. Wildermuth,
S. Groth, 1. Bar-Joseph, J. Schmiedmayer, and P. Kriiger,
Nature Phys. 1, 57 (2005).

G.-B. Jo, Y. Shin, S. Will, T.A. Pasquini, M. Saba,
W. Ketterle, D.E. Pritchard, M. Vengalattore, and M.
Prentiss, Phys. Rev. Lett. 98, 030407 (2007).

0. Garcia, B. Deissler, K.J. Hughes, J. M. Reeves, and
C. A. Sackett, Phys. Rev. A 74, 031601(R) (2006).

E. Su, S. Wu, and M. Prentiss, physics/0701018.

M.R. Andrews, M.-O. Mewes, N. J. van Druten, D. S. Dur-
fee, D.M. Kurn, and W. Ketterle, Science 273, 84 (1996).
T. Steinmetz, A. Balocchi, Y. Colombe, D. Hunger,
T.Hinsch, R. Warburton, and J. Reichel, physics/0606231.
I. Teper, Y.-J. Lin, and V. Vuletic, Phys. Rev. Lett. 97,
023002 (2006).

A.P. Chikkatur, Y. Shin, A. E. Leanhardt, D. Kielpinski, E.
Tsikata, T. L. Gustavson, D. E. Pritchard, and W. Ketterle,
Science 296, 2193 (2002).

D.R. Scherer, C.N. Weiler, T.W. Neely, and B.P.
Anderson, cond-mat/0610187.

S. Burger, K. Bongs, S. Dettmer, W. Ertmer, K. Sengstock,
A. Sanpera, G. V. Shlyapnikov, and M. Lewenstein, Phys.
Rev. Lett. 83, 5198 (1999).

J. Denschlag, J.E. Simsarian, D.L. Feder, C. W. Clark,
L. A.Collins, J. Cubizolles, L. Deng, E. W. Hagley, K. Hel-
merson, and W. P. Reinhardt ef al., Science 287, 97 (2000).
In a layer on the order of the healing length £, the soliton
has a kinetic energy per atom proportional to (1/£)?. With
the Thomas-Fermi radius proportional to h/(wé), the
number of atoms covered by the soliton is proportional
to Nwé?, and the total energy to Nhw. If the condensates
were merged along their long axis, the soliton energy
would be smaller by the aspect ratio, that is, ~200.

0. Zobay and B. M. Garraway, Phys. Rev. Lett. 86, 1195
(2001).

J.R. Anglin and W. Ketterle, Nature (London) 416, 211
(2002).



Appendix G

Trapping of Ultracold Atoms in a
Hollow-core Photonic Crystal
Fiber

This appendix contains a reprint of Ref. [39]: C.A. Christensen, S. Will, M. Saba,
G.-B. Jo, Y.Shin, W. Ketterle, and D.E. Pritchard, Trapping of Ultracold Atoms in
a Hollow-core Photonic Crystal Fiber, Phys. Rev. A. 78, 033429 (2008).

158



PHYSICAL REVIEW A 78, 033429 (2008)
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Ultracold sodium atoms have been trapped inside a hollow-core optical fiber. The atoms are transferred from
a free-space optical dipole trap into a trap formed by a red-detuned Gaussian light mode confined to the core
of the fiber. We show that at least 5% of the atoms held initially in the free-space trap can be loaded into the

core of the fiber and retrieved outside.

DOI: 10.1103/PhysRevA.78.033429

L. INTRODUCTION

Ultracold atoms in waveguides are being used for study-
ing quantum optics [1], performing atom interferometry
[2-5], and implementing schemes for quantum-information
science [6). Of particular interest is the ability of waveguides
and microtraps to strongly confine atoms, providing high op-
tical densities, strong interactions with light, and mecha-
nisms for transporting atoms for further experiments.

Hollow-core optical fibers can guide and confine both at-
oms and light. Previous experiments have reported guiding
atoms in optical dipole traps (ODTs) formed by light guided
in hollow fibers [7-10]; these experiments used capillaries
which guide light in multiple modes in the cladding or core.
Such fibers are susceptible to speckle or inhomogeneous
fields causing uncontrolled guiding, heating, or loss due to
local absence of confinement. Recently developed alterna-
tives are photonic crystal fibers which propagate a single
Gaussian mode confined to a hollow core [11,12]. If ultra-
cold atoms are efficiently loaded into such a mode using
red-detuned light, the atoms might be held for long times or
controllably transported along the fiber. The first experiments
have succeeded in trapping ultracold atoms [13] or guiding
thermal [14] or laser-cooled atoms [15] through hollow-core
photonic band gap fibers.

This paper presents results [13] on the transfer of trapped
ultracold sodium atoms into a hollow-core fiber, and the re-
trieval of a significant fraction (at least 5%) back in the ex-
ternal trap.

IL EXPERIMENTAL PROCEDURE

We produce sodium Bose-Einstein condensates (BECs)
using laser cooling and rf evaporation in a dc loffe-Pritchard
magnetic trap, then load the BEC into a red-detuned ODT
formed by a focused laser. The ODT focus can be moved by
translating the focusing optics outside the vacuum chamber
[16]. This procedure typically delivers a condensate of 10°
atoms to a separate vacuum chamber holding a fiber. The
ODT is positioned 1 mm from the end of a hollow-core pho-
tonic crystal fiber (2 cm long, Blaze Photonics HC-1060-02)
which supports a red-detuned Gaussian mode in the core,

1050-2947/2008/78(3)/033429(4)
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hereafter called the hollow-core trap (HCT). The fiber has a
10 um hollow core that atoms can enter. By adjusting the
intensities of the two traps, the atoms can be controllably
transferred between them.

The light for the ODT and the HCT is produced by a
1064 nm Spectra-Physics J201-BL-106C diode pumped
solid state multimode laser. Intensities are controlled by us-
ing acousto-optical modulators. The beams are frequency
shifted such that they have 50 MHz relative detuning in or-
der to prevent static interference fringes in regions where the
traps overlap. The laser is coupled to the core mode by fo-
cusing the beam onto the fiber tip from outside the vacuum
chamber (Fig. 1). Using a retractable mirror, the light exiting
the other end of the fiber can be observed to determine how
well the core mode is coupled, as well as how much light has
coupled into other modes that can propagate in the cladding
or on the surface of the fiber.

Because the 1064 nm trapping light is far detuned from
the 589 nm *Na D, line, the light scattering rate, which
scales as 1/ &%, is less than 107> Hz. Therefore radiation pres-
sure, heating, and trap loss associated with scattering are
negligible in the experiment. In the far-detuned limit where
6> Qp, T', the potential is given by

2
U(r)=hmk(r)]( Lo, )
4 wL—wO C!)L+(.00
2
=ﬁr1(r)(l+ 1 ) 0
81, \8 2wy+d

where [Qg(r)]? is the squared Rabi frequency, proportional
to the position-dependent beam intensity I(r), d=w,—wy is
the laser detuning in rad/s, and I is the natural linewidth. For
the sodium D, line, the saturation intensity I,,,=6 mW/cm?
and I'=27X 10 MHz. Note that the counter-rotating term
accounts for 25% of the potential.

The focus of the ODT has a waist wy=20 um, approxi-
mated by a Gaussian profile of

272 w(z)?
272 1w(z) (2)

I(p,2) = ‘n'w(z)2e

where p is the radial coordinate, z is the axial distance
from the focal plane, w(z) is the beam radius

©2008 The American Physical Society
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FIG. 1. (a) Diagram of the optics setup. Note that both beams
used for trapping are first-order-diffracted beams from acousto-
optic modulators. (b) Closeup of the region near the fiber where the
atoms are held and transferred. The combined potential of the traps
with 150 mW in the ODT and 5 mW in the HCT is sketched.

w(z)=wov1+(Az/ 7wj)?, and P is the beam power. The HCT
mode is approximately Gaussian in the radial direction with
a waist of 4.6 um. Assuming only the core mode is excited,
the mode is axially constant along the fiber and diverges at
the fiber tip according to the Gaussian formula, with the
appropriate P and wy,.
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FIG. 2. Time line for transferring atoms by ramping laser power.
The fiber light is ramped up while the atoms are in the ODT. and the
ODT is ramped down to transfer to the HCT (1), turned off for
holding (2), and ramped up to retrieve the atoms (3).
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FIG. 3. Images of atoms in the ODT during the experiment.
Also shown are sketches of the corresponding combined potential
of the HCT and ODT. (a) Atoms are held in the ODT near the fiber,
with no light coupled into the fiber. The dashed line indicates the
position of the 100 um thick fiber. (b) Light is coupled to the fiber,
and as the ODT intensity is ramped down, atoms are depleted from
the ODT until (c) no atoms remain outside the fiber when the ODT
power reaches zero. (d) After ramping the ODT back up, atoms that
were trapped in the HCT return to the ODT.

The calculated depths of the ODT and HCT are 5.8
% 1072 and 1.2 uK/mW, respectively [Fig. 1(b)]. The maxi-
mum power in the ODT is 150 mW. Potentials are qualita-
tively consistent with our observations if we assume a maxi-
mum power of 5 mW in the core mode of the fiber. Bench
tests suggested that three times more power could couple
through the fiber, but we believe that the extra power was in
surface or cladding modes and did not contribute to the core
intensity.

The ODT is positioned in front of the fiber, and the laser
intensities in the two traps are ramped to perform the transfer
(Fig. 2). As the ODT depth is reduced (step 1 in the figure),
atoms are pulled out of the trap and are accelerated into the
potential well of the HCT. The ODT is turned off completely
while the atoms are held within the HCT (step 2). After some
hold time the ODT is ramped up and atoms transfer back to
the ODT (step 3).

Absorption images are obtained during the loading and
retrieving process to measure the atom number in the ODT
(Fig. 3). From the final ODT number we determine the over-
all efficiency of the process.

IT1. RESULTS

Based on the analysis of absorption images we measure
5% 10* atoms in the ODT after retrieval, corresponding to
about 5% of the 10° atoms initially delivered at the start of
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the experiment. The successful transfer of atoms into the
HCT and their retrieval is the main result of this paper.

Images recorded while the ODT power is ramped down
reveal that the number of atoms is gradually reduced until
the ODT power reaches zero [see Figs. 3(b) and 3(c)]. Once
the ODT power drops to zero, any remaining atoms either
fall into the HCT potential well, or are lost from either trap.

The atoms are then held in the trap for up to 30 ms, sev-
eral hundred radial trapping periods. After this time, the
ODT intensity is ramped back up, and the atom number out-
side the fiber increases over 80 ms [Fig. 3(d)] until a maxi-
mum is reached. In varying the hold time, the retrieved num-
ber changed by at most 30%, indicating a lifetime longer
than 50 ms. Longer hold times were not explored in the cur-
rent setup. To rule out alternate trapping mechanisms, we
performed some experimental runs under identical param-
eters except with no light in the HCT, and found that no
atoms are recovered, indicating that the atoms indeed are
loaded into and retrieved from the HCT.

The initial and final cloud sizes were similar, implying
similar temperatures before and after the transfer. This tem-
perature may be estimated at a few microkelvins by assum-
ing evaporation continually occurs in the finite-depth optical
trap, leading to temperatures at a fraction of the trap depth.

IV. DISCUSSION

Our experimental scheme for transferring atoms between
the two traps was guided by the concept of adiabatic transfer
in a double-well potential, where the atoms always occupy
the deeper well. Our results are consistent with this picture.
We do not know whether the transfer of atoms involves tun-
neling, spilling over the barrier, or sloshing. This reflects that
the potential between the two traps is likely to be affected by
spurious modes traveling along the fiber surface or in the
cladding and interfering with the light in the core. In fact, we
frequently observed light coupled into the cladding leading
to distortions in the mode after the fiber. Without proper
alignment, the cladding modes prevented atoms from being
loaded into the fiber or trapped atoms in local maxima out-
side the fiber. The successful transfer was possible only with
great care in coupling to minimize light in the cladding
modes. In the future, a coupling lens inside the vacuum
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could replace the final lens (which was 10 cm away from the
fiber), resulting in more controlled and stable coupling of
light. We do not try to describe the exact dynamics of the
transfer without better knowledge of the potential between
the two wells.

Observation of the atoms inside the fiber would reveal the
dynamics of the loading and trapping process. Although the
fiber is transparent to resonant light, absorption imaging
from the side was not possible due to severe scattering and
refraction. However, resonant light could be propagated
along the core mode to provide information on the integrated
density of atoms inside the fiber.

We were unable to observe atoms being guided com-
pletely through the fiber, probably because of low atom den-
sity and the lack of an appropriate trap in which to collect
them after the fiber. It may turn out to be difficult to control
the light intensity along the fiber core sufficiently to avoid
undesirable accelerations of the atoms, to localize them in-
side the fiber, or to propagate them through the fiber in a
controlled way. In this case, it may be advantageous to use
the fiber mode for strong transverse confinement but add
magnetic confinement for the axial direction. This could be
accomplished with a quadrupole trap, where, by changing
the balance of currents in anti-Helmholtz coils, the axial
minimum could be swept across the fiber to controllably
propagate the atomic cloud. With this setup, one could obtain
detailed information on atom lifetime at different positions
within the fiber. Originally, we had the intention to take more
quantitative data with such an improved setup, but the pri-
orities of the laboratory changed. Therefore, we have pre-
sented our qualitative results in this paper.

In conclusion, we have shown that optical dipole traps are
well suited to load ultracold atoms into a hollow-core pho-
tonic crystal fiber. The reported retrieval efficiency of 5% is
a lower bound for the transfer efficiency, and can probably
be substantially increased with an improved setup.
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Interference of Bose-Einstein condensates split with an atom chip

Y. Shin, C. Sanner, G.-B. Jo, T. A. Pasquini, M. Saba, W. Ketterle, and D. E. Pritchard*
MIT-Harvard Center for Ultracold Atoms, Research Laboratory of Electronics, Department of Physics,
Massachusetts Institute of Technology, Cambridge, Massachusetts 02139, USA

M. Vengalattore and M. Prentiss
MIT-Harvard Center for Ultracold Atoms, Jefferson Laboratory, Physics Department, Harvard University,
Cambridge, Massachuserts 02138, USA
{Received 10 June 2005; published 11 August 2005)

We have used a microfabricated atom chip to split a single Bose-Einstein condensate of sodium atoms into
two spatially separated condensates. Dynamical splitting was achieved by deforming the trap along the tightly
confining direction into a purely magnetic double-well potential. We observed the matter wave interference
pattern formed upon releasing the condensates from the microtraps. The intrinsic features of the quartic
potential at the merge point, such as zero trap frequency and extremely high field-sensitivity, caused random
variations of the relative phase between the two split condensates. Moreover, the perturbation from the abrupt
change of the trapping potential during the splitting was observed to induce vortices.

DOI: 10.1103/PhysRevA.72.021604

Coherent manipulation of matter waves is the ultimate
goal of atom optics, and diverse atom optical elements have
been developed such as mirrors, beamsplitters, gratings, and
waveguides. An atom chip integrates these elements on a
microfabricated device allowing precise and stable alignment
[1-3]. Recently, this atom chip technology has been com-
bined with Bose-Einstein condensed atoms [4,5], and opened
the prospect for chip-based atom interferometers with Bose-
Einstein condensates. Despite various technical problems
[6-10], there have been advances toward that goal, such as
excitationless propagation in a waveguide [6] and demon-
stration of a Michelson interferometer involving splitting
along the axis of a single waveguide [11].

Coherent splitting of matter waves into spatially separate
atomic wave packets with a well-defined relative phase is a
prerequisite for further applications such as atom interferom-
etry and quantum information processing, and it has been
a major experimental challenge. The methods envisioned
for coherent splitting on atom chips can be divided in two
classes. One is splitting in momentum space and subse-
quently generating a spatial separation, using scattering of
atoms from a periodic optical potential [11,12]. The other is
dynamical splitting by directly deforming a single wave
packet into two spatially separated wave packets, which
can be considered as cutting off the link between two wave
packets, i.e., stopping tunneling through the barrier separat-
ing two wave packets. Splitting in momentum space has
led to remarkably clean interferometric measurements
when the atoms were allowed to propagate freely after
splitting, but it has been pointed out that momentum splitting
of confined atoms (e.g., inside a waveguide) is problematic
due to spatially dependent phase shifts induced by atom-
atom interactions during separation [11,13]. Dynamical
splitting in real space instead is perfectly compatible with

*URL: http://cua.mit.edu/ketterle_group/
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keeping atoms confined, a feature beneficial to the versatility
of interferometers. There has been a theoretical debate
concerning the adiabatic condition for coherent dynamical
splitting [14—17]. In our recent experiment with an optical
double-well potential, we demonstrated that it is possible to
dynamically split a condensate into two parts in a coherent
way [18].

In this work, we studied the dynamical splitting of con-
densates in a purely magnetic double-well potential on an
atom chip. We developed an atom chip to generate a
symmetric double-well potential and succeeded in observing
the matter wave interference of two split condensates, from
which the coherence of the splitting process was investi-
gated. We found that the mechanical perturbations during
splitting are violent enough to generate vortices in conden-
sates. We discuss the adiabatic condition of the splitting
process.

A magnetic double-well potential was realized with
an atom chip using a two-wire scheme [19). The experimen-
tal setup of the atom chip is shown in Fig. 1. When two
chip wires have currents, I, in the -y direction and
the external magnetic field, B,, is applied in the +x direction,
two lines of local minima in the magnetic field are generated
above the chip surface. Each local minimum has a quadruple
field configuration in the xz plane, and with an additional
nonzero magnetic field in the axial direction (y-direction),
two [offe-Pritchard magnetic traps can be formed. The
relative magnitude of B, to the field from /- determines
the direction of separation and the distance of the two
traps. The atom chip was set to face downward and the
two traps are vertically (horizontally) separated when
B.<B(B,>B). Byg=polc/wd is the critical field
magnitude for merging two magnetic harmonic potentials to
form a single quartic potential, where d is the distance
between the two chip wires and ug is the permeability of
the vacuum. The merge point is located at the middle of
the two wires and d/2 away from the chip surface. In our
experiment, d=300 um; thus, the splitting happened

©2005 The American Physical Society
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FIG. 1. (Color online) Schematic diagram of the atom chip. A
magnetic double-well potential was created by two chip wires with
a current I in conjunction with an external magnetic field. The
distance between the two chip wires was 300 um. A pair of external
wires with I provided the axial confinement along the y direction,
and another pair of external wires with /; were used for reducing
the antisymmetry effect. (For details, see text.) Gravity was in the
+z direction.

more than 200 gm away from the chip wires to avoid del-
eterious surface effects [6-10]. The chip wires of 12 um
height and 50 pm width were electroplated with Au on a
thermally oxidized Si substrate with a 2-um-thick Au evapo-
rated film. The chip was glued on an Al block for heat dis-
sipation [20] and the current capacity was 5 A in a continu-
ous mode.

The axial trapping potential was carefully designed to
ensure that condensates split perpendicular to the axial
direction and stay in the same axial position. The two
wells have opposite responses to B,: positive B, makes
the left (right) well move upward (downward). If B. changes
along the axial direction, the two wells are no longer parallel
and the gravitational force would cause an axial displace-
ment of the two split condensates. When endcap wires
are placed only on the chip surface as in our previous
work [21], a nonzero field gradient 9B,/ dy inevitably accom-
panies a field curvature &B,/dy” for the axial confinement,
i.e., B, changes from positive to negative along the axial
direction. In order to provide the axial confinement and at
the same time minimize dB_/dy, we placed two pairs of
external wires 1.5 mm above and 4 mm below the chip
surface. This three-dimensional design of axial confinement
was necessary for obtaining the interference signal of two
split condensates. Moreover, maintaining the geometric sym-
metry of two wells will be crucial for longer coherence time
after splitting [18].

The splitting process was demonstrated with the experi-
mental procedures described in Fig. 2. Bose-Einstein con-
densates of |[F=1,mp=-1) **Na atoms were transferred and
loaded in a magnetic trap generated by the atom chip
[6,21,22]. Experimental parameters were I-=1.8 A, B,
=24 G, B,=1 G, and the axial trap frequency f,=13 Hz.
Condensates were first loaded in the bottom well, 500 pm
away from the chip surface, brought up 1o 30 wm below the
merge point in | s, and held there for 2 s to damp out exci-
tations. The long-living axial dipole excitation induced in the
transfer phase was damped by applying a repulsive potential
wall at the one end of the condensates with a blue-detuned

FIG. 2. Splitting of condensates. (a) Condensates were initially
loaded and prepared in the bottom well and (b) split into two parts
by increasing the external magnetic field, B,. For clarity, two con-
densates were split by 80 um. The dash line indicates the chip
surface position. The currents in the chip wires flow into the page
and B, is parallel to the wire separation. Two condensates were
released from the magnetic double-well potential and the matter
wave interference pattern of two condensates formed after time-of-
flight. (c) Typical absorption image of interference fringes taken
after 22 ms time-of-flight. The fringe spacing was 14.8 um, corre-
sponding to a condensate separation of 25.8 um.

laser beam (532 nm)'. The whole procedure was carried out
with a radio-frequency (rf) shield and, just before splitting,
condensates contained over 8.0 X 10° atoms without a dis-
cernible thermal population. Splitting was done by ramping
AB,=B,-B,, linearly from -140 mG to 100£20 mG in
200 ms. The separation between two condensates was con-
trolled by the final value of B,. The magnetic trap was then
quickly turned off within 20 us, a duration much shorter
than the inverse of any trap frequency, preventing random
perturbations. High-contrast matter wave interference fringes
were observed after releasing the condensates and letting
them expand in time-of-flight (Fig. 2), indicating that the
splitting procedure was smooth enough to produce two con-
densates having uniform phases along their long axial axis
perpendicular to the splitting direction. In order to study the
coherence of the splitting, the relative phase of the two split
condensates was determined from the spatial phase of the
matter wave interference pattern.

The relative phase of two split condensates turned out to
be unpredictable when they were fully separated (Fig. 3).
The separation of two condensates was determined from the
spacing, A;, of the interference fringes, using the formula d
=ht/m\; where h is Planck’s constant, m is atomic mass, and
t is time-of-flight. The typical fringe spacing was A\
=15 pm with +=22 ms, corresponding to d=26 um. Given
the precise knowledge of the fabricated wires, the full trap
parameters can be calculated. Assuming that the condensates
followed trap centers in the motional ground state, it was
found that when the barrier height was over 1.5 kHz, the

'In a perfectly symmetric double-well potential, two condensates
would oscillate in phase after splitting. Furthermore, this could be
used for developing a rotation-sensitive atom interferometer with a
guiding potential. However, the axial trap frequencies for the two
wells were found to be different by 12% due to the imperfect fab-
rication of wires.

021604-2



INTERFERENCE OF BOSE-EINSTEIN CONDENSATES...

1 kHz 2 kHz 3 kHz
1804 : : .
1 l '
@120" E s .'. . .'E .
= 60 ° . ‘e :
7 : . ] :
: ol et e e it
£ 0 - ., LI 3 LI
o L. o *e L.
Sef [ st
a ' - H
120 : oA o !
' ., '
-180 - H . HI .
22 24 26 28
Separation (um)

FIG. 3. Spatial phase of interference fringes. The separation of
two condensates was determined from the spacing of interference
fringes. Fifty repetitions of the same experiment are plotted, where
the experimental control value for the external magnetic field, B,,
was fixed when the atoms were released. Three dash lines indicate
the separations of two wells with the barrier height of 1 kHz,
2 kHz, and 3 kHz, respectively.

relative phase started to be random.” Since the chemical po-
tential of the condensates, u=1.4+0.2 kHz, was very close
to this barrier height, the condensates just started to lose their
coupling at this point.

Surprisingly, a phase singularity was observed in the in-
terference patterns with high visibility. The fork shape of
interference fringes represents a phase winding around a vor-
tex core [23]. This vortex interference pattern appeared more
frequently with faster splitting and further separation. An ex-
ternal perturbation can lead to internal excitations in conden-
sates. Splitting might be considered as slicing condensates in
two parts. The fact that the observed “forks™ (Fig. 4) always
open towards the top implies that the slicing always occurred
in the same direction and created either vortices with positive
charge on the left side or with negative charge on the right
side. A possible vortex formation mechanism is topological
imprinting when the zero point of the magnetic field crosses
though condensates resulting in a doubly quantized vortex in
spin-1 condensates [21,22]. However, since we have never
observed the interference pattern of a doubly quantized vor-
tex, we think that this scenario is unlikely.

We now discuss how the trapping potential changes
during the splitting process (Fig. 5). When condensates split
into two wells, the trap frequency, f,, in the splitting direc-
tion vanishes and the separation of two wells abruptly in-
creases to 15 um with a small magnetic field change of
8B, =~ 10 mG. For a single particle in a harmonic potential,
the quantity a=(1/f2)(df,/B,)(dB,/dr) accounts for the
transition probability from the ground state to the first ex-
cited state and parametrizes the external adiabaticity of the
process, neglecting the collective excitations of a condensate.
a<51 should be maintained to keep condensates staying in
the motional ground state. With dB,/dt=1.2 G/s, a<1 at
f>150 Hz, but obviously, a diverges to infinity near the
merge point and its definition no longer holds. Since the

*When the separation was less than 20 um and two condensates
were linked, the uncertainty of the spatial phase of fringes was less
than 60°.
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FIG. 4. Vortex interference. (a) An absorption image showing
the vortex interference pattern of a vortex state. The probability of
vortex generation was ~8% for the experimental parameters of Fig.
3, where data points with vortices were not included. Vortex inter-
ference patterns appeared more frequently with faster splitting and
further separation. (b) Same as (a), but with lines indicating regions
with constant phase.

energy level spacing diminishes, the adiabatic condition in
the quartic potential around the merge point becomes more
stringent. The abrupt change of trapping potential will induce
mechanical perturbations of condensates. Subsequent dissi-
pation or coupling into internal excitation modes [24] would
make the relative phase of two split condensates unpredict-
able. The observed phase singularity definitely shows the
breakdown of adiabaticity.

One possible alternative to avoid passing through the
merge point is starting with two weakly linked condensates
in a double-well potential where the barrier height is lower
than the chemical potential of condensates and controlling
the coupling between two condensates with a small change
of the barrier height. This method was used to reduce the
motional perturbation in our previous work [18]. However,
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FIG. 5. (Color online) Trapping potential during splitting. (a)
Radial cross sections of trapping potential including gravity for
AB,=0, 50, and 100 mG, where AB, is the field deviation from the
critical field magnitude B, which is the field magnitude for forming
a single quartic trap. The origin of coordinates is the merge point
without gravity. Contour lines correspond to 0.5, 1, 1.5, and 2 kHz
above the bottom of the trap. (b) Trap frequencies in each direction.
(c) Separation of two trap centers and barrier height between two
wells.
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since the sensitivity of the trapping potential to the magnetic
field is extremely high when the trap centers are close to the
merge point, it was technically difficult to have a stable
double-well potential with a small barrier height. The life-
time of condensates measured around the merge point was
>5 s away from the merge point (AB,<-50 mG or AB,
>150 mG) and <100 ms near the merge point (0<AB,
<100 mG).* With a barrier height of 0.5 kHz in our experi-
ment, the sensitivity of the barrier height and the condensate
separation to B, is 0.04 kHz/mG and 0.3 um/mG, respec-
tively. B,=1 mG corresponds to &l-=7.5X 10 A. Ex-
treme current stabilization and shielding of ambient magnetic
field fluctuations may be necessary for controlling a phase-
coherent splitting process. Another alternative for preparing
a coherent state of two spatially separated condensates is
first preparing two condensates in the ground states in

3For positions with AB,>0 (“after” splitting), the condensates
were moved to the left well without passing through the merge
point.
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each well and then establishing a well-defined relative phase
with an optical method [25]. This scheme is currently under
investigation.

In conclusion, we have demonstrated the interference of
two Bose-Einstein condensates released from an atom chip.
The condensates were created by dynamical splitting of a
single condensate and could be kept confined in a magnetic
double-well potential, separated by an arbitrary distance. We
studied the coherence of the dynamical splitting process by
measuring the relative phase of two split condensates and
identified technical limitations, intrinsic to the magnetic field
geometry, that prevented coherent splitting with a predictable
phase. This study is a promising step in the route towards
atom chip interferometers and might serve as a guide for the
design of future microfabricated atom optics devices.
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