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Abstract

Theatom chipis a micro-fabricated, integrated device in which electric, mag-
netic and optical fields can confine, control and manipulate ultracold atoms and
Bose-Einstein condensates (BECs). The atom chips are fabricated using the well
established technologies taken from the semiconductors industry. They allow the
design and generation of a variety of potentials for the trapped atoms. The atom
chip is especially advantageous at very small atom-surface separations,where higher
trap gradients are achieved and allow a better control in the designed potentials.
However, interactions with the nearby surface become important in such small
atom-surface separations, and they can limit the minimal separation from the sur-
face. For example, spatial and temporal magnetic field fluctuations, due to electron
scattering and Johnson noise, respectively, limit the minimum atom-surface dis-
tance, as they cause potential corrugations, spin flips, heating and decoherence.
The main aim of the current work was to design and build the atom chip experi-
ment in Ben-Gurion University (BGU) (the first in Israel), and to furtherenhance
our understanding of the effects limiting atom-surface separations in atom chips.

The atom chip experimental apparatus in BGU was built from scratch. We have
achieved a BEC of30 × 103 87Rb atoms, and successfully loaded it to the atom
chip traps, attaining atom-surface separations as low as5µm. This experimental
apparatus is a crucial mile stone that will set the base for the future experiments
that are discussed in this thesis.

Furthermore, we have made a comprehensive experimental and theoretical
study of the spatial corrugations in the static magnetic field generated by the atom
chip trapping wire. This is measured by the density variation of the trapped atomic
sample. Based on the performed atomic magnetometry, we could present a general
theory of current deviations in straight current-carrying wires with random imper-
fections, as well as to explain the measured long range organized patternsoriented
at±45◦ relative to the mean current flow. The surprising length of these patterns
and their orientation is explained as a direct consequence of universalscattering
properties at defects. The observed amplitude of the current direction fluctuations
scales inversely to that expected from the relative thickness variations, the grain
size, and the defect concentration, all determined independently by standard meth-
ods.

We also present an analysis of magnetic traps for ultracold atoms based on
current-carrying wires with sub-micron dimensions. The physical limitations of
these conducting wires are analyzed. We study the effects of surface thermal noise,
electron scattering within the wire, and the Casimir-Polder force. We show that
wires with cross sections as small as a few tens of nanometers should enablerobust
operating conditions for coherent atom optics (e.g. tunneling barriers for interfer-
ometry). In particular, trap sizes of the order of the deBroglie wavelengthbecome
accessible, based solely on static magnetic fields, and thereby bringing the atom
chip a step closer to fulfilling its promise of a compact device for complex and
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accurate quantum optics with ultracold atoms.
Finally, we present an overview of the current status of our atom chip exper-

iment that implements some of the above results. Here we use a single wire on
the atom chip to generate a periodic magnetic potential. Localization of the atomic
ground state in this periodic potential can then be controlled and we discuss the
interference pattern expected after releasing the atom cloud. The designof this ex-
periment required special considerations of the trapped BEC time evolution,once
released from the trapping potential. We have learned that the trap releaserate plays
an important role in the formation of the atomic density interference patterns. This
experiment is already in progress.

Our work resulted in the following publications:

• S. Aigner, L. Della Pietra, Y. Japha, O. Entin-Wohlman, T. David, R. Salem,
R. Folman and J. Schmiedmayer, “Long-range order in electronic transport
through disordered metal films”,Science319, 1226 (2008) [1].

• Y. Japha, O. Entin-Wohlman, T. David, R. Salem, S. Aigner, J. Schmied-
mayer and R. Folman, “Model for organized current patterns in disordered
conductors”,Phys. Rev. B77, 201407(R) (2008) [2].

• T. David, Y. Japha, V. Dikovsky, R. Salem, C. Henkel and R. Folman, “Mag-
netic interactions of cold atoms with anisotropic conductors”,Eur. Phys. J.
D 48, 321 (2008) [3].

• R. Salem, Y. Japha, J. Chabé, B. Hadad, M. Keil, K. A. Milton and R.
Folman, “Nanowire atomchip traps for sub-micron atom-surface distances”,
arXiv:0910.2598 [quant-ph] (2009) [4].
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Chapter 1

Introduction

In 1925 Einstein (extending Bose’s ideas for photons) predicted that atlow tem-
peratures particles in a gas would all reside in the same quantum state [5, 6].This
peculiar gaseous state, a Bose-Einstein condensate (BEC), was produced in the
laboratory for the first time in 1995 [7, 8] using powerful laser cooling [9, 10, 11]
and evaporative cooling [12] methods developed in recent years.

Condensates exhibit quantum phenomena on a macroscopic scale. The study
of BECs encompasses a variety of different subfields in physics, including atomic,
condensed matter, nuclear, and quantum physics. In this introductory chapter I will
briefly review the basic concepts of the BEC. Deeper introductions to the theory
and practice of BECs can be found in several textbook and review papers [13, 14,
15, 16].

In 1999 a new tool for the manipulation, control, and detection of ultracold
atoms was introduced. Called theatom chip, it is a micro-fabricated, integrated de-
vice in which electric, magnetic and optical fields can confine, control and manip-
ulate cold atoms, thereby miniaturizing BEC and ultracold atom experiments. The
atom chip is our main experimental tool, and I will also review its main properties
in this short introduction. Here again, deeper reviews can be found in [17, 18, 19].

1.1 Bose Einstein condensation

Quantum mechanics associates a deBroglie wavelength with particles; for a ther-

mal distribution at temperatureT this wavelength isλdB =
√

2π~2

mkBT , wherem
is the particle mass. When the deBroglie wavelength is on the order of the inter-
particle distanced, or when

nλ3dB > 1 (1.1)

wheren is the density, there is, in some sense, an overlap between the particle wave
functions. In the case of indistinguishable particles governed by Bose statistics,
this leads to a condensation of a macroscopic fraction of the particles in the ground
state.

3
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Einstein was not sure whether this effect could be observed in nature. In the
1940s BEC was considered as the mechanism for superfluidity in liquid helium,
but this issue was under great dispute. In any case the liquid helium “condensate”,
if it existed, was far from that of an ideal gas or even a weakly interactingone. At
the same time, a theory of weakly interacting BEC was developed in the context of
superfluidity, pioneered by Bogoliubov [20]. Finally in 1995 experimentalgroups
at MIT [7] and JILA [8] succeeded in condensing a gas of weakly interacting par-
ticles, in both cases the vapor of alkali metals. There has since been an exponential
growth in both theoretical work and experiments studying and using such systems.

1.1.1 The quest for ultralow temperatures

Cold atoms have many advantages for studying quantum phenomena. A major one
is that in the BEC, essentially all atoms occupy the same quantum state, and the
condensate can be described very well in terms of a mean-field Hartree-Fock theory
for the entire ensemble of atoms. The physics which emerge from this effective
Hamiltonian includes inter-atomic interactions, and is therefore both more accurate
and exhibits richer effects than the ideal gas. A BEC behaves in many wayslike a
macroscopic coherent matter wave, similar to a coherent radiation field (a sample
of atoms released from a BEC is therefore also referred to as an atom laser [21]),
allowing sensitive measurements of the BEC quantum phase through interference
experiments.

It is important to remember that the equilibrium phase of the alkali metals, like
the Rb we use for BEC, is not gaseous but is, rather, solid. The vapor ismeta-
stable and when possible, the gas will solidify. Luckily, energy and momentum
conservation forbid molecule formation as a result of two-body collisions, so three-
body interactions are required for nucleation. Therefore the gas phase can be stable
for BEC formation if the density is low enough. Conversely however, the BEC
condition Eq. (1.1) requiresn > 1/λ3dB. Since the density must be small, the only
way to achieve BEC is to makeλdB large by working at very low temperatures.
For our experiments this temperature turns out to be∼ 300 nK.

Although the atomic density in BECs is low, two-body interactions do play a
significant role. They change the ground-state wave function, and introduce many-
body correlations as described below.

1.1.2 The many-body Hamiltonian

The single-particle Hamiltonian for atoms in a potential is:

Hsp = − ~
2

2m
∇2 + Vtr(r, t). (1.2)

Typically experimental traps can be approximated by a harmonic trapping poten-
tial Vtr(r) = 1

2

∑

j=x,y,z
mω2

j r
2
j , but this discussion is valid for different trapping

potentials as well as for time-dependent potentials.
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A realistic discussion of the many-body BEC must account for atom-atom in-
teractions. For macroscopic samples, such interaction potentials are in general
very hard to calculate. Two major approximations may then be made: neglecting
three-body interactions, and assuming onlys-wave scattering. Although three-
body interactions do play a role, this process is suppressed by the diluteness of the
atomic cloud, since the probability of a three-body interaction for a given atom is
proportional ton2. Furthermore, BEC temperatures are typically well below those
required ford-wave scattering.

For dilute gases at low temperatures the atomic pairwise interactionV (|r1 −
r2|) can be modeled as a pseudo-potentialVint = gδ(r1 − r2) [14, 15], where the
interaction prefactorg is related to thes-wave scattering lengtha by g = 4π~2a/m
and δ is the Dirac delta function (a = 5.052 nm for 87Rb [22]). The effective
many-body Hamiltonian in a static trap may be written as:

H =
N
∑

i=1

[

− ~
2

2m
∇2

i + Vtr(ri)

]

+ g
∑

i<j

δ(ri − rj). (1.3)

For the typical parameters of our BEC, we can restrict the discussion to zero
temperature. The many-body wave function of the condensate in a static trap, Ψ,
can be described using a mean-field Hartree-Fock ansatz [13, 14, 15]:

Ψ(r1...rN) =
∏

i=1...N

φ(ri), (1.4)

whereφ(ri) are the single-particle wave functions.

1.1.2.1 Gross-Pitaevskii equation

The mean-field approximation is useful for explaining many physical effects. By
multiplying both sides of the Schrödinger equation

i~
∂

∂t
Ψ = HΨ (1.5)

for the many-body Hamiltonian [Eq. (1.3)] by
∏

i=2...N

φ(ri), and integrating over

coordinatesi = 2...N , we get the Gross-Pitaevskii equation forφ:

i~
∂

∂t
φ(r, t) =

[

− ~
2

2m
∇2 + Vtr(r) + gN |φ(r, t)|2

]

φ(r, t), (1.6)

with N − 1 ≃ N . The wave functionφ is often referred to as the condensate
wave function. The Gross-Pitaevskii equation has a form similar to that of the
Schr̈odinger equation, in which the external potential acting on the particlesVtr(r)
is supplemented by a non-linear termgN |φ(r)|2 that includes the effective mean-
field potential produced by the other bosons. The ground state ofφ is then found
by the time-independent Gross-Pitaevskii equation:

µφ(r) =

[

− ~
2

2m
∇2 + Vtr(r) + gN |φ(r)|2

]

φ(r) (1.7)
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where the chemical potentialµ is the ground state energy.

1.1.2.2 Thomas-Fermi approximation

Under typical experimental conditions the atomic interactions are dominant [Ng |φ(0)|2 ≃
µ≫ ~ωj for j = x, y, z] and we can neglect the kinetic energy term in comparison
to the interaction energy term. In this regime there are no longer any operators on
the right-hand side of Eq. (1.7) and we obtain the Thomas-Fermi approximation:

φTF(r) =

{

(

µ−Vtr(r)
Ng

)1/2
, for µ ≥ Vtr(r)

0 otherwise.
(1.8)

The chemical potentialµ is determined by the normalization of|φ〉 :

µ =
1

2
~ω̄

(

15Na

√

mω̄

~

)2/5

, (1.9)

where ω̄ = (ωxωyωz)
1/3. The Thomas-Fermi approximation becomes invalid

when a BEC is confined by a very elongated 1D trap, in which the transverse fre-
quencyωr, perpendicular to the cylindrical axis, becomes much larger andNg |φ(0)|2 ≃
µ ≤ ~ωr. This regime is often reached in atom chip traps, for which the Gross-
Pitaevskii equation must instead be solved numerically.

1.2 The atom chip

Ultracold atoms are extremely sensitive to their environment, yet their trapping
and isolation allows them to approach room-temperature objects, thus openingthe
possibility of a device operating at ambient temparature that can be used to control
and manipulate the atoms. Theatom chipcombines two modern techniques to
achieve this goal: on the one hand controlling ultracold atoms and BECs, and on
the other hand, fabricating a solid-state chip using the mature technology of the
semiconductor industry to enable miniaturization. The principle of the atom chip
is simple: to create the electric [23], magnetic [17, 18, 19, 24, 25], light [26, 27,
28, 29, 30, 31, 32, 33, 34, 35], RF [36, 37] and MW [38] fields needed in order to
trap, manipulate and measure atoms in the quantum realm where they behave as
matter waves. The atoms can be trapped and manipulated just a few microns above
surfaces that are designed and fabricated specifically for these purposes.

In 2001 BEC was first achieved using atom chips [39, 40]. The potentials
generated by the atom chip have led to outstanding achievements at atom-surface
distances of1 − 100µm, e.g.,spatial interference [36, 37, 38] and hyperfine state
interferometry [41]. These techniques have also allowed access to coherence mea-
surements in reduced-dimensional BECs [42].
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1.2.1 Neutral atom trapping

Once cooled to ultralow temperatures, neutral atoms can be manipulated by means
of their interaction with magnetic, electric, optical, and RF fields. In this work we
will only consider magnetic potentials, which are the atom chip’s most common
trapping tool. The magnetic fields used for trapping and guiding the cold atoms on
an atom chip are produced by microscopic current carrying wires fabricated on the
chip’s surface. The power of these devices lies in the flexibility of the magnetic
fields that can be created: almost any planar arrangement of conductors can con-
veniently be fabricated with lithographic techniques pioneered in the electronics
industry.

Trapping atoms in magnetic traps is possible due to the coupling (Zeeman)
energy between atoms and the external magnetic field:

U = −µ ·B ≃ gFmFµB|B|, (1.10)

wheremF is the projection of the atomic spin onto the external field direction,gF
is the Land́e factor of the atomic (hyperfine) state,µB = h × 1.4MHz/G is the
Bohr magneton, andB is the magnetic field. Different internal atomic states will
interact differently with the field, and in the context of trapping may be categorized
by the direction of the magnetic moment relative to the magnetic field:strong-
field seekersare drawn towards regions of high fields, whileweak-field seekers
are attracted towards field minima. Since a three dimensional magnetic maximum
cannot be produced, only weak-field seeking states can be magnetically trapped. I
will now describe the simplest case of generating a magnetic field minimum using
current-carrying wires on the atom chip.

1.2.2 Magnetic potentials

The simplest form of a magnetic field suitable for trapping atoms generated by a
current-carrying wire is a “wire guide”. In this configuration, the magneticfield
generated from a straight current-carrying wire is combined with a homogeneous
external bias fieldBy perpendicular to the wire. Because the field of a (thin) wire
decays as1/r with the distancer from the wire,By will always compensate the
wire field at some distancer = h. This leads to a two-dimensional quadrupole
field, confining the atoms along a line parallel to the wire at the distanceh. For
very cold atoms, this field must be modified, since near the zero of the magnetic
field spin flips between trapped states (weak-field seekers) and untrapped states
(strong-field seekers) may occur. These so-called Majorana spin flipsoccur with
greater probability as the two states approach degeneracy at low field strengths.
A non-vanishing magnetic minimum is accomplished by adding a bias fieldBx

parallel to the wire (Ioffe-Pritchard field) [17].
The wire guide described above generates a cylindrical potential (a guide). In

order to generate a three dimensional trap, the wire can be bent (or fabricated) in a
Z shape. The leads of the Z-shaped wire generate a confining field at both ends of
the wire guide, thus serving as “end caps” for the three-dimensional potential trap.



8 CHAPTER 1. INTRODUCTION

1.2.3 Limitations of the atom chip

Traps with large gradients (frequencies) are advantageous; for example, they give
rise to smaller vibrational heating rates since the energy levels become more widely
separated. They also enable more tightly confined ground state wave functions
and thus higher resolution in tailoring potentials. Further decreasing the atom-
surface distance should increase trap gradients sufficiently to construct tunneling
barriers with widths on the order of the atomic deBroglie wavelength enabling,
e.g.,atom chip interferometry based solely on static magnetic fields. Furthermore,
sub-micron distances are also important for technological advantages such as low
power consumption and high-density arrays of traps. However, it remains impor-
tant to understand what ultimately limits the atom-surface distance.

At small atom-surface distances, interactions with the nearby surface become
important. For example, spatial and temporal magnetic field fluctuations, due to
electron scattering and Johnson noise respectively, limit the minimum atom-surface
distance, as they cause potential corrugations, spin flips, heating and decoherence.
There have been several experiments utilizing cold atoms to study these interac-
tions [43, 44, 45, 46, 47, 1, 48], and many suggestions on how to overcome their
damaging effects [49, 50, 51, 2, 3, 52].

Also becoming prominent for small atom-surface distances is the Casimir-
Polder (CP) force [53]; normally attractive, it reduces the magnetic barrier and
allows atoms to tunnel to the surface, as already observed experimentally [54, 55].

Finally, let us note that the limitations could also be turned around to become
advantages. At very small distances the atoms may also serve as a sensitiveprobe
for surface phenomena. One example is electron scattering which we observed and
is described in this thesis. Another example are plasmons which are expectedto
affect the atomic external and internal degrees of freedom and may alsobecome
observable [56].
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1.3 Outline of this thesis

The initial work of my Ph.D. was to build, from scratch, the atom chip experimental
setup at BGU. Together with another Ph.D. student, Tal David, we built this setup
and achieved a BEC. I then continued to successfully load the BEC to the atomchip
wire traps, and to trap and probe the atoms at minimal atom-surface separations (as
low as5µm), as well as to conduct both experimental and theoretical studies of
atoms so close to surfaces.

The thesis is organized as follows:
The experimental setup we have built, and the experimental procedures opti-

mized to achieve a BEC and to load it to the atom chip traps, are presented in
Ch. 2.

Chapter 3 presents a study of static potential corrugations in atom chips. We
present a full model for potential corrugations arising from current directional de-
viations in the trapping wire. We also present the surprising observation oflong-
range correlations forming organized patterns oriented at±45◦ relative to the mean
current flow. This chapter is based on the following publications:

• S. Aigner, L. Della Pietra, Y. Japha, O. Entin-Wohlman, T. David, R. Salem,
R. Folman and J. Schmiedmayer, “Long-range order in electronic transport
through disordered metal films”,Science319, 1226 (2008) [1].

• Y. Japha, O. Entin-Wohlman, T. David, R. Salem, S. Aigner, J. Schmied-
mayer and R. Folman, “Model for organized current patterns in disordered
conductors”,Phys. Rev. B77, 201407(R) (2008) [2].

In Ch. 4 we present an analysis of magnetic traps for ultracold atoms based
on current-carrying wires with sub-micron dimensions. We analyze the physical
limitations of these conducting wires, as well as how such miniaturized magnetic
traps are affected by the nearby surface due to tunneling to the surface, surface
thermal noise, electron scattering within the wire, and the Casimir-Polder force.
We show that wires with cross sections as small as a few tens of nanometers should
enable robust operating conditions for coherent atom optics (e.g.,tunneling barriers
for interferometry). This chapter is based on

• R. Salem, Y. Japha, J. Chabé, B. Hadad, M. Keil, K. A. Milton and R.
Folman, “Nanowire atomchip traps for sub-micron atom-surface distances”,
arXiv:0910.2598 [quant-ph] (2009) [4].

In Ch. 5 we present an overview of the current status of our atom chip exper-
iment that implements some of the above results. Here we use a single wire on
the atom chip to generate a periodic magnetic potential. Localization of the atomic
ground state in this periodic potential can then be controlled and we discuss the
interference pattern expected after releasing the atom cloud.

A summary and an outlook are given in Ch. 6.
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In addition to the work presented in this thesis, I played an active role in study-
ing static magnetic corrugations and surface-induced noise in anisotropic conduc-
tors. This topic will not be discussed in this thesis but is presented in Ref. [57] and
in:

• T. David, Y. Japha, V. Dikovsky, R. Salem, C. Henkel and R. Folman, “Mag-
netic interactions of cold atoms with anisotropic conductors”,Eur. Phys. J.
D 48, 321 (2008) [3].



Chapter 2

The BGU atom chip experiment

In this chapter an integrated setup for loading a BEC to atom chip traps is pre-
sented (Sec. 2.1). A wire-based magneto-optical trap (MOT) allows simplified
trapping and cooling of a large number of atoms near a material surface. Witha U-
shaped current-carrying copper structure generating a magnetic quadrupole field,
more than108 87Rb atoms are collected in our mirror MOT. These atoms are subse-
quently loaded to a Z-wire magnetic trap where they are cooled to a BEC by means
of evaporation cooling (Sec. 2.2). Properties of the BEC are discussedin Sec. 2.3,
and loading to the wire-based trap of the atom chip is discussed in Sec. 2.4.

This chapter presents the major part of my studies which was devoted to de-
signing the apparatus, building it from scratch, and then operating it. Additional
experimental and theoretical results, as well as further experimental proposals, are
discussed in the following chapters. Since general introductions to the experimen-
tal methods we use are available in several textbooks [16, 58, 59], and as most
aspects of our setup have already been described in the theses of my partner to this
project and an MSc student working with us [57, 60], I will, in the following,only
briefly describe the experimental apparatus itself.

2.1 Experimental setup

Generating a BEC is routinely achieved in many laboratories all over the world.
Standard techniques of laser cooling of neutral atoms are used to collect alarge
number of atoms in a MOT. These pre-cooled atoms are transferred to a magnetic or
optical trap where Bose-Einstein condensation is achieved by evaporative cooling.
These experiments are performed inside an ultra-high vacuum (UHV) chamber.
The following presents each major apparatus component in the same sequence as
its actual use during the experimental cycle.

11
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2.1.1 Vacuum system

In order to maintain isolation of the cold atomic sample it is essential to maintain
ultra high vacuum (UHV). In our system the measured pressure is routinely below
10−11 torr1. All the vacuum components are made of 316LN stainless steel, due to
its low magnetic permeability. The experimental chamber has an octagonal cross
section with a height of71mm and a diameter of200mm. This main science
chamber is connected to the vacuum pumps and the vacuum gauge by a 6-way cross
(Fig. 2.1). The atomic sample is optically accessed through high-quality windows:
a large window is mounted on the bottom (clear diameter11 cm) and seven smaller
windows (clear diameter28mm) are mounted around the circumference. These
windows have high optical quality in terms of flatness and are anti-reflection coated
for the Rb D2-line excitation wavelength (780 nm).

The experimental procedure requires introducing a specific amount of Rb into
the chamber. The Rb source consists of four copper feedthroughs, whereby each
pair is connected to two Rb dispensers in parallel. These dispensers are heated up
by a direct current and the Rb, which is present as a crystalline salt in thedispenser
core, is chemically reduced to the metallic element and evaporates. It is important
to maintain good vacuum in the experimental chamber, especially during the time
the atoms are trapped in the magnetic trap. Therefore, the dispensers are operated
in a pulsed mode: for the first10 s of the experiment, while the MOT is loaded, the
dispensers are heated by running15A through them, and the current is switched
off for the rest of the experimental cycle. With this mode of operation a lifetime of
∼ 50 s of the magnetic trap is achieved (Sec. 2.2.2.1).

Several vacuum pumps are needed to achieve UHV; a dry scroll pump (Varian
TriScroll 300) and a turbo pump (Varian turbo-71,70 l/s) are used to pump from
atmospheric pressure to high vacuum (down to≈ 10−8 torr) (see [57, 60] for more
details). Once high vacuum is achieved, we start pumping with an ion pump. Fur-
ther lowering the pressure to the desired UHV level (< 10−11 torr) requires a week
of ‘baking’, a process in which the vacuum system is heated to150◦C to remove
condensed gases such as water vapor. We use a large (300 l/s) ion pump2 to main-
tain UHV and to allow fast vacuum recovery throughout the experimental cycle.
Because the ion pump needs strong permanent magnets which could interfere with
the experiment, it is attached to the 6-way crossvia a long connector tube (‘nipple’)
to take it farther away from the experimental chamber. To maintain the UHV we
also use a titanium sublimation pump (TSP), typically at weekly intervals.

2.1.2 Laser system

The laser setup used in the experimental apparatus can be divided into three sec-
tions: the first section consists of two diode lasers, each of which has a spec-
troscopy setup (required for the laser frequency stabilization). In the second stage

1Measured with Varian UHV-24p nude Bayard-Alpert type ionization gauge
2Varian VacIonPlus300 pump, noble diode
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Figure 2.1: Schematic drawings of the vacuum chamber. The main chamber con-
sists of a stainless steel octagon which allows good optical access throughseven
side windows and a large window at the bottom. All the vacuum parts are made
of 316LN stainless steel. In this setup we reach a vacuum of≈ 10−12 torr and
achieve a trap lifetime of≈ 50 sec.

of the laser setup, the two light beams are split and shifted in frequency by four
acousto-optical modulators (AOMs). After modulation, the light is sent into the
third stage by means of optical fibers, where it is guided into the vacuum chamber
in which the experiments are being performed. Each stage of the laser setupis
briefly discussed in the following.

2.1.2.1 Laser lock

To achieve laser-cooling of neutral atoms, intense light having a wavelength close
to a strong atomic transition is needed. In87Rb the D2-line (λ ∼ 780 nm) pro-
vides a strong cooling transition. The corresponding near-infrared light can easily
be generated by semiconductor laser diodes which allow small and robust laser se-
tups. These laser diodes have to be frequency-stabilized and narrowed below the
natural linewidth of the corresponding Rb transition, which is∆Γ ∼ 6MHz. By
monitoring the absorption of the laser light in a Rb vapor cell, an error signalcan
be generated that is proportional to the deviation of the laser frequency from the
atomic resonance. This electronic signal is then used in a feedback loop to lock the
laser frequency. We use two laser systems to generate the four different light fre-
quencies required for the experiment; a commercial tapered amplifier laser system
(Toptica TA-100), that can generate an output power of800mW, is used for the
cooler beam, optical pumping beam, and the imaging beam (Fig. 2.2). A second
laser, (Toptica DL-100), capable of generating an output power of70mW, is used
for the re-pumper beam. The error signals discussed above are generated by a weak
20MHz modulation of the diode laser input current. In our setup, this technique
is the most effective in terms of stability when compared to other methods, such
as polarization lock and light frequency modulation by an electro-optic modulator
(EOM).

Both lasers are locked to across-overpeak near the atomic hyperfine-structure
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transitions3. The cooling laser is stabilized to theF = 2 to F ′ = 1, 3 cross-over
peak and the repumper laser is stabilized to theF = 1 to F ′ = 1, 2 cross-over.
The laser frequencies are shifted close to the desired Rb transition using AOMs, as
discussed in the next paragraph.

Figure 2.2: Hyperfine
structure of the D-line of
87Rb. In our experiment
we use the D2-line. The
different light beams re-
quired for the experiment
are shown on the right.

2.1.2.2 Light manipulation

The wavelength of the laser light, which is locked to the cross-over peaks,can
be shifted by an AOM to the precise atomic transition frequency, or to a desired
detuning with respect to it. A radio-frequency acoustic wave in the non-linear
AOM crystal causes density modulation, thus diffracting the incident laser light.
As a result, the frequency shift (and the deflection angle) depends on the diffrac-
tion order. Typically, the first diffraction order is used and the light is shifted by
50 − 150MHz with an efficiency of 70%- 80%. In the setup shown in Fig. 2.3
the AOMs are used either in a single-pass or in a double-pass configuration. The
double-pass configuration is advantageous if the frequency shift of the laser light
has to be changed during the experiment, because the deflection angle is automati-
cally compensated as the beam is retro-reflected (cooler beam and imaging beam).
Single-pass AOMs are usually operated at a fixed frequency (repumper beam and
optical pumping beam). In our setup, the light provided by the TA-100 is divided
into three paths: one is shifted by a double-pass AOM operated at98MHz to be
16MHz red-detuned with respect to the cooling transition. The second beam is

3These additional peaks arise from the pump and the probe beam being resonant with different
transitions of a velocity class (v 6= 0), whereas the standard Lamb dips appear when pump and probe
beams are both resonant with the same transition of a velocity classv = 0. Thus the cross-over peaks
appear at frequencies (ω1+ω2)/2 whereωi is the frequency of the atomic hyperfine transition. This
provides additional reference frequencies which can be used to stabilize the lasers.
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shifted in a double-pass AOM by106MHz to be directly on the atomic resonance
for imaging purposes. The last beam is shifted in a single-pass AOM by50MHz to
be resonant with the optical pumping transition. Finally the light provided by the
repumper laser is shifted in a single-pass AOM by80MHz to be resonant with the
repumper transition. In addition, these AOMs provide very fast intensity modula-
tion and even on/off switching of the laser light in less than1µs with an extinction
ratio of 10−3 for the single-pass configuration and10−6 for the double-pass con-
figuration. These fast switches are accompanied by relatively slow mechanical
shutters (500µs switching time) to block the small amount of residual light. All
the light beams are coupled into single-mode fibers and fed to the experimental
chamber. The imaging light is divided into two fibers for the different imaging
axes (see Sec. 2.1.3).

Figure 2.3: Schematic drawing
of the light manipulation area.
Laser light from the TA-100
and the DL-100 enters this sec-
tion in the lower left corner and
their frequencies are shifted by
several AOMs. The result-
ing five beams are coupled into
single-mode fibers and trans-
ferred to the science chamber.

2.1.2.3 Around the science chamber

Outputs of the various fibers are isolated from the laser light manipulation sec-
tion by a screen in order to prevent damaging stray light from reaching thescience
chamber. The setup around the science chamber is shown schematically in Fig. 2.4.
Beams from the cooler and repumper fiber output collimators are combined intoa
20mm-diameter beam which is then split into the four beams required for the mir-
ror MOT and are directed into the chamber. The main imaging beam output coupler
diameter can be changed according to the desired image size. For images close to
the chip surface (< 50µm) we typically use a4mm diameter beam. For imaging
larger atomic clouds a defocusing lens is used to enlarge the beam diameter. The
optical pumping beam diameter is20mm and it isσ+ polarized before entering
the chamber. A second imaging beam is also available and is introduced into the
chamber from one of the side windows (also used for the cooler/repumperbeams)
by using polarized beam splitter cubes (PBS).
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Figure 2.4: Schematic drawing of the beam paths around the science chamber. The
cooler and the repumper are combined and then split to four laser beams: twopass
horizontally through the vacuum chamber whereas the remaining two are reflected
towards the chip surface at an angle of 45 degrees. Imaging is performed along
the longitudinal (x) and transverse (y) axes. The longitudinal imaging light is
overlapped with the MOT-beams using two polarizing beam splitter cubes. Optical
pumping light is added to the imaging optics along the transverse axis. A custom-
built optical microscope system (Infinity Optics, Boulder, Colorado)allowshigh-
resolution imaging.

2.1.3 Imaging system

Information about the atomic cloud is retrieved from measurements of the particle
density distribution. The detection procedure is therefore an integral part of any
experiment. In the present work the detection scheme is based on resonant absorp-
tion imaging [59]. The image is obtained by using a long-range microscope and
a CCD camera. In the following sections the technical details of the absorption
imaging technique and our imaging systems are described.
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2.1.3.1 Absorption imaging

The underlying idea of the absorption imaging technique is that an atom that is
resonantly excited by a weak laser beam decays back into its ground state by emit-
ting a photon in a random direction. The laser beam that passes through theatomic
cloud is therefore partially absorbed (the atoms cast a shadow). This “shadow”
covers a solid angle that is much smaller than the full4π into which the fluores-
cence light is emitted. A microscope used for imaging the plane containing the
atomic cloud effectively images the shadow and the laser light only, as long asthe
accepted solid angle is small compared to4π. The optical opacity of the shadow is
governed by the parameters of the atomic transition used for imaging. In general
the amount of powerPsc scattered by a single atom is proportional to the absorption
cross sectionσ,

Psc = σI, (2.1)

whereI is the intensity of the exciting light field.
If the atomic density is denoted byn(x), the intensity of the beam after travel-

ing a small distancedy through the cloud is attenuated by

∆I = −σI n(x, y, z)dy. (2.2)

As long as the scattering cross section does not depend on the intensity, this
equation can be integrated to give the Beer-Lambert law:

I(x, z) = I0 exp[−σd(x, z)] (2.3)

whered(x, z) is the projected particle or column density

d(x, z) =

∫

dyn(x, y, z) (2.4)

andI0 is the intensity of the incident beam. Using this fundamental equation we
can relate the light intensity in the shadow region to the atomic density of the
column traversed by the imaging laser beam. The argument of the exponent in
Eq. (2.3),σd(x, z), is referred to as the image optical density (OD).

In order for the assumption of a constant scattering cross section to hold,the in-
tensity should not exceed a certain limit (the saturation intensity) that is determined
by the properties of the atomic transition. In general, for a resonant transition be-
tween two levels the affect of the intensity on the cross section has the form

σ =
σ0

1− I/Isat
(2.5)

whereIsat is the saturation intensity. In this work the intensity was kept around
I = 0.1 Isat and the nonlinear terms have been neglected. The parametersσ0
andIsat depend on the transition used for imaging. The level scheme of the D2-
line is shown in Fig. 2.2. For a87Rb cloud prepared in theF = 2 ground state
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there are three dipole-allowed transitions to the excited states; of these possibilities,
we use theF = 2 → F′ = 3 transition. The largest cross section occurs for
circular polarized light whereIsat = 1.669mW/cm2, andσ = 2.907 ×10−9 cm2.
However, when imaging close to a metallic surface, this polarization cannot beused
since only linear polarization can be adjusted to have equal intensities before and
after reflection by a mirror surface. We therefore use plane-polarizedlight with
Isat = 2.503mW/cm2 andσ = 1.938 × 10−9 cm2 for imaging close to the
surface. The duration of the light pulse is50µs in order to avoid diffusive motion
of the atoms due to recoil from the absorption.

The Beer-Lambert law (2.3) can be used to extract the column density fromthe
intensity ratio of two successive measurements, one with and one without atoms:

d = − log[I/I0]/σ = − log[N/N0]/σ (2.6)

whereN andN0 denote the counts per pixel acquired by the camera. Such an
imaging sequence is presented in Fig. 2.5.

Figure 2.5: Absorption imaging sequence: (a) A50µs long, low intensity (≈ 10%
of saturation intensity), resonant light pulse is passed through the atomic cloud
and captured on the CCD. Reduced intensity is measured where the beam passes
through the sample. (b) A second identical pulse is captured50ms later, at which
time the atomic cloud is not present. (c) A density distribution image is constructed
from the two images.

2.1.3.2 Imaging setup

For the specialized application needed in the context of cold atom experimentsit is
often advantageous to use lab-made imaging systems. Since only monochromatic
light is used, lenses designed for this wavelength with small f-numbers can be used,
allowing for a spatial resolution of a few microns.

If a lens with a focal lengthf and a diametera is illuminated by parallel light,
this light is focused in the focal plane of the lens down to a spot–the Airy disk.
The radius of this disk is given byr = 1.22λf/a whereλ is the wavelength of the
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light. Two points in the object plane can be distinguished if the corresponding two
Airy disks do not overlap. Thus the diffraction-limited resolution can be defined to
be equal tor. The quantityf/a is referred to as the lens f-number and is inversely
proportional to the numerical aperture for f-number≫ 1. In our setup, the lens is
positioned outside of the vacuum chamber; hence the minimal focal length which
may be used is125mm. The solid angle of the image is limited by the size of the
vacuum window (clear diameter of28mm) positioned119mm from the imaged
cloud, and by the atom chip surface, which blocks some of the outgoing light.The
calculated diffraction limit of our system is thus5.28µm. A new science chamber
design that will allow positioning the first lens close to the atomic cloud and with
a larger aperture was built and is discussed in the appendix.

Different setups were tested in order to obtain diffraction-limited imaging capa-
bility. The best setup was obtained with a custom-designed long range microscope,
produced by Infinity Optics4. The system magnification needs to be such that the
CCD effective pixel size is at least two times smaller than the desired resolution.
We used a Prosilica camera with a pixel size of3.45x3.45µm5; with a magnifica-
tion of 3.27 the effective size is≈ 1x1µm/pixel. This setup allows good sensitiv-
ity and images with OD of 0.05 can easily be detected in this setup. Our imaging
system is shown in Fig. 2.6. With minor adjustments, this setup can be used to
image atomic samples with very small atom-surface separations (< 50µm), this
will be discussed in Sec. 2.4.2.

Figure 2.6: For high resolution
imaging we use a custom de-
signed optical long range mi-
croscope (a), with a magnifica-
tion of 3.27. We use a CCD
camera with a pixel size of
3.45x3.45µm (b). This setup
is extremely sensitive to move-
ments along the imaging axis
and we therefore use a micro-
metric manipulator to focus the
image (c).

4Based on K2/SC model, http://www.infinity-usa.com
5Prosilica GC2450
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2.1.4 The atom chip

2.1.4.1 Atom chip mount

The atom chip mount must provide electrical connections from the outside the
vacuum chamber to the copper structures underneath the atom chip and to the atom
chip itself [Fig. 2.7(a)]. This is done by several high current feed-throughs and
by a 35-pin instrumentation feed-through. These feed-throughs are welded to a
DN160CF-vacuum flange onto which the complete chip mount is built, the overall
height of which is500mm. When installed, the atom chip is positioned7mm
above the center of the science chamber. The copper structures used togenerate
different magnetic potentials are positioned in a Macor block and are electrically
insulated by a thin Kapton foil [Fig. 2.7(b)]. A broad U-shaped wire,10mm wide,
is used to generate the quadrupole field for the MOT. A Z-shaped wire, thelegs of
which are4mm apart, is used to generate a Ioffe-trap and two additional straight
wires on either side of the Z-wire (the “leg-wires”) are used to provide additional
longitudinal confinement for the atom chip traps. The atom chip is glued with
a UHV-compatible epoxy (Epotek ND353) to the Macor block on top of these
structures, which gives it mechanical support and also acts as a heat sink. The
connection pads along the edges of the chip are wire-bonded to the top of small
CuBe pins at the side of this Macor block by 5-10 Au bonding wires [Fig. 2.7(c)].
The bottom ends of the CuBe pins are connectedvia a Kapton-insulated cable to
the instrumentation feed-through. All materials used in this mounting have been
tested to be UHV-compatible.

An important issue, which had to be addressed in building the mount, is the
thermal expansion of the Cu structures, mainly their vertical leads. After damage
was inflicted to the atom chip in early experiments, we improved the chip mount
by replacing the original Cu leads [Fig. 2.7(a)] with more massive leads (10mm
diameter instead of5.9mm). We pre-machined the Macor block so that the copper
wires now move up to the desired steady-state point after several hours of opera-
tion. Expansion of the new mount leads is limited to250µm.

2.1.4.2 The atom chip

The atom chip used in the experiments presented in this thesis was fabricated inthe
Weiss Family Laboratory for Nano-scale Systems at BGU (http://w3.bgu.ac.il/nanofabrication/).
It consists of an evaporated gold layer on top of a silicon surface. The gold layer
has been structured by photolithography, and wires of several widths (2− 200µm)
are defined by10µm-wide gaps (Fig. 2.8); all the wires on this chip are2µm thick
allowing the chip fabrication to be done in a single step. The basic atom chip trap
is generated by running a current in the central200µm wide, ’loading‘ wire. The
magnetic field generated above the wire is compensated by a magnetic bias field
along the y axis,By, to form a trap. A small magnetic bias field is also added in the
x direction,Bx, to preclude a vanishing magnetic field at the trap minimum (the
coordinate system used in our lab can be seen in Fig. 2.8).
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Figure 2.7: (a) The atom chip mount. The total length of the mount is500mm. The
electrical current to the copper structures is input into the vacuum chamber through
the power feed-throughs, and to the atom chip wires using a 35-pin instrumentation
feed-through. (b) The copper structures, which include the U-wire, the Z-wire, and
the leg-wires. (c) Top view of the atom chip (25mm2 × 30mm2). All wires start
from connection pads (1.5mm wide) along the chip edge, narrowing down closer
to the atom chip center where the actual experiments are performed. (d) The atom
chip before being cut. (e) A SEM image of a5µm wide wire is shown in order
to demonstrate the fabrication quality of our atom chip (average grain size onthe
order of30 − 40 nm). Both the smoothness of the wire surface (5nm), as well as
the roughness of the wire’s edges (about10 nm), are evident.

To form a three dimensional trap, a longitudinal trapping potential is required
along thex axis. This may be achieved either by running currents in the four U-
shaped wires located at each side of the loading wire on the atom chip (Fig. 2.8),
or by running currents in the copper leg-wires underneath the chip (Fig.2.7). Both
options generate a H-trap configuration [17]. The trapping potential generated by
a different wire, the ‘snake’ wire, will be discussed in detail in Ch. 5.

2.1.5 Computer control

Controlling the experimental sequence is a complex task since high-resolutiontim-
ing (2µs) is required and, at the same time, the duration of the experimental cycle is
relatively long (60 s). Many different experimental components must be controlled
accurately (laser frequency and power, currents, magnetic fields,etc.), and at the
end of each cycle an absorption image must be taken and the data analyzed.At the
heart of automating these procedures is a National Instruments (NI) PXI system,
with an independent processor to manage the entire experimental sequence. The
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Figure 2.8: The atom chip used in
the experiment. The coordinate system
used in our lab is illustrated. The load-
ing wire (blue) is used to load atoms
into the chip-based magnetic trap and
for the final stages of evaporative cool-
ing. Together with a homogeneous
bias field alongŷ, the field created
by this current carrying wire gives rise
to a transverse confinement of a mag-
netic guide potential. The four U-
shaped wires (red) or the Cu leg-wires
[Fig. 2.7(b)] can be used to generate the
longitudinal confinement and complete
the 3D trapping potential.

sequence is programmed through the graphical user interface (GUI) designed and
programmed using Labview 7.1, and downloaded to the PXI. Once the user pushes
the ‘execute’ button, the PXI takes command of the system and manages the se-
quence independently from any other external clock (as opposed to controlling the
experiment using DAQ cards, which typically use the PC clock and can be influ-
enced by other processes going on at the same time, such as Windowsetc.). The
program controlling the experiment can be used to scan several parameters auto-
matically from a start to a stop value in equally-spaced steps. The PXI outputs, ana-
log and digital signals, pass through a home-made interface box which calibrates
the PXI signals required for controlling each instrument (e.g.conversion from volt-
age to currents, amplificationetc.), and also provides optical separation/isolation of
each electronic signal, in order to reduce electronic noise. From the interface box
BNC cables and optical fibers transfer the signals to all the different experiment
instruments. In our experiments we control 8 large current supplies with separate
home-made current shutters, 4 AOM control modules (frequency, amplitude, and
blocking), 5 mechanical light shutters, 2 cameras, 3 home-made low-noise current
supplies for the atom chip wires, and an RF generator.

Imaging analysis is done with our lab programmed Matlab-based imaging soft-
ware on the same computer. The analysis program takes the image files acquired by
the camera and processes them to obtain the absorption image (see Sec. 2.1.3). The
atomic density image obtained thereby can be analyzed automatically according to
the specific needs of the experiment. Image analysis data and the corresponding
experimental sequence data can be saved together. The computer interface can be
seen in Fig. 2.9.
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Figure 2.9: The experimental computer interface (left) allows changes in allparam-
eters of the experiment with a time resolution of2µs. The data from the CCD is
obtained and analyzed online with our MATLAB-based imaging software (right).

2.2 Experimental procedure

The experiments with trapped ultra-cold atomic clouds and BECs presented in this
work are performed in the following way: thermal Rb atoms from the dispenser
source are collected and cooled in a magneto-optical trap (MOT). After transfer
to a magnetic trap the atomic cloud is further cooled by evaporative cooling. The
density distribution is imaged after conducting pre-programmed manipulations of
the atomic cloud. This imaging is destructive and so the entire experimental pro-
cedure is repeated in a continuous60 s cycle. The experimental cycle used in our
setup consists of four major stages:

1. Laser-cooling : Collection of87Rb atoms from a background vapor using the
mirror U-MOT and further cooling by optical molasses to reach sub-Doppler
temperatures.

2. Evaporative cooling: Transfer to magnetic traps generated by the copper Z-
wire structure and further cooling by forced evaporation.

3. Chip experiments: Transfer of the cold clouds or BECs to the microscopic
magnetic traps generated by the micron-sized atom chip wires, and their
manipulation in corresponding magnetic traps, according to the requirements
of the particular experiment.

4. Imaging: Imaging of the atomic density distribution onto a CCD-camera
using high-resolution optics.

The first two stages are mostly independent of the specific chip experimentand
will be discussed in the following. Typically the third stage of the cycle changes
significantly depending on the actual chip experiment performed. The Imaging
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stage was described in Sec. 2.1.3, and it may be used to measure and characterize
the atomic cloud in any stage of the experimental cycle.

In our apparatus it is important to always keep the time for a full experimental
cycle fixed. This restriction is necessary to avoid temperature drifts in the coils
and other high-power components because of a changing duty cycle. The current
ramp of the Rb dispensers has also been optimized for a certain amount of heating
and cooling while at the same time giving optimal MOT-loading and long magnetic
trap lifetimes. Therefore the cycle time is fixed to60 s.

2.2.1 Laser cooling

2.2.1.1 The mirror U-MOT

In the laser-cooling stage the mirror U-MOT is loaded from a background gas
generated by a dispenser source. The duration of this stage is slightly longer than
20 s and can be divided into three phases.

In the first19.8 s of the MOT, the main object is to load as many atoms as
possible. A current of16A is pushed through two dispensers connected in parallel
for 9 s and then lowered to12A for 3 s. After this the current in the dispensers
is switched off to allow the background pressure to drop to a value where mag-
netic trap lifetimes are long enough to enable efficient forced evaporativecooling.
This intermediate stage lasts for7.8 s and atoms can be held in the MOT without
any measured loss. The laser light is red-detuned by16MHz from the cooling
transition during the whole loading phase.

The MOT loading is carried out at the center of the intersection region of all
the laser beams,∼ 8mm below the chip (Fig. 2.10). In the second phase of the
MOT, the trapped atoms are moved vertically to a position∼ 2mm below the chip
to coincide with the minimum of the magnetic trap which will be generated using
the copper Z-structure. The atoms are moved to this position by increasing theBy

field and the current in the U-wire in a0.3 s ramp. This also increases the gradients
of the MOT leading to higher atomic densities,i.e.,this ramp compresses the MOT.
The exact position of the MOT is sensitive to the local shape and intensity balance
of the laser beams and it is therefore usually necessary to move the horizontal
position of the MOT by adjusting theBz and theBx also.

2.2.1.2 Sub Doppler cooling

Immediately after compressing the MOT all the bias fields and the current in the
U-wire are switched off. The cooling light frequency is shifted to40MHz below
the cooling transition and the light intensity is reduced slightly. This light configu-
ration, known as optical molasses, cools the atomic cloud to∼ 50µK, well below
the Doppler-limited temperature ofTD = 140µK [58], and is applied to the atoms
for 10ms. We typically have8× 107 atoms in the end of this stage.
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Figure 2.10: Fluorescence im-
age of atoms trapped in a MOT
created by using the U-wire
[Fig. 2.7(b)]. The minimum of
the quadrupole field is located
≈ 8mm below the reflecting
surface of the atom chip. This
magnetic field, in combination
with four laser beams forms
the MOT. We collect≈ 8×107
87Rb atoms and cool them to
≈ 50µK.

2.2.1.3 Optical pumping

After molasses cooling the atomic cloud must be captured in the magnetic trap
formed by the Z-shaped copper wire. At this stage, the atoms occupy all possible
Zeeman sublevels of theF = 2 hyperfine ground state (mF = −2, ..., 2). Best
loading efficiency and a longer lifetime can be achieved by ensuring maximum
magnetic force on the atoms and preventing differentmF states collisions. We
therefore transfer the atoms to the “stretched” state,F = mF = 2. This is done
by a 400µs light pulse ofσ+-circularly polarized light, propagating along they
direction. The light pulse is applied just as theBy field is switched on for the
magnetic trap,500µs before the other fields needed for the magnetic trap have
been switched on (providing a quantization axis for the atomic spin). The effect
of this process can be seen in Fig. 2.11. The optical pumping frequency was set
to be resonant with theF = 2→ F ′ = 2 transition, since atoms pumped to the
F = mF = 2 state cannot be excited by the circularly polarized light, so there
is minimal momentum transfer to the atoms during this process. Since atoms in
the excited stateF ′ = 2 can ‘fall’ into theF = 1 and exit the pumping cycle, a
repumper light is added to the light pulse. This stage is not a cooling stage andall
further cooling is done in the dark.

2.2.2 Evaporative cooling

2.2.2.1 Z wire magnetic trap

Fast and smooth buildup of the magnetic trap is essential for loading it successfully;
the sequence presented here has been optimized for maximal retention of atoms and
minimal heating of the cloud. In a typical experimental cycle, we load≈ 5 × 107
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Figure 2.11: Optimization of the optical pumping (OP) procedure. Using a Stern-
Gerlach type of experiment we can quantify the number of atoms in the different
Zeeman sublevels. The cold atoms are released after an OP pulse while a magnetic
gradient is applied. The images shown are: (left) no OP pulse prior to the release,
atoms in the three highestmF states are evident; (center) unoptimized OP pulse,
small residue of atoms in themF = 1 state is evident; (right) optimized OP pulse,
all the atoms are in themF = 2 state.

atoms into the Z-trap at a temperature of≈ 150µK. The time needed for switching
on the magnetic fields has to be short enough that atoms do not fall out of the
trap volume due to gravity. This fast switching is accomplished by applying high
voltage to home-built current “shutters” while they are switched off; switching
them on suddenly then increases the currents in much shorter time scales than
available using the current power supplies directly. An optimized current waveform
for this stage is given in Fig. 2.12. We can generate a magnetic trap of reasonable
depth within4 − 5ms and a full depth trap in∼ 10ms. However, this technique
must be used with special care since it may easily cause an overshoot in thecurrent
if a too high charging voltage is applied. The currents in the copper Z-wire and in
thex-bias coils needed to form the magnetic trap must be adjusted to match the
rise-time of theBy bias current (Fig. 2.12). The initial magnetic trap,2mm from
the chip surface, is generated by running85A in the Z-wire combined with aBy

field of 35G and anBx field of 33.5G.

Another important criterion in the loading stage is to maintain low temperature
of the trapped cloud. Atoms are heated by their center of mass movement and
changes in the trap frequencies. We therefore optimized (‘mode-matched’) the
cloud position at the end of the MOT stage to the magnetic trap position. The trap
frequencies are set to ensure minimal heating in the transfer to the Z-trap. The
atomic cloud is heated from≈ 50µK before the loading to the Z-trap to≈ 150µK
after thermalization in the trap.

The magnetically trapped atoms can be further cooled by means of evaporative
cooling. For this cooling technique to work, the lifetime of the atomic cloud in
the magnetic trap must be much longer than the time needed for the cloud re-
thermalization. Fig. 2.13 shows the number of atoms measured in the copper Z-
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Figure 2.12: The trap currents
are monitored during the end of
the MOT stage and the loading
of the magnetic trap. All the
magnetic fields are shut down
rapidly at the end of the MOT
stage, and the magnetic Z-trap
is loaded after10ms of a pure
laser-cooling phase (molasses).

trap over a period of20 s. Following an initial rapid decay of2 s due to hot atoms
leaving the trap, a lifetime of≈ 47± 4 s can be deduced.

After loading the atoms to the Z-trap, they are transferred closer to the chip
surface where higher potential gradients are attained (a ‘compressed’trap). Using
a linear ramp of1 s theBy and theBx are increased to41.6G and31.3G respec-
tively, while the Z-wire current is reduced to60A, positioning the atomic cloud
0.8mm from the atom chip. The magnetic field at the trap minimum is measured
to be∼ 1G, in order to limit Majorana spin flips (this will be discussed in more
detail in Ch. 4). The measured frequencies of this trap arefr = 380Hz (Fig. 2.14)
andfx = 40Hz.
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Figure 2.13: Lifetime measure-
ment for atoms in the cop-
per Z-trap, without applying
RF evaporative cooling. A
double exponential decay of
the atom number is observed,
where the first2 s decay time
is due to hot atoms escaping
the trap. After equilibrium has
been reached, an exponential
loss due to background gas col-
lisions can be observed, yield-
ing a lifetime ofτ = 47 s.
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Figure 2.14: Center-of-mass
oscillations of a thermal cloud
in a magnetic trap are used to
determine the trap frequency.
The atoms have been displaced
from the trap center and har-
monic oscillations are excited.
The radial trap frequency was
measured to bef = 346Hz.

2.2.2.2 Evaporative cooling

After the atoms are loaded into the magnetic trap, we start the evaporative cooling
stage [12], where we use radio frequency (RF) radiation in order to selectively ex-
pel “hot” atoms from the trap. As a result, the remaining atoms are re-thermalized
by means of elastic collisions and the mean temperature of the atomic cloud de-
creases. The RF-radiation, which is in the MHz-range, couples differentmF states
via their Zeeman interaction, given here in the first-order approximation:

hν = |gFµBB| , (2.7)

whereν is the RF-frequency,µB is the Bohr magneton,gF is the Land́e-factor of
the atomic hyperfine state F, andmF is the projection of the angular momentum
along thez axis (defined by the direction of~B).

The inhomogeneous field of the magnetic trap leads to an energy-selective loss
of atoms. The RF-radiation is chosen as a multiple of the mean temperatureηkBT ,
where optimum values ofη are between 4-10 for harmonic traps [12]. Hot atoms
evaporate from the trap and, if re-thermalization rates are fast enough,the phase-
space density of the remaining sample increases by several orders of magnitude
(“run-away evaporation”). Since our current-carrying structuresare close to the
atoms, we built a home-made impedance matching circuit to efficiently couple the
RF source6 to the copper U-wire. The best evaporative cooling results were ob-
tained whenη was chosen to be 7, where we ramp the RF frequency from50MHz
down to a final value of0.7− 1.2MHz in 15 s. The final RF frequency depends on
the magnetic field at the Z-trap minimum. Important parameters of our RF ramp
are shown in Fig. 2.15.

633250A Function / Arbitrary Waveform Generator,80MHz, Agilent Technologies Inc.
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Figure 2.15: (a) Evaporative cooling frequency (blue) and amplitude (green)
ramps: the frequency is lowered from50MHz down to≈ 800 kHz in a 15 s ramp
while the RF amplitude is lowered simultaneously. (b) As the hot atoms are ex-
pelled from the trap by the RF ramp (green), the atomic sample temperature is
lowered due to the thermalization of the remaining atoms (blue). The efficiency of
this cooling is also shown on a logarithmic scale in Fig. 2.16.

2.3 BEC

2.3.1 Phase transition to a BEC

Cooling the atomic sample is not enough in order to achieve a BEC. One needs
to increase the sample phase space density (PSD), defined asnλ3dB, beyond the
critical value of∼ 2.6 for alkali metals [16, 13]. The evolution of the PSD during
the RF-cooling stage presented above can be seen in Fig. 2.16. The insetshows the
transition to BEC, occurring only in the last0.5 s of the evaporation, as a change in
the aspect ratio of an atomic cloud released from the trap: a thermal cloud expands
isotropically (14.5 s) while the BEC expands faster in the vertical direction and
acquires an elongated shape (15 s).

The best results (in terms of the number of atoms in the BEC) were obtained
when a second compression step was added during the evaporative cooling. This
was done after11 s of evaporation by reducing the Z-wire current to50A and the
Bx to 27G in a 2 s ramp, while maintaining constantBy. This moves the trap
to ∼ 0.5mm from the chip surface and increases the radial trapping frequency to
∼ 400Hz while the longitudinal trapping frequency was not affected.

2.3.1.1 Density distribution

The atomic density is qualitatively different for a harmonically trapped thermal
cloud and a condensate. This is best seen at a temperature aroundTc.
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Figure 2.16: Phase space density
(PSD) and de-Broglie wavelength as
a function of evaporation time in the
magnetic Z-trap (Iwire = 60A and
By = 41.4G). The inset shows
the density distribution of the atomic
cloud 14ms after release from the
magnetic trap (14ms of TOF expan-
sion). Here, the onset of condensa-
tion can be observed as the isotropic
expansion of a thermal cloud changes
to the elongated expansion character-
istic of a BEC.

The trapping potential is approximately cylindrically symmetric [17] with a
harmonic oscillator potential of the form:

V (r, x) =
m

2

(

ω2
⊥r

2 + ω2
xx

2
)

, (2.8)

wherer2 = y2 + z2. The distribution of a thermal cloud of atoms in this potential
is given by the Gaussian

n(r, x) = n0,th exp

(

− r2

w2
th,⊥

− x2

w2
th,x

)

, (2.9)

where the width parameters arewth,i =
√

2kBT/mω2
i and the constantn0,th is

determined by the normalization conditionN =
∫

d3x n(x)

n0,th =
1

π3/2
N

w2
⊥wx

. (2.10)

For a condensate with a large number of atoms, and taking into account atom-
atom interactions, the kinetic energy can be neglected compared to the interaction
energy and we may use the Thomas-Fermi limit [13, 59]. Under these conditions
the density distribution becomes an inverted parabola (Sec. 1.1.2)

n(r, x) =







n0,TF

(

1− r2

w2

TF,⊥

− x2

w2

TF,x

)

for r2

w2

TF,⊥

+ x2

w2

TF,x

≤ 1

0 otherwise,
(2.11)

where the width of the cloud is now controlled by the repulsive interaction energy

wTF,i =
(

2µ
mω2

i

)1/2
for µ the condensate chemical potential. The normalization
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condition again defines the maximum densityn0,TF

n0,TF =
µ

g
, (2.12)

whereg = 4π~2a/m is the interaction constant, anda in the Rb scattering length.
The Thomas-Fermi expression for the chemical potential of a harmonically con-
fined condensate is

µ5/2 =
15~2m1/2

25/2
N
(

ω2
⊥ωx

)

a. (2.13)

The above differences between Thomas-Fermi and thermal density profiles
shows how to distinguish clearly between a thermal cloud and a condensate.For
atomic clouds between these two limits, we analyze the properties of the mixed
cloud from images by fitting to a bimodal distribution. Thus, we fit the observed
densityntot to

ntot(r, x) = n0,th exp

(

− r2

w2
th,⊥

− x2

w2
th,x

)

+n0,TF max

(

1− r2

w2
TF,⊥

− x2

w2
TF,x

, 0

)

,

(2.14)
where the normalization factors are also fit parameters for the fraction of conden-
sate atoms and thermal atoms. Fig. 2.17 presents images of atomic clouds at differ-
ent temperatures, demonstrating the phase transition and showing how the density
distribution passes through the different cases explained above.
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Figure 2.17: The atomic density of the cold atomic cloud15ms after its release
from the trap. As we pass through the critical temperatureTc, the density distri-
bution changes from a Gaussian (a), to a bimodal distribution for a1µK cloud
(b,c), and finally to a Thomas-Fermi distribution for a pure condensate, when the
temperature is aroundTc (d).
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2.3.2 Basic measurements of a BEC

The size, in particular the width, of the BEC is typically too small to monitorin
situ. A method to circumvent this difficulty is to allow the gas to expand for some
time after turning off the trapping potential. By using this time-of-flight (TOF)
measurement, the momentum distribution of the trapped cloud can be measured.
For an ideal gas, each particle just keeps the initial velocity that it had at themo-
ment the potential was removed and travels in a straight trajectory. If the trapis
released quickly enough (i.e., fast compared to the characteristic time scales of the
gas’ internal motion) the energy is conserved during this process and can be mea-
sured from the expansion speed of the cloud. This is also true if the trapped gas is
not in the classical ideal gas limit. If the initial density is high, some energy may be
stored in the form of interactions between the atoms. Also the quantum mechan-
ical ground state energy may give a significant contribution if the confinement is
strong. As long as the expansion characteristics are measured after a long enough
time that these effects do not play a role anymore, all the energy will be converted
to kinetic energy of the expansion.

For the Gaussian distribution of a thermal cloud the expanded distribution is
just a scaled version of the initial distribution, given in Eq. (2.9) [59]. Thetime-
dependent width parameters are given by:

w2
th,i(t) = w2

th,i(0)
(

1 + ω2
i t

2
)

. (2.15)

For an expansion time that is long compared to the respective transverse orlon-
gitudinal oscillation periods, the different initial positions of the particles may be
neglected and the expansion speed can be directly related to the initial temperature
of the gas. Since the absorption imaging measurements give access only to the
column density, we obtain the time-dependent two-dimensional Gaussian

d(x, z) =
(

n0,th
√
πwth,⊥

)

exp

(

− r2

w2
th,⊥

− x2

w2
th,x

)

, (2.16)

where the rate of expansion of the widthsw can be easily detected, and are then
used to measure the temperature.

In the Thomas-Fermi limit all quantum mechanical contributions to the kinetic
energy are neglected and the condensate, therefore, behaves verymuch like a clas-
sical fluid.

wTF,⊥(t) = wTF,⊥(0)
√

1 + ω2
⊥t

2

wTF,x(t) = wTF,x(0)
(

ω⊥

ωx

)

[

1 +
(

ωx

ω⊥

)2 (

ω⊥t arctan(ω⊥t)− ln
√

1 + (ω⊥t)2
)

](2.17)

These expressions are valid in the limit ofωx/ω⊥ ≪ 1 which is fulfilled in the
experiments for all the potentials that were used. The transverse expansion follows
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the same scaling law as for a thermal cloud. In this case however, the asymptotic
expansion speed is related to the chemical potential instead of a temperature

µ =
m

2

(

dw⊥

dt

)2

≈ m

2
(wTF,⊥(0)ω⊥)

2 (2.18)

The width parameter can be extracted again from the column density which is given
now by

d(x, z) =
4

3
wTF,⊥n0,TFmax
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 (2.19)
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Figure 2.18: Expansion of a condensate under conditions appropriate for using the
Thomas-Fermi approximation. The sequence of images shows the density evolu-
tion with increasing expansion time. The atoms fall with gravity (along thez axis)
and, within the measurement time, expand only along radial axis(z, y).

The expansion dynamics can be used to measure the energy scales of a con-
densate. Fig. 2.18 shows a series of pictures of a condensate as it expands upon
release from the trap. The transverse width and the center-of-mass position can be
extracted by a two-dimensional fit of the Thomas-Fermi density model (Fig. 2.19).
The observed expansion speed corresponds to a chemical potential ofµ = (1.7 ±
0.6) 2π~ · kHz, for 3 × 104 atoms. The center-of-mass evolution shows a free-
fall parabolic behavior in the gravitational field. A comparison of this curvewith
gravitational acceleration can also be used to check the length scale.

2.4 Micromanipulation of BECs on atom chips

A major part of my effort was to construct the BEC setup from scratch andfinally
to load the ultra-cold atoms or BEC into the micro-traps. In this section I will
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Figure 2.19: A Thomas-Fermi
fit to the BEC for different
TOFs: at3ms (a) the condensate
half-width is 25µm; after 7ms
(b) the half-width is50µm; and
after 13ms (c) the half-width is
100µm. For these time scales
there is no measurable increase in
the longitudinal half-width.

describe this final preparatory step, namely the manipulation of BEC using the
magnetic fields generated by current-carrying wires in the atom chip. The methods
described in the following are currently being used in the implementation of novel
experiments underway in our laboratory. One of these experiments, designed by
me, is also described in this thesis.

2.4.1 Loading the atom chip

After the RF-cooling of the atoms in the copper Z-trap, they can be transferred to a
trap generated by currents in the chip wires. To transfer atoms from an initial mag-
netic trap to a second trap generated by different wires it is necessary toguarantee
a smooth passage of the atoms from one trap minimum to the other; otherwise the
atoms will be heated or they will undergo spin-flip transitions and escape from the
trap. The atom chip has been designed with this requirement in mind and has a
large “loading” wire directly above the copper Z-wire. With this configuration we
can usually achieve efficient transfer by ramping up the current in the atom chip
loading wire to its final value while the copper Z-wire trap is still switched on, typi-
cally with reduced current. Subsequently, the copper Z-wire trap current is ramped
to zero. This is a general procedure that, in principle, may be repeated for sub-
sequently transferring atoms from the loading-wire trap to the experimental wire
traps on the atom chip. During such transfers, the trap gradients and the position of
the minimum must be adjusted by changing the homogeneous offset fields needed
for trapping.

The basic trap on the chip is formed by the200µm−wide central ‘loading
wire’ (see Sec. 2.1.4.2) and the two copper leg-wires. As a long straight wire,
the former provides a guide-wire transverse confinement while the latter provide
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some longitudinal confinement. The four U-wires on the chip (Fig. 2.8) may also
provide longitudinal confinement, but their effect diminishes as the trap is lowered
to the atom chip surface. Our best results were obtained when the loading was
conducted in two steps. In the first step a combined Z- and loading-wire trapwas
formed during the evaporation in a sequence that replaced the second compression
step described in Sec. 2.2.2.2. After11 s of evaporation in the Z-wire trap, the
current in the loading wire was ramped up to0.8A in a2 s ramp. At the same time
the Z-wire current and theBx field were reduced to37.5A and21.3G, whileBy

remained unchanged at41.6G. This resulted in an intermediate “combined” trap
positioned0.3mm from the chip surface, where a BEC can be formed if needed
(Fig. 2.20).

For traps much below this height (i.e., below 0.1mm), it was necessary to
modify the imaging system since otherwise the imaging laser beam, so far parallel
to the atom chip surface, is shadowed by the edge of the chip and its mount or,for
even lower traps, diffracted by it.
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Figure 2.20: BEC5ms
(top image) and15ms
(bottom image) after its
release from a “com-
bined” trap formed by
currents flowing through
both the copper Z-wire
and the atom chip loading
wire; this trap is located
0.3mm from the chip
surface.

2.4.2 Imaging close to the surface

The basic mechanism of absorption imaging has already been described in Sec. 2.1.3.
Using a beam aligned parallel to the surface and centered on the atoms becomes
impossible for imaging atoms closer than≈ 0.1mm to the mirror surface. At a
heighth above the surface, the length of the mirrorl limits the usable numerical
aperture toNA = 2h/l. The minimum spot radius on the other hand should be
smaller thanh to avoid a beam that is touching the surface. For a Gaussian beam
this leads to the limit ofh ≥

√

λl/π. In the case of87Rb atoms, (λ = 780 nm);
for l = 1 cm this limit is reached already ath = 50µm.
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Figure 2.21: Principle of ab-
sorption imaging via a reflect-
ing surface. The atom cloud
absorbs two parts of the illu-
minating light beam, one be-
fore the reflection and one af-
ter. The distance between the
two images is 2h. This method
also provides a straightforward
and accurate measurement of
the distance between the atoms
and the surface.

In order to allow a controlled illumination below this height, the simplest so-
lution is to incline the beam by a small angle to the mirror surface. This setup is
depicted schematically in Fig. 2.21. In contrast to the usual absorption imaging
setup there are now two beam paths that traverse the cloud. Beam (1) is reflected
before passing through the cloud and beam (2) is reflected afterwardsand two
(mirror-image) shadows are recorded by the imaging system.

Such an image is shown in Fig. 2.22. The distance between the cloud and the
mirror cloud equals twice the height above the surface. By fitting the image to a
double Gaussian along thez axis, one can perform an absolute measurement of
the cloud height relative to the atom chip surface, thus simultaneously providing
a measurement of the height that can otherwise be very difficult to measureaccu-
rately. The only modifications required are to tilt the imaging optics by the same
angle as the imaging laser beam.

The central region of the atom chip has numerous parallel wires running along
thex andy directions. The spacing between these wires is typically10µm, so this
region of the atom chip acts like a diffraction grating. The reflected light there-
fore shows alternating dark and bright bands (Fig. 2.22), and there is very limited
imaging light in some regions, causing pronounced image deterioration. To image
clouds very close to the chip surface, we use a very small beam diameter (1.4mm),
thus limiting the area of reflection and partially overcoming this diffraction prob-
lem. With sufficient care, we can image atom clouds as low as5µm from the chip
surface, however, due to the increased ‘noise’ in the image, we can onlydetect
images with OD above 0.1.

2.4.3 Approaching the atom chip

The final stage of loading to the atom chip trap starts14.6 s from the beginning
of the RF evaporation,34.25 s from the start of the experimental cycle. Within
0.5 s the chip current is increased from0.8A to 1A, the copper Z-wire current
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Figure 2.22: The atomic cloud and its reflection are obtained by tilting the imaging
beam, the collection optics, and the CCD camera by≈ 5◦. The distance between
the two images is obtained by a double exponential fit along thez axis (right), and
serves as an absolute measurement of the distance of the cloud from the atom chip
surface, in this case53µm. The image is perturbed by reflections from the wires
on the atom chip.

is ramped from60A to zero, theBy field is decreased to10G, Bx is ramped to
−1G, and the copper leg-wires are increased to40A (Fig. 2.23). We reverse the
direction of theBx field in order to maintain the direction of the Ioffe field at the
trap minimum. In the copper Z-trap, the Z-wire leads generate a strong field which
must be counteracted by the externalBx to yield the net Ioffe field of∼ 1G.
Maintaining this net field in the same direction once the copper Z-wire is turned
off requires a second pair of external coils to generateBx in the opposite direction.

Using this loading scheme were able to load and image the cloud down to
several microns from the chip surface. Fig. 2.24 presents images at different cloud-
surface separations, taken from a typical loading sequence. Fig. 2.25presents the
final stage of the experiment, where an atomic cloud is trapped very close to the
trapping wire.

2.5 Summary

We presented our atom chip setup and experimental procedure. In this setup we
generate a sizable BEC of30 × 103 atoms, and transfer them to atom chip traps.
Due to careful planning of the experimental sequence, good vacuum is maintained
throughout the cycle, and we enjoy a trap lifetime of∼ 50 s, long enough for BEC
production and subsequent atom-optics experiments or atom-surface interaction
measurements. Our imaging system is optimized to give high resolution within
our apparatus limitations with little impact on our imaging sensitivity. This is a
robust setup that provides the basic stepping stones for future experiments in our
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Figure 2.23: Magnetic fields
and wire currents in the atom
chip trap loading sequence;
during the evaporation, the
atoms are loaded to a combined
trap in a2 s ramp beginning at
t = 31.25 s. At t = 34.9 s,
the atoms are transferred to the
atom chip trap in a0.5 s ramp.
By using two sets of coils, we
may change the direction of the
magnetic field along thex axis
and hence, as the Z-wire cur-
rent is shut down, the magnetic
field direction at the trap mini-
mum can be maintained.

laboratory and that can also support different experiments and magnetictrapping
potentials, needing only to replace the atom chip.

Experiments that I have designed will be presented in Ch. 4 and Ch. 5. They
require bringing the atomic cloud very close to the trapping wire. To date, we
have been able to load and image atoms less than5µm from the trapping wire,
which would probably be sufficiently close to begin our observations if ourimaging
beam did not suffer diffraction at the atom chip surface. The fabrication facility is
currently producing a new atom chip to overcome this difficulty and to proceed to
the “snake” experiment that will be presented in Ch. 5.

Building this setup was the main goal of my Ph.D. work. It should be noted
that as this setup was also designed to hold a cryogenic chip mount for super-
conducting atom chips (which we have built and with which we observed the tran-
sition to super-conductivity in a Nb chip), the chamber we designed had several
complexities. Numerous new aspects such as a very long mounting, required sev-
eral optimizations e.g. to control the thermal expansion. The setup I have presented
in this work therefore required endless hours in the lab, re-design and replacement
of several critical experimental components, and careful investigation and opti-
mization. It also delivered great satisfaction when it finally worked!



2.6. APPENDIX 39

0 0.5 1

−0.5

0

0.5

ODx [mm]

z 
[m

m
]

−0.6 −0.4 −0.2 0 0.2 0.4 0.6

−0.5

0

0.5

253µm

0 0.5 1

−0.5

0

0.5

ODx [mm]

z 
[m

m
]

−0.6 −0.4 −0.2 0 0.2 0.4 0.6

−0.5

0

0.5

192µm

0 0.5

−0.2

0

0.2

ODx[mm]

z[
m

m
]

−0.6 −0.4 −0.2 0 0.2 0.4 0.6

−0.2

−0.1

0

0.1

0.2

0.3

43µm

Figure 2.24: Lowering the atomic cloud towards the atom chip surface (atom sur-
face separations shown on the right) using only atom chip currents for thestrong
transverse confinement. The longitudinal confinement is generated by thecopper
leg-wires. Images are takenin situ. The longitudinal confinement is much lower
than in the Z-trap, whereas the transverse confinement is much higher. This results
in an elongated trap. The cloud edges are closer to the chip surface (a “banana”
shape) due to a rotation in the plane parallel to the chip surface. This rotation
is generated by the leg-wire currents and it is more pronounced for higher atom-
surface separation. In this case the atom chip trap was loaded at an atom-surface
separation of∼ 250µm and then lowered to∼ 40µm. We typically load the atom
chip traps at an atom-surface separation of∼ 50µm.

2.6 Appendix

New science chamber

Our imaging system resolution is currently limited by the fact that the imaging lens
is positioned outside of the vacuum chamber. To improve this we have designed a
new chamber, with a large-diameter, high optical quality and anti-reflection coated
window that is welded to a tube penetrating into the chamber. This allows posi-
tioning the collimating lens much closer to the cloud (75mm, c.f. Sec. 2.1.3) and
doubling the clear diameter to60mm (Fig. 2.26). The diffraction limit of the new
system is calculated to be2.46µm. The improved optical resolution may be cru-
cial for measuring quantum interference effects anticipated from the “snake” ex-
periment, as described in Ch. 5 below. The chamber was built in the BGU physics
workshop and the window was welded by Culham Centre for Fusion Energy, UK
(CCFE).
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Figure 2.25: (a) Atomic cloud trapped14µm from the atom chip surface. The trap
is generated by the loading wire. (b) Atomic cloud trapped7µm from the atom
chip surface. The trap is generated by the snake wire. (c) Bottom image ofa cloud
trapped by the snake wire.

Figure 2.26: New science chamber design. This new chamber will allow higher
resolution by allowing us to position the imaging system closer to the atomic cloud
with a much larger clear diameter.



Chapter 3

Potential corrugations

3.1 Introduction

Shortly after the first BECs had been produced in wire based microtraps [39, 40],
the availability of ultracold atoms near current carrying wires led to the obser-
vation of surprisingly large unwanted potential corrugations [43]. Whenever an
atom cloud, either just aboveTC or as a BEC, was brought close to the surface
(h < 100µm), the cloud started to fragment along the longitudinal trap direction.
This time independent effect was observed and studied by numerous atomchip
groups and is attributed mainly to inhomogeneities in the direction of the electric
current in the trapping wire [43, 45, 46, 61, 62]. The chips’ fabrication techniques
were shown to play a significant role in this effect; in early atom chip experiments
the chip wires were fabricated by a wet-chemical technique of electroplating. This
resulted in relatively rough wire surfaces and edges. On the other hand, atom
chips fabricated using lithographic processes have significantly smootherstruc-
tures. Consequently atom chips fabricated by lithography have shown twoorders
of magnitude improvement in the modulation of the magnetic potential [61].

Apart from the improved fabrication that has led to a considerable reduction
of the magnetic corrugations, other ways of overcoming this damaging effect were
recently suggested. The Orsay group demonstrated reduced fragmentation [50]
by using a time-averaged potential (TOP trap) that was created by an oscillating
current in the wire. The averaging of the longitudinal field component resulted in
an improvement of two orders of magnitude (for electroplated wires). Our own
group has suggested the use of electrically anisotropic materials for the atomchip
[3].

The work presented in this chapter was published in Refs. [1] and [2]. The
experiments were performed at the University of Heidelberg on an atom chip fab-
ricated in the Weiss Family Laboratory for Nano-Scale Systems at Ben-Gurion
University. The fabrication required a long and tedious R&D process including the
development of new characterization tools. The theoretical model was developed

41
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jointly and so was the data analysis. During the collaboration, mutual visits by
students were made. I played an active role in all of these activities.

In addition to the original experimental and theoretical work concerning the
detection of electron scattering in typical wires, this chapter presents two addi-
tional novelties: First, we predict a counter-intuitive effect in which narrower wires
will exhibit less electron scattering. Second, we predict that utilizing electrically
anisotropic wires will result in the rotation of the scattering wavefront angleand in
the overall suppression of the corrugations.

3.2 Potential corrugations

Thin metal films are the classic environment for studying the effect of geometric
constraints [63, 64] and crystal defects [65, 66] on the transport ofelectrons. In
a perfectly straight long wire that is free from structural defects, a direct current
(DC) strictly follows the wire direction and creates a magnetic field in the plane
perpendicular to the wire. An obstacle may locally change the direction of the
current and consequently locally rotate the magnetic field close to the wire by an
angleβ in a plane parallel to the plane of the thin film wire. Rough wire edges
may also contribute to such rotations of the magnetic field close to the wire. An
illustration of these effects is given in Fig. 3.1.

Figure 3.1: Different models
for the origin of currents de-
viating from a straight path.
(left) Inhomogeneous conduc-
tivity of the bulk material leads
to locally bent current paths
(wavy black lines). (right)
Corrugated wire edges lead to
deviations of the current flow
near the wire borders and to a
damped influence at the center.

Ultracold atom magnetometry [47, 67] on atom chips [17, 18, 19] permits
sensitive probing of this angleβ (and its spatial variation) withµrad (µm) res-
olution. Compared to scanning probes having aµm scale spatial resolution and
10−5T sensitivity, or superconducting quantum interference devices (SQUIDs)
having10−13T sensitivity but a resolution of tens ofµm, ultracold atom magne-
tometry has both high sensitivity (10−10T) and high resolution (severalµm) [67]
and therefore offers a new magnetometry technique. In addition, ultracoldatoms
enable high resolution over a large length scale (mm) in a single shot. This en-
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ables the simultaneous observations of microscopic and macroscopic phenomena,
as described in this work.

3.2.1 Trapped atoms as a tool

In the cold atom magnetic field microscope [47, 67] atoms probe the local mag-
netic potential through their magnetic interaction. A Bose-Einstein Condensate
(BEC) fills the magnetic potential landscape like a fluid, up to the chemical poten-
tial energy, while ultracold non-condensed ‘thermal’ atoms have a Boltzman tail
that extends to higher energies (see Fig. 3.2). In both cases the local atomic density
is a measure of the variation of the local potential energy. If the atoms are trapped
in a quasi-one dimensional (1d) geometry, as employed here, the variation inthe 1d
linear densityn1d(x) is a direct measure of the variation in the trapping potential
∆V (x). For a BEC one finds

∆V (x) = ~ω⊥

√

1 + 4a < n1d>

(

1−
√

1 + 4an1d(x)√
1 + 4a < n1d>

)

, (3.1)

whereω⊥ is the trapping frequency characterizing the transverse confinement and
a is the atom-atom scattering length. For thermal non-condensed atoms at temper-
atureT one finds

∆V (x) = −kBT log
n1d(x)

< n1d >
, (3.2)

wherekB is the Boltzmann constant. The normalization to the mean density
makes the measured potential profiles∆V (x) independent of the atom number,
and the relations between the different profiles in the scan are easier to inter-
pret. The longitudinal potential variations are related to the magnetic field by
V (x) = mF gFµBB(x) whereµB is Bohr’s magneton,mF is the quantum number
associated with the Zeeman state of the atom andgF is the Lande-factor.

For a BEC the measurement range of the magnetic corrugation is given by the
chemical potentialµ. For a thermal gas the relevant range is a few timeskBT . In
both cases the sensitivity of the measurement is a small fraction of this range.A
chemical potential ofµ = 1kHz corresponds to70 nT for an atom with a magnetic
moment of1µB. Similarly, a temperature of1µK corresponds to1.3µT. A 1d
BEC gives even better sensitivity to very small magnetic variations. A sensitiv-
ity of 200 pT at 3µm spatial resolution was obtained in [47, 67]. The sensitivity
can be tuned by changingω⊥. Using a thermal gas results in reduced sensitiv-
ity, but allows one to measure over a larger range of the magnetic field. Also,the
measurement range can be tuned very easily by adjusting the temperature. Very
good sensitivity can be reached especially when one works with very coldthermal
atoms. A BEC may be more sensitive but the experimental methods and the re-
quired stability (constant chemical potential) are more demanding and the analysis
becomes more cumbersome with the phase fluctuations that are always present in
1d quasi condensates.
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Figure 3.2: Schematic of magnetic field measurements with an ultracold thermal
cloud (top figure) and a BEC (bottom figure). For a thermal gas the measurement
range is given by a few times the temperature (kBT ). For a BEC the measurement
range is given by the chemical potentialµ. The BEC has better resolution, but a
smaller measurement range. Hence, if the potential differences become toolarge,
then there will be isolated regions with no atoms in between, and there is no way to
ensure that the chemical potential is still the same in disjoint regions. The thermal
atoms have a larger and smoother measurement range. Their temperature can be
adjusted to cover even relatively high corrugation peaks.

Consequently, even though a BEC was used in the exploratory researchat the
beginning of this investigation, for the final analysis described in this report an
ultracold thermal gas was used. The ultracold thermal atoms were found to bea
better probe because they gave a better homogeneity of the measurement, and were
able to cover the higher potential barriers. Also, as noted, controlling the temper-
ature allowed for a better tuning of the sensitivity over the required measurement
range.

Imaging the density of the trapped 1d cloud allows mapping out the spatial
variation of the magnetic potential with high resolution over the entire length of the
cloud. Scanning the 1d atom cloud in the transverse direction allows reconstruct-
ing a full two dimensional (2d) potential landscape with unprecedented sensitivity
(Fig. 3.3).

Close to a current carrying wire and on atom chips [17, 18, 19] the minimum
of the trapping potential is parallel to the wire carrying current densityJ

(0)
x , at dis-

tances controlled by the transverse external magnetic fieldBy. At these distances,
the net transverse field is therefore zero and the potential variationsδBx(x) are
then directly related to the change in the local magnetic field direction [47, 67].
The measurement ofδBx(x) is independent of the mean fieldBx.
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From a measured 2d map of the magnetic field one can reconstruct the local
transverse current in the conductor [67]. This reconstruction involves the decon-
volution of the Biot Savart law which can be performed if the current density is
assumed to be confined to a 2d-plane. In this case only the transverse current den-
sity jy contributes to the magnetic fieldBx and can be calculated according to

jy(x, y) =
2

µ0d
F−1{B̄x(kx, ky) e

k|z|}(x, y), (3.3)

wherekx andky are the the Fourier wave-vectors,B̄x(kx, ky) = F{Bx(x, y)}(kx, ky)
andF indicates a two-dimensional Fourier transform. This assumes that the cur-
rent is homogeneous within the thickness of the conducting filmd.

Figure 3.3: Illustration of the experiment: cold atomic clouds/BEC’s are imaged at
the measurement height but at different positions along the wire width. Theimages
are combined to form a 2 dimensional magnetic scan.

3.2.2 The experiment

The ultracold atomic samples used to probe the magnetic field landscape on an
atom chip were prepared by using standard procedures [68, 69].87Rb atoms are
first laser cooled, then optically pumped into the|F = 2,mF = 2 > state and
cooled to a temperature of∼ 1µK in 20 s by using forced evaporation in a mag-
netic trap of transverse and longitudinal trapping frequenciesω⊥ = 2π × 840Hz
andωx = 2π × 21Hz . From this trap, situated100µm above the chip surface,
the atoms were transferred within800ms to the measurement location and further
cooled to the final desired temperature selected to optimally measure the mag-
netic field variations. The resulting atom cloud is then typically800µm long,
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trapped in a quasi one dimensional geometry with a transverse trapping frequency
of ω⊥ = 2π × 500Hz. The current through the sample wires was adjusted to
180mA in each case. The atomic density was detected by resonant absorption
imaging after1ms time of flight. For imaging, a50µs pulse of linearly polarized
light was used, at an intensity of less than10% of the saturation intensity. Employ-
ing diffraction limited optics, the optical resolution was∼ 3µm.

Crucial to a quantitative measurement is the characterization of the atom cloud.
The important parameters are the temperature of the cloud, and its position above
the wire. The total number of atoms is less important, as it drops out from the
calculation through the potential normalization of each scan line.

The temperature is extracted from the rate of change of the clouds’ Gaussian
width in the transverse direction after the removal of the trapping field. This speed
is measured by fitting a Gaussian profile to a series of at least 20 pictures acquired
after an expansion time between0.5ms and6ms. This temperature measurement
is performed at 5 equally spaced positions within each scanned region. Nosystem-
atic dependence of the atom temperature on the scan position was detected.

To obtain absolute height measurements, the imaging beam is inclined by6.5◦

toward the chip surface. Two cloud images are then seen, one corresponding to
absorption before reflection, and the other corresponding to reflectionbefore ab-
sorption. The height above the wire surface is accurately determined by finding
the cloud distance from the plane of maximum correlation of the two images. This
height measurement is relative to the surface of the wire that reflects the imag-
ing beam and we therefore ensured that this reflection is from the surface of the
wire studied. Height measurements were done with zero time-of-flight (in-situ).
In order to avoid problems due to polarization rotation at the gold surface, linearly
polarized light is used. The polarization direction is perpendicular to the plane of
incidence. In this configuration, the polarization state is unchanged by reflection at
the gold surface [70].

The transverse position of the cloud is determined indirectly through a cali-
bration of the bias fields. The center position above the wire has been checked
separately, by checking the position of the minimum transverse trap frequency.
From this procedure the center position is determined with an accuracy of approx-
imately ±2µm. The scaling of they position is determined to an accuracy of
approximately10%.

3.2.3 Fabrication and characterization of the atom chip

The atom chip was fabricated at the Weiss Family Laboratory for Nano-Scale Sys-
tems at Ben-Gurion University. It was fabricated in a thermal evaporatorby de-
positing gold onto a Si wafer covered by a100 nm SiO2 electrically insulating
layer and a thin Ti adhesion layer. In the experiment we studied the effectof wire
thickness and grain size by repeating the magnetic scan over three very different
wires (see Table 3.1). In order to fabricate such wires with different grain size and
thickness, three separate processes had to be used on the same chip.
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WiresA andB, in which the grain size is small, were deposited in two separate
processes achieving different thicknesses, where no heating was applied. For wire
B, the temperature of the cooled stage in the thermal evaporator reached32◦C,
while for wire A it reached53◦C, as the deposition time was longer (in order to
achieve the larger thickness). The lithography defining the wires was done by
standard lift-off processes of a photoresist [Fig. 3.4(a)]. For wireC, the fabrication
achieved a larger grain size by heating the substrate to 200◦C, a temperature at
which photoresists lose their properties. Therefore, in this case, the photoresist
was put on after deposition, and etching the gold between the wires required ion
beam milling rather than lift-off [Fig. 3.4(b)]. While fabricating one wire, care had
to be taken to protect the other wires. Finally, a mirror layer of gold was deposited
around the three wires in order to reflect the laser beams required for theMagneto-
Optical Trap, the first stage of atom cooling [Fig. 3.4(c)].

Figure 3.4: SEM images of (a) wires with small grain size (e.g. wiresA and B), and
(b) large grain size (wireC). (c) The atom chip prior to insertion into the vacuum
chamber.

A duplicate chip was characterized optically, electrically at room and liquid he-
lium temperatures, and then geometrically by a high resolution scanning electron
microscope (SEM), an atomic force microscope (AFM), and a white-light inter-
ferometer [71]. The actual experimental chip underwent only optical and room
temperature resistance measurements before the experiment. The grain sizewas
determined before the experiment by SEM measurements on the duplicate chip in
order not to affect the experimental chip. To make sure that the grain sizedid not
change during chip operation, the experimental chip also underwent SEMmea-
surements after the experiment was completed. Edge roughness of the fabricated
wires boundaries were measured to be (peak-to-peak)40 − 50 nm for wire A and
20−30 nm for wire B (wires fabricated using the lift-off technique), and40 nm for
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the large grain-size wireC, fabricated by the ion-beam milling etching technique.
The top surface roughness of the wires was measured using a white-lightin-

terferometer on the experimental chip after the experiment was completed. Again,
comparison to the duplicate chip was performed. A sequence of partially overlap-
ping images of105.6×140.8 µm2 and 0.5µm resolution were taken for each wire
along a total length of about1mm. The radial spectrum of the surface height varia-
tions (shown in Fig. 3.5) was determined by averaging the two-dimensional Fourier
transform of the images over all wave-vector directions and over all images. The
measurement noise was estimated by taking the power spectrum of the differences
between pairs of overlapping measured area and averaging over all pairs. This
noise was found to be similar for all three wires and was taken in Fig. 3.5 to be
their average.

We also measured the detailed surface structure and the grain size with an AFM
(again, after the experiment was completed). Images of area5×5µm (with a hori-
zontal resolution of40 nm and a height resolution< 1 nm) were used for validation
of the white-light interferometer data and for estimating the surface roughness at
the grain size scale. Grain structure was investigated with images of area1× 1µm
(with a resolution of2 nm).

As for electrical measurements, as noted, the experimental chip underwent
room temperature resistance measurements before the experiment. Similar mea-
surements were also performed on the duplicate chip. As the experimental chip
was partly broken by removal from the experiment, the low temperature resistance
was measured only on the duplicate chip. Room temperature resistance measure-
ments were performed on the central part of the wires, where the geometryof the
wire was measured accurately. The low temperature measurements were done on
the entire length of the wires. Comparing the two chips we note that:

• their SEM and AFM analysis showed similar structure;

• their room temperature resistance measurements were identical to within a
few percent;

• they were made by the same processes at the same time.

Consequently, we use the low-temperature measurements for the duplicate chip
with high confidence.

3.3 Experimental observations and data analysis

Using cold atoms just above the transition to Bose-Einstein Condensation (BEC),
we apply ultracold atom magnetometry to study the current deflection in three
different precision-fabricated polycrystalline gold wires with a rectangular cross
section of200µm width and different thicknesses and crystalline grain sizes, as
summarized in Table 3.1. We choose a co-ordinate system in which the wire
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Figure 3.5: Radial spectrum of the top surface corrugations|δz+(k)| =
√

(2π)−1
∫

dθ|δz+(k, θ)|2 for the three wires as measured by the ZYGO white-
light interferometer. Note the significant difference between the surfacefluctuation
spectrum of wireA and wiresB andC. Dashed curve: ZYGO measurement noise
level calculated by averaging many partly overlapping images.

length lies along thex direction, its width is along they direction, and its thick-
ness is along thez direction. Fig. 3.6 shows the maps of the angular variations
β(x, y, z0) = δBx(x, y, z0)/By of the magnetic field above the wires’ centers (far
from the edges), created by a current of180mA flowing along each wire, measured
at a height ofz0 = 3.5µm above the wires’ top surface.

Even though scattering by lattice vibrations (phonons) quickly diffuses the
electronic motion at ambient temperature, long range-correlations (tens ofµm)
in the current flow patterns can be seen. This is surprising as effects ofstatic de-
fects are usually observed only on a length scale of several nanometers[72, 73].
We observe clear patterns of elongated regions of maximal current flow deviations
β inclined by about±45◦ to the mean current flow direction. This orientational
preference is present in all our measurements, independent of wire thickness or
grain size. This angular preference can be quantified by the normalized angular
power spectrap(θ) =

∫

dkk|β(k, θ)|2 of the magnetic field patterns, wherek is
the wave-vector of the Fourier transform of the measuredβ(x, y) (Fig. 3.6).

We also observe significant differences in the magnitude and spectral compo-
sition of the magnetic field variations above wires with different thicknesses.Ta-
ble 3.1 summarizes the main observations and wire properties. The current direc-
tional variationβ does not scale with the relative surface corrugation (i.e., relative
to the thickness); the thinner films (H = 280 nm) have the largest relative thick-
ness variations but show the smallest current directional variations. Moreover, the
thin wire with the large grains (grain size150 − 170 nm) shows the smallest vari-
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wire A B C

thicknessH (µm) 2.08 0.28 0.28
grain size (nm) 60-80 30-50 150-170
resistivity at296K (µΩ·cm) 2.73 3.1 2.77
resistivity at4.2K (µΩ·cm) 0.094 0.316 0.351
atom temperature (nK) 286± 15 173± 2 92± 7
height of measurement (µm) 3.5±0.4 3.4±0.3 3.7±0.4
δzrms

+ (AFM) (nm) 9.4 3.5 3.1
δzrms

+ (ZYGO) (nm) 1.31 0.42 0.48
δzrms

+ (ZYGO)/H (×10−3) 0.629 1.500 1.714
βrms (mrad) 0.168 0.0715 0.0388
λβ (µm) 77 46 48

Table 3.1: Properties of the wires under investigation (see text for definitions). All
measurements were done on the chip used for the cold atom experiment except for
the low temperature resistivity which was measured on a duplicate chip made with
an identical (simultaneous) fabrication process.

ations (βrms = 39µrad), much too small to be explained by variation generated
from only the measured top surface roughnessδzrms

+ /H = 1.7× 10−3 of the gold
film.

The observed magnetic field variations caused by the current direction varia-
tions are orders of magnitude smaller than the ones reported in studies of ‘fragmen-
tation’ of cold atom clouds on atom chips (for a review see [19]). These previously
reported fragmentation measurements can be fully explained by corrugations in the
wire edges [45, 62]. In the present study the effects caused by the wire edge rough-
ness are strongly suppressed by our much improved fabrication [74, 75], and the
flat, wide wire geometry where the ratio between the distance to the wire surface
and to the wire edge is very high [61], thereby further minimizing effects dueto
edge roughness.

3.3.1 Angular distributions in current flow

In order to analyze the underlying mechanism for the current direction deviations
we consider a thin film (conductivityσ0) in thex − y plane with a direct current
J(0) = σ0E

(0), where the electric fieldE(0) is in thex̂ direction. We consider the
effect of small fluctuations in the conductivityδσ(x) on the current flow.

The current flow around a circular defect generates a dipole field [Fig. 3.7(a-b)]
with a transverse componentE(1)

y ∝ sin 2θ (Sec. 3.7), causing the current field to
be repelled from the defect (forδσ < 0) or attracted to the defect (forδσ > 0) and
a45◦ pattern in the transverse current flow forms.

A second analysis is based on a conductivity step (δσ) inclined by an angleθ
to the current flow direction [Fig. 3.7(c)]. The resulting current densityfluctuation
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Figure 3.6: (a) Magnetic field angle fluctuationsβ[mrad] measured above three
different polycrystalline gold films (Table 3.1). These fluctuations are dueto varia-
tions in the direction of the current flow and are thus sensitive toδJy. The appear-
ance of±45◦ patterns is clearly observable and reflects a correlated scattering of
the electrons. (b) Quantification of the angular pattern by the normalized angular
power spectral densityp(θ)/max(p). The red bars indicate the uncertainties given
by different procedures to account for the finite size of the sample.

is (Sec. 3.7):

δJ = J(0) δσ

σ0
(sin2 θx̂− cos θ sin θŷ). (3.4)

The transverse current componentJy is again proportional tosin 2θ, which is max-
imal for conductivity steps inclined byθ = ±45◦.

In a metal film, we expect to find a random pattern of conductivity fluctuations
δσ(x). It can be constructed from a random spatial distribution of the above basic
elements: microscopic circular defects or macroscopic conductivity steps of differ-
ent angles. The relation between the microscopic and macroscopic phenomena for
each of these models is described in Sec. 3.7.

For a general quantitative analysis we expand an arbitrary distributionδσ(x)
in a Fourier series of plane waves of the formδσ(x) = δσk sin(k · x+ φ), where
k = (kx, ky) = k(cos θk, sin θk) andφ is an arbitrary phase. Each plane wave
contributes to the current fluctuation angleα = δJy/J0 according to Eq. (3.4),
giving α(k) ≈ − sin 2θk(δσk/2σ0), and resulting in the observed45◦ pattern.

The resulting magnetic field angle fluctuation at heightz above the wire is
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Figure 3.7: (a) Current scattering by circularly symmetric (disk) local conductiv-
ity variationsδσ < 0. (b) The transverse (y) component of the current field is
proportional tosin 2θ and gives rise to regions of maximal transverse current in-
clined by±45◦. (c) Direction change of current flow due to a defect in the form
of a conductivity step inclined by an angleθ with respect to the main flow direc-
tion x̂. The conductivity isσ0 everywhere except in the shaded area, where it is
σ0 + δσ (δσ > 0 in this example). The largest transverse current is obtained when
θ = ±45◦. Both the former microscopic model and the latter macroscopic model
predict the observed±45◦.

directly related to the current fluctuations by

β(k, z) ≈ e−kzα(k) ≈ −1

2
e−kz δσk

σ0
sin 2θk, (3.5)

which exhibits the same angular dependence. The exponential terme−kz repre-
sents a resolution limit, such that the effect of current changes on a lengthscale
smaller than2πz are suppressed in the spectrum of the magnetic field fluctuations.
Starting from random conductivity fluctuations with a non-white spatial frequency
distribution, the angular dependencesin 2θ will emerge, giving rise to the observed
±45◦ preference.

3.3.2 Range of patterns in current flow

The macroscopic observable exhibiting elongated patterns of transversecurrent
distribution tens of microns long, emerges from the microscopic scattering in the
wire, estimated to have a length scale of tens of nanometers (e.g. grain size or
diffusion length). We can describe this microscopic-macroscopic interplay by an-
alyzing the two separate models as they are complementary in the sense that one
(circular defects) begins with the microscopic description and the other (conduc-
tivity step) from the macroscopic one. First, we have shown that the transverse
current distribution around a circularly symmetric conductivity defect exhibits a
sin 2θ dependence [see Eq. (3.25)]. Thus, a high concentration of many such mi-
croscopic defects with the same sign ofδσ will form a similar macroscopic pattern,
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which is characterized by elongated patterns along the±45◦ direction, as seen in
Fig. 3.6. As indicated by the spectrum for the measured surface height ofFig. 3.5,
this distribution is correlated over length scales of tens ofµm and characterized by
a spectral dependenceδσ(k) ∝ 1/|k|. Such a correlated distribution of scatterers
is indeed characterized by a bunching of scatterers of the same sign in regions with
a typical width of tens ofµm. This allows for a constructive build up of trans-
verse currents to occur along a macroscopic 45◦ line, and hence gives rise to the
macroscopic observable, as demonstrated in Fig. 3.8.

The conductivity step model allows us to understand quantitatively the emer-
gence of macroscopic patterns containing elongated regions of transverse current
distribution from a completely random conductivity inhomogeneity. Although the
conductivity perturbations are random and do not have any angular preference,
their∼ 1/|k| spectral dependence implies that they may be expanded in a Fourier
series of plane waves with predominantly large wavelengths. Each such plane wave
is made of wavefronts, which are elongated regions similar to the conductivitystep,
with alternating sign. Hence, our macroscopic conductivity step in fact represents
one Fourier component of the real space distribution of microscopic defects. The
above result predicts maximum electron scattering from conductivity steps which
are oriented at±45◦. This explains the emergence of the elongated regions with
that orientation in the maps of the transverse current distribution and givesthe ex-
pression of Eq. (3.4), which allows a quantitative analysis of the currentdistribution
for an arbitrary conductivity inhomogeneity distribution.

A detailed account of both models is given in the appendix.

3.4 Detailed analysis

3.4.1 Theoretical model

As shown in Fig. 3.9, we were able to accurately simulate the experimental results.
In this section we explain our detailed theoretical model. Our calculation was
performed for a metallic wire as in Fig. 3.10(a), having a rectangular cross-section
of width W in the ŷ direction and thicknessH in the ẑ direction, and carrying a
current densityJ(r) = J0x̂ + δJ(r). HereJ0 = I/WH is the regular current
density for a total currentI. Utilizing Ohm’s lawJ = E/ρ whereE is the electric
field, and Maxwell’s equation∇×E = 0, we find

∇× J = −∇ρ

ρ
× J , (3.6)

with ρ = ρ0 + δρ(r) being the isotropic resistivity. Although significant resistivity
perturbations may exist in a polycrystalline metal near grain boundaries (length
scale of nanometers), one may safely assume that over most of the length scales of
interest (microns)δρ≪ ρ, such that in the Fourier expansionδρ(r) =

∑

k ρke
ik·r

one has|ρk| ≪ ρ0 for any relevant wave numberk ≡ (kx, ky, kz). By keeping
only terms up to first order in the resistivity gradient∇ρ and using the current



54 CHAPTER 3. POTENTIAL CORRUGATIONS

−90 −45 0 45 90
0

0.1

0.2

θ

P
(θ

)

−90 −45 0 45 90
θ

−90 −45 0 45 90
θ

x [µm]
y 

[µ
m

]
 100 −50 0 50 −100

 100

  50

   0

 −50

−100

x [µm]
−100 −50 0 50 100 

x [µm]
−100 −50 0 50 100 

Figure 3.8: The emergence of macroscopic elongated regions with preferred orien-
tation in the pattern of the magnetic field fluctuations above a wire from a distribu-
tion of microscopic circularly symmetric defects. (left) The distribution of defects
with positive (red) or negative (blue) conductivity changeδσ(x, y) is correlated
with a 1/k spectral dependence, but has no preferred orientation, as indicatedby
the angular spectrumP (θ) (bottom). (middle) Bunches of point-like defects cre-
ate a current distribution having an angular spectrum (bottom) which is maximal
aroundθ = 45◦ and135◦. (right) the resultant magnetic field fluctuations3.5µm
above the plane averages the fine structure of the currents by the exponential fac-
tor e−kz which suppresses short wavelength variations but keeps the orientational
preference.

continuity equation∇ · δJ = 0 we obtain the solution for the components of the
current irregularities as a function of the bulk inhomogeneity

δJ(bulk)(k) = J0

(

kx
|k|2k− x̂

)

δρk
ρ0

, (3.7)

where the transverse components(ky, kz) of the wave-vectork take the discrete
values2π(m/W,n/H) with integersm andn, −∞ < m,n <∞.

The horizontal transverse current irregularitiesδJ
(bulk)
y are proportional tokxky/k2 ∝

sin 2θk, whereθk ≡ tan−1(ky/kx) is the angle in thex − y plane. This imme-
diately implies that transverse currents are predominantly generated by Fourier
components of the resistivity perturbations with wavefronts oriented at±45◦. Ver-
tical current irregularitiesδJ (bulk)

z are proportional tokxkz/k2 ∝ sin 2φk, where
φk ≡ tan−1(kz/kx). Vertical currents are therefore significant only for Fourier
components satisfyingkx ∼ kz (φk ∼ ±45◦), namely, for longitudinal wave-
lengths2π/kx of the order of the thicknessH or less, corresponding to non-zero
values ofkz. For thin wires, these wavelengths are usually beyond the spatial mea-
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Figure 3.9: Measured and simulated patterns of atomic density (normalized)
∼ 3.5µm above (a-b) wireA, and (c-d) wireB. The simulation assumes a combi-
nation of bulk resistivity inhomogeneity and geometrical perturbations of the wire
with parameters chosen such that the power spectrum of the magnetic field along
x̂, averaged over̂y and over many realizations of the simulation, fits the mea-
sured power spectrum (right). The simulations are based on the theory described
in the text and on the measurements of the surface roughness (Fig. 3.5). Random
numbers were taken for the phaseφ. The text and following figures describes the
assumptions taken for the conductivity inhomogeneities distribution.

surement resolution in thex − y plane. At wavelengths of interest, much larger
thanH (kx ≪ kz), vertical currents are suppressed asδJ

(bulk)
z ∝ kxH

2π ≪ 1.
In the following we refer to the spectral regime(kx, ky) ≪ 2π/H as the “thin

film limit”, where only contributions from Fourier terms withkz = 0 are impor-
tant. We will then consider the film as two-dimensional and characterize it by the
real-space vectorξ ≡ (x, y) and Fourier space vectorκ ≡ (kx, ky). Thickness
variations of the wireδH(x, y) may then be regarded as irregularities of the thin
film resistivity δρthickness = −ρ0δH/H. Fig. 3.10(a) demonstrates the generation
of periodic horizontal current directional deviations due to resistivity perturbations
originating from bulk or thickness variations.

A typical magnetic corrugation along an elongated trap is determined mainly
by the longitudinal component of the magnetic field fluctuations at the trapping
position. Its Fourier spectrum at a heightz0 is related to the current irregularities
in the wire by

δBx(kx, ky, z0) =
µ0
2

∫ 0

−H
dz′ e−κ|z0−z′| ×

×
[

δJy(kx, ky, z
′) + i sin θκδJz(kx, ky, z

′)
]

, (3.8)

whereµ0 is the permeability of the vacuum. Here, the free space (continuous)



56 CHAPTER 3. POTENTIAL CORRUGATIONS

Fourier transformationsδJ(kx, ky, z′) may be approximated by their discrete form
as in Eq. (3.7) ifκW ≫ 1 andz0 ≪ W/2. SubstitutingδJ of Eq. (3.7) into this
expression one finds thatδBx(κ) ∝ e−κz0 sin 2θκ limiting the spatial resolution
in thex− y plane by the measurement distancez0.

  

W=1 W=5 W=10 W=20 W=50 W=100 W=200

Figure 3.10: (a) A single Fourier component (plane wave) of the planar resistiv-
ity perturbations due to bulk inhomogeneity or wire thickness variations induces
current flow directional changes (arrows). The current tilts along lowresistivity
wavefronts and across high resistivity wavefronts. (b) The amplitudes of trans-
verse current componentδJy(κ) [κ ≡ (kx, ky)], generated by resistivity pertur-
bationsδρ(κ) ∝ 1/κ , are proportional tosin 2θκ (color scheme). For a wire
with a finite lengthL and widthW , these amplitudes are calculated at discrete
values ofκ, which are integer products of2π/L and 2π/W . (c) As a conse-
quence of this discreteness, the corrugations at long wavelengths (kxW < 1) are
suppressed when the wire becomes narrower: the density ofky states becomes
lower and no allowed values ofky exist along the maximum scattering amplitude
line ky ∼ kx. Here, the power spectrum of the magnetic field corrugations at
3.5µm above the center of the wire is shown as a function ofkx for resistiv-
ity perturbationsδρκ/ρ0 = 3.4 · 10−4(κ0/κ) with κ0 = 2π/680µm−1. Long
wavelength components are suppressed when the wire becomes narrower. (d)
For comparison, the magnetic field corrugations above the center of the wireare
shown for wires of different widths for a model assuming edge fluctuations with
|δy±(kx)| = 10nm×(κ0/kx). Here, short wavelength components are suppressed
when the wire becomes wider.

The sin 2θκ dependence together with a∼ 1/κ dependence of the resistiv-
ity perturbations (see Sec. 3.4.2), demonstrated by the color map in Fig. 3.10(b),
describe well the behavior in the continuum limitW → ∞. However, for finite
widths (and a finite measurement lengthL) kx andky assume only discrete values
which are integer multiples of2π/L and2π/W , respectively, as demonstrated by
the grid of dots superimposed on the color map. It follows that for small values of



3.4. DETAILED ANALYSIS 57

kx, no counterpartsky exist on the grid which lie in the region where| sin 2θκ| is
large, or more specifically, around the lineθκ = 45◦. This implies that at wave-
lengths larger than the wire widthW the current irregularities are significantly
suppressed beyond the suppression caused by the reduction of grid points. This
prediction is demonstrated in the power spectrum shown in Fig. 3.10(c). Thisre-
sult is very different from the effect of current irregularities due to edge roughness,
which characterized measurements of atomic density fluctuations in some earlier
work [45, 46, 62]. In that case, the short wavelengths are exponentially suppressed
near the center of the wire, while only wavelengths of the order of the wire width or
more are effective [Fig. 3.10(d)]. To take advantage of the corrugation suppression
in narrow wires, we will address in Ch. 4 the possibility of using nano-sizedwires
for trapping atoms.

We now turn to a more detailed theory of current irregularities due to geo-
metrical imperfections of the wire [76]. We solve Eq. (3.6) withδρ → 0 and with
boundary conditions ensuring that the current flows parallel to the boundaries. Tak-
ing the upper and lower surfaces of the wire atz = ±H/2+ δz± and the right and
left edges aty = ±W/2 + δy±, whereδz±(x, y) andδy±(x, z) are small fluc-
tuations of the corresponding surface positions, we obtain the following boundary
conditions,

δJy(x,±
W

2
, z) = J0

∂δy±
∂x

,

δJz(x, y,±
H

2
) = J0

∂δz±
∂x

, (3.9)

where terms of second or higher orders inδz± andδy± were omitted. The current
irregularities are then written as a sum of two terms,

δJ(surf)(r) =
∑

kx

eikxx
[

δJW
kx(y, z) + δJH

kx(y, z)
]

. (3.10)

Equation (3.6) with∇ρ = 0 together with the continuity equation∇ · J = 0 imply
that the current can be written as the gradient of a potential functionδJ(surf) =
∇F , which satisfies the Laplace equation∇2F = 0. It follows that the terms in
Eq. (3.10) have the form

δJW
kx(y, z) = ikxJ0

∑

n,±

an,±(kx)e
i2πnz/He−|y∓W/2|/λn (3.11)

δJH
kx(y, z) = ikxJ0

∑

m,±

bm,±(kx)e
i2πmy/W e−|z∓H/2|/λm , (3.12)

where the exponential terms describe the attenuation of current fluctuations in-
duced by each boundary perturbation at a distanceλn = [k2x + (2πn/H)2]−1/2

from the left/right boundaries andλm = [k2x+(2πm/W )2]−1/2 from the top/bottom
boundaries. SinceδJ is derivable from a scalar function, it follows that each of the
vectorial coefficientsan,± andbm,± can be derived from the corresponding scalar
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coefficients. Linear equations are obtained for these scalar coefficients whenδJ of
Eq. (3.10) is substituted in the boundary conditions (3.9) [77].

Next, we describe the solutions of these equations for a few typical simple
cases. The termδJW

kx
[Eq. (3.11)] is significant when the edge perturbationsδy±

are large and the measurement height is comparable to the wire widthW . This
situation was discussed in previous work [45, 62]. Here we concentrateon the
other limit, where the field is measured at a low height and a large distance fromthe
edges compared toλn such thatδJW

kx
∼ 0 for most values ofkx. The surface height

fluctuationsδz±κ then generate the following current irregularities (Eq. (3.12))

δJ (surf)
y (r) ≈ −J0

∑

κ

eiκ·ξkx
ky
κ

cosh(κz)

sinh(κH/2)

δHκ

2
, (3.13)

δJ (surf)
z (r) ≈ J0

∑

κ

eiκ·ξikx
cosh(κz)

cosh(κH/2)
δzmean
κ , (3.14)

whereδHκ = δz+κ − δz−κ are wire thickness variations andδzmean
κ = (δz+κ +

δz−κ)/2 are height fluctuations of the center of the wire. In the thin film limit
κH ≪ 1, we findκz ≪ 1 for |z| ≤ H/2 such thatδJy assumes a form similar to
Eq. (3.7) withδρκ/ρ0 → −δHκ/H

δJ (surf)
y (r) ≈ −J0

∑

κ

eiκ·ξ sin 2θκ
δHκ

2H
. (3.15)

In the same limit, the magnitude of the vertical current componentδJz becomes
negligible, sinceδJ (surf)

z ∝ kxδz
mean
κ = kxH(δzmean

κ /H) ≪ δzmean
κ /H.

3.4.2 Spectral analysis

In order to investigate whether the observed current flow deviations arerelated to
corrugations in the top surface of the wire, we have measured the surface topogra-
phy of the wires using a white-light interferometer. No angular preference inherent
in the structure of the wires was found. Consequently, the angular patternin the
magnetic field variations presented in Fig. 3.6 must be a property purely of the
scattering mechanism of the current flow by the wire defects, as outlined above. In
addition, when we calculate the two dimensional magnetic field at3.5µm above
the surface, using the white-light interferometry measurements and the assumption
δH(x) = δz+(x), we could not find a reasonable fit between the latter and the
magnetic mapping done by the atoms (Fig. 3.6). A detailed analysis of the top
surface corrugationsδz+ (Fig. 3.5) shows that they are significantly larger for the
thick film compared to the two thin films, especially at short length scales.

To quantify our findings, we compare the power spectra of the measured mag-
netic field variations to those calculated from several models based on the mea-
sured top surface variations, an assumed bottom surface roughness,and possible
inhomogeneities in the bulk conductivity (Fig. 3.11).



3.4. DETAILED ANALYSIS 59

We start with the two thin wires:B andC. The measured power spectra of the
magnetic field variations are significantly lower (by two orders of magnitude for
large wavelengths) than predictions based on a model with a flat bottom surface
(δH = δz+). If we assume instead that the top surface follows the bottom surface
exactly (δz+ = δz−), a lower bound on the influence of the surface on magnetic
field fluctuations can be obtained, as this configuration produces verticalcurrents
whose contribution to the longitudinal magnetic field, to which our experiment is
sensitive, is very small. The measured data lies between these two cases.
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Figure 3.11: (left) Comparison of surface and bulk model calculations (lines) with
the measured power spectrumP (kx) =

∑

ky
|β(kx, ky)|2 of the magnetic field

angleβ along thex direction (points) above the three wires. Blue: top surfaceδz+
as in Fig. 3.5 with flat bottom surfaceδz− = 0. Red: top surface follows bottom
surfaceδz+ = δz− (i.e. no thickness variations). Green: Partially correlated
top and bottom surfaces, namely,δz−(k) = δz+(k)e

−(k/k0)2 , for wires B and
C. For wire A we assumedδz−(k) as in wireB, which is correlated (purple) or
uncorrelated (light blue) with the top surface. The latter gives the closestestimate
for the experimental data, but givesβrms which is only about half of the measured
value. Black: a fit to a model assuming general conductivity fluctuationsδσ(k) =
δσ(k0))(k0/k)

ν , with ν = 1 for wireA andν = 1/2 for wiresB andC. The shaded
area represents a one standard deviation range obtained by varying therelative
phases of different spectral componentsδσ(kx, ky). (right) Power spectrumP (kx)
of the magnetic field angle for the three wires with a fit using the bulk conductivity
inhomogeneity model (black lines) and the surface corrugations model forthe two
thin wiresB (blue) andC (red). It is clearly seen that the slope ofP (kx) for the
two thin wires is similar, while it is larger for the thick wireA.

A fairly good fit of the measured spectrum for the thin wires is obtained if
we assume that the top surface partially follows the long-wavelength fluctuations
of the bottom surface while independent fluctuations of the top surface exist on a
shorter scale. For such a model we assumeδz−(k) ≈ δz+(k)e

−(k/k0)2 . Note that
the resulting average thickness variations are extremely small|δHrms| = |δzrms

+ −
δzrms

− | < 1 Å. This value ofδHrms refers to length scales longer than1µm, while
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much larger surface variations were measured on the scale of the grains using the
AFM (see Table 3.1).

The situation is different for the thick wireA (H = 2µm). Models assuming a
flat bottom surface (δH = δz+) and models assuming a corrugated bottom surface
δz− with a spectrum similar to that of wireB and no correlations with the top
surface, both underestimate the measured magnetic field variations.

The difference between the surface models and the measured data of wireA can
be attributed to fluctuations in the bulk conductivity. A model taking the maximal
contribution of surface roughness (uncorrelated top and bottom surfaces) into ac-
count puts the minimal required contribution of the bulk conductivity fluctuations
at 50% of the signal. If we apply the same minimal bulk conductivity fluctuations
as obtained from wireA to the two thin wiresB andC, they overestimate the mea-
sured magnetic field fluctuations substantially for both wires and give a different
spectral shape (ν = 1 for wire A andν = 1/2 for wiresB andC, see Fig. 3.11).
This indicates that the bulk conductivity of the thinner wires should be more ho-
mogeneous than that of the thick wire. This may fit well with common knowledge
among fabricators that above one micron of evaporation yields a very different wire
structure.

However, a more homogeneous bulk conductivity in the thin wires appears
to be contradictory to the fact that the low temperature resistivity is smaller for
the thick wire than for the thin wires (Table 3.1). Nevertheless, we note that this
resistivity is mainly determined by the small-scale properties of the wire (on the
order of the grain size or less) and by surface scattering, while the magnetic field
variations probe the conductivity inhomogeneities on a larger scale and provide
complementary information that would not be available by standard methods.

The difference in the spectral decomposition is also clear from the slope of
the curves in Fig. 3.11. The major part of the longitudinal power spectrum in
Fig. 3.11 (for0.05 < kx < 0.3µm−1) can be well fitted with an exponential
functionP (kx) ∝ e−αkx with α = 18, 11 and9µm for the three wires.

The physical origin of the difference between the spectral decompositionof the
thick wire and the thin wires lies in a combination of two possible explanations.
The bulk inhomogeneity model fits the power spectrum of the thick wire when
δσ(k) ∝ 1/k, while a best fit is obtained for the thin wires whenδσ(k) ∝ 1/k1/2.
This may come from the fact that evaporation of a gold layer above one micron
gives a very different wire structure than for thinner films. An additionalexplana-
tion is obtained from the model of partially correlated top and bottom surfaces. It
is likely to assume that wires generated by the evaporation process of a goldlayer
show more correlation between the top gold surface and the bottom gold surface
(which merely follows the top wafer surface) when the gold layer is thinner.Sec-
ondly, for given surface corrugations, the relative thickness variations are inversely
proportional to the average thickness of the wire, so that the contribution of con-
ductance variations originating from surface corrugations becomes moredominant
in thin wires relative to bulk inhomogeneity variations, which are not expectedto
grow with reduced thickness. Hence the surface induced directional fluctuations
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are more dominant in this film.
Our analysis furthermore suggests that the differences in the length scaleλβ

of the variation inβ as seen in Fig. 3.6 and quantified in Table 3.1 may originate
from the fact that conductivity variations in the thin wires coming from thickness
variations are suppressed at long length scales due to top and bottom surface corre-
lations. In contrast, conductivity variations in the thick wire originate at all scales
from a combination of thickness variations due to uncorrelated top and bottom
surfaces and a dominant contribution of bulk conductivity inhomogeneity.

3.5 Discussion

To conclude this rather lengthy and elaborate study, in the following we group
together our major experimental observations, analyses and conclusions:

3.5.1 Observations

1. The top gold layer surface roughness power spectrum falls much more rapidly
for the thin wires (Fig. 3.5).

2. The top surface roughness of the gold layer as measured by white lightin-
terferometry and AFM shows a much larger roughness for the thick wire.
However the relative roughness (roughness relative to thickness) is much
larger for the thin wires (Table 3.1).

3. Room-temperature resistivity is comparable for all three wires while the low
temperature resistivity is higher for the thin wires (Table 3.1).

4. Magnetic fluctuations show long-range patterns up to tens of microns long.
(Fig. 3.6)

5. The patterns show an orientational preference of±45◦ (Fig. 3.6).

6. Wire A has the largest magnetic fluctuations and wireC has the smallest
among the thin wires (Fig. 3.6, Table 3.1).

7. The power spectrum of the observed data falls much more rapidly for the
thick wire (Fig. 3.9). This is also confirmed by an analysis of the periodicity
λβ (Table 3.1). We note that this is contrary to the behavior of the top surface
roughness (Fig. 3.5).

3.5.2 Analysis

1. The45◦ behavior and the long range patterns can be explained by conduc-
tivity fluctuations arising from surface roughness or bulk inhomogeneity.
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2. All surface corrugation models underestimate the measured magnetic varia-
tions of the thick wireA (50% is missing in the maximal thickness variations
model).

3. A surface model assuming partial correlation in the top and bottom wire
surfaces fits the data well for the thin wiresB andC.

4. A general model, assuming a power law distribution1/kν for the conduc-
tivity variations, which may represent bulk inhomogeneities, gives a good fit
for wire A whenν = 1, and for wiresB andC whenν = 1/2.

3.5.3 Conclusions

1. The partially correlated surface model is able to explain the data of the thin
wires B andC. This model may be justified by the fact that for thin films,
the top surface of the gold layer follows the bottom surface for periodicities
larger than the thickness. In small periodicity fluctuations (large k), the sur-
faces are likely to be uncorrelated, giving rise to thickness variations. This
is why high frequency components are measured in the magnetic variations
for the thin wires.

2. The measured data of the thick wireA cannot be explained by surface mod-
els alone. It could be explained by a model assuming conductivity varia-
tions. This may be understood in two complementary ways. First, the rel-
ative thickness variations are much smaller for the thick wires, therefore,
it should be expected that the surfaces have less influence on the thick wire.
Second, in evaporated films with thickness above one micron, the gold struc-
ture becomes less ordered, it is then expected that in thick wires bulk inho-
mogeneity is larger. While we do not have a physical model to explain bulk
conductivity variations, we think we have clearly shown that in the case of
the thick wire we have measured these variations.

3.6 Summary

Our study is the first direct application of ultracold atoms as a magnetic probe for
solid state science. The exceptional sensitivity of the ultracold atom magnetic field
microscope [47, 67] allows us to observe long-range patterns of the current flow in
a disordered metal film. Four questions arise from the data obtained:

1. Why are the patterns of current flow three orders of magnitude longerthan
expected from the grain size or the diffusion length?

2. Why are the patterns predominantly oriented at±45◦?

3. Why do the different wires have such different characteristic periodicity?
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4. Why does wireC, with the largest grain size, have the lowest current devia-
tions?

We show that the first two questions may be answered by simple but quantita-
tive models of universal scattering properties at defects, from which thin wires
with random imperfections give rise to current directional deviations having a
length scale on the order of a micron or longer. These deviations may arise ei-
ther from bulk resistivity inhomogeneities or from geometrical perturbationsof the
wire, where the significance of each factor depends on the wire thickness and the
fabrication process. We have shown through simulation that the latter dependen-
cies explain the observed differences in the periodicity of the wires’ patterns. In
both cases, electron scattering is dominant at wavefronts oriented at±45◦ relative
to the main current axis. To date, however, we do not understand why wire C has
the lowest current deviations.

The models predict that current deviations in narrower wires are strongly sup-
pressed at long wavelengths. This analysis therefore opens the road for material
engineering to considerably improve atom optics on atom chips. In the next chap-
ter we will discuss the possibility of using nano-size wires in the atom chip. Elec-
trically anisotropic materials are also capable of significantly suppressing current
deviations (see Sec. 3.7.3).

3.7 Appendix

3.7.1 Current flow in a conductivity step

Let us first consider current scattering by a conductivity step as in Fig.3.7(c), where
the conductivity isσ0 except in the shaded area between two parallel lines inclined
by an angleθ, where the conductivity isσ0 + δσ (δσ ≪ σ0). The voltage applied
along thex direction induces a constant currentJ (0)x̂ = σ0E

(0)x̂ everywhere. The
current continuity equation∇ · J = 0 together with Ohm’s lawJ = σE give rise
to the following equation for the electric field

∇ ·E = −∇σ
σ

·E. (3.16)

This equation is equivalent to Maxwell’s equation∇ · E = ρ/ǫ0, whereρ is the
charge density. It follows that the gradients of the conductivity at the right (+) and
left (-) boundaries of the step are equivalent to homogeneous chargedensities

ρ± = ±ǫ0(δσ/σ0)E(0) cos θ (3.17)

per unit area. Equivalently to the field formed between the two plates of an op-
positely charged capacitor, here as well an electric dipole fieldE(1) = n̂(ρ− −
ρ+)/2ǫ0 is formed between the two interfaces in a direction normal to the inter-
faces. This additional electric field induces an additional currentδJ inside the
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conductivity step. To the first order inδσ this current is given by

δJ = δσE(0) + σ0E
(1)

= J(0) δσ

σ0
[x̂− cos θ(cos θx̂+ sin θŷ)] . (3.18)

The transverse current componentJy is then proportional tocos θ sin θ = sin 2θ/2.

3.7.2 Current flow around a circular obstacle

A cylindrical defect of radiusR, extending over the whole thickness of a thin film,
in which the conductivity is changed from its bulk valueσ0 to σ0 + δσ, causes a
deflection of the current densityJ (0)x̂ impinging on the defect. Ifδσ is negative
then the current bends away from the obstacle and tends to bypass it, whileif δσ
is positive the current is attracted into the defect. Here we argue that this current
deflection emerges from a dipole field that is created at the defect, as shown in
Fig. 3.7(a,b). This follows from Eq. (3.16) which shows that a conductivity gradi-
ent is equivalent to a charge density

ρ = −ǫ0
∇σ
σ

·E, (3.19)

where in our caseE = E(0)x̂ = J (0)/σ0 x̂. The charge density per unit length of
the boundary at the edges of a disk of radiusR is then given by

ρ(R, φ) = R
δσ

σ0
E(0) cosφ, (3.20)

whereφ is the angular coordinate. Very close to the boundary an electric field is
formed that points in a direction normal to the boundary and outwards from the
boundary. The electric field generated everywhere by the excess charge density
can be calculated by an integration

δEj(r, θ) =

∫ 2π

0
dφρ(R, φ)Gj(r,R, θ, φ), (3.21)

for j = x, y, where the Green’s functions are given by

Gx(r,R, θ, φ) =
1

2π

r cos θ −R cosφ

r2 +R2 − 2Rr cos(θ − φ)
(3.22)

Gy(r,R, θ, φ) =
1

2π

r sin θ −R sinφ

r2 +R2 − 2Rr cos(θ − φ)
. (3.23)

By performing the integration we obtain

δE(r, θ) =
δσ

σ0
E(0) ×

{

(−1/2, 0) r < R
(R2/2r2)(cos 2θ, sin 2θ) r > R

(3.24)
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To the first order inδσ it follows J (0) = σ0E
(0)

δJ(r, θ) =
δσ

σ0
J (0) ×

{

(1/2, 0) r < R
(R2/2r2)(cos 2θ, sin 2θ) r > R

(3.25)

It can then be checked that the normal part ofδJ is continuous on the bound-
ary. The current flow inside the disk is constant, while out of the disk it hasa
dipole pattern whose transverse componentδJy is proportional tosin 2θ, as seen
in Fig. 3.7(a,b).

3.7.3 Wire with anisotropic conductivity

Our model for current induced potential corrugations also gives rise topredictions.
For example, as we have shown previously, we predict that narrow wires would
have much less surface and bulk induced potential corrugations [Fig. 3.10(c)]. An-
other prediction of our model (Sec. 3.4.1) is obtained when we generalize the sit-
uation to the case where the conducting wire is electrically anisotropic, such that
the resistivity is a diagonal tensor and Ohm’s law generalizes toEj = ρjJj for
j = x, y, z. In this case Eq. (3.7) becomes [3]

δJ(bulk)(k) = J0

(

kx
k · qq− x̂

)

δρx,k
ρx,0

, (3.26)

whereq = (kx/ρx, ky/ρy, kz/ρz). In the limit of a thin film, wherekz = 0, the
horizontal transverse current irregularitiesδJy are proportional tosin 2θκ/(1+(r−
1) cos2 θκ), wherer = ρy/ρx is the resistivity ratio. As demonstrated in Fig. 3.12,
the scattering at anglesθκ < 45◦ is suppressed ifr > 1 and enhanced ifr < 1, thus
changing the preferred scattering wavefront angle in the range0◦ < θκ < 90◦.
The overall magnetic corrugations are suppressed asr−3/4 in the limit of high
anisotropyr ≫ 1.
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Figure 3.12: For a current flowing through an electrically anisotropic wire, the
perturbation wavefront angleθmax

κ , giving rise to maximum transverse electron
scattering, will depend on the ratior = ρy/ρx between the transverse and lon-
gitudinal resistivities (main plot). The two-dimensional maps show the predicted
atomic density above a wire similar to that presented in Fig. 3.9 in the extreme
casesθκ = 0◦ (r ≪ 1), 90◦ (r ≫ 1) and the isotropic caseθκ = 45◦ (r = 1).
Bottom inset - the magnetic corrugation amplitude as a function ofθκ, which is
suppressed whenr > 1 [3].



Chapter 4

Nanowire atom chip traps for
sub-micron atom-surface
distances

4.1 Introduction

Decreasing the atom-surface distance should increase trap gradients sufficiently
to construct tunneling barriers with widths on the order of the atomic deBroglie
wavelength, enablinge.g.,atom chip interferometry based solely on static mag-
netic fields. Such high trap gradients may also allow more robust atom-light inter-
actions such as probing without heating in the Lamb-Dicke regime. Furthermore,
sub-micron distances are also important for technological advantages such as low
power consumption and high-density arrays of traps.

At small atom-surface distances, interactions with the nearby surface become
important. For example, spatial and temporal magnetic field fluctuations, due to
electron scattering and Johnson noise respectively, limit the minimum atom-surface
distance, as they cause potential corrugations, spin flips, heating and decoherence.
There have been several experiments utilizing cold atoms to study these interac-
tions [1, 43, 44, 45, 46, 47, 48], and many suggestions on how to overcome their
damaging effects [2, 3, 49, 50, 51, 52].

Also becoming prominent for small atom-surface distances is the Casimir-
Polder (CP) force [53]; normally attractive, it reduces the magnetic barrier and
allows atoms to tunnel to the surface, as already observed [54, 55].

Finally, let us note that the limitations could also be turned around to become
advantages. At very small distances the atoms may also serve as a sensitiveprobe
for surface phenomena. One example is electron scattering which we observed and
is described in this thesis. Another example are plasmons which are expectedto
affect the atomic external and internal degrees of freedom and may alsobecome
observable [56].

Let us note that there are numerous ideas for bringing atoms closer to the

67
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surface [78, 79, 80, 29, 81, 35, 82], all of which are, however, based on inter-
actions with fields other than static magnetic fields, the latter being the focus of
this work. We consider wires operating at room temperature, fabricated using
standard methods, in contrast to suspended molecular conductors [51, 83] and su-
perconductors, that reduce the Casimir-Polder force and noise originating in the
surface [48, 84, 85, 86, 87, 88] respectively.

This chapter is organized as follows: in Sec. 4.2 we show qualitatively that
creating static potential barriers on the scale of atomic deBroglie wavelengths, and
therefore suitable for controlling tunneling, requires micron or sub-micronatom-
surface distances. In Sec. 4.3 we present the physical properties ofgold nanowires,
including a theoretical analysis of their resistivity. In Sec. 4.4 we analyze the poten-
tials expected from such nanowires, including the Casimir-Polder force and poten-
tial corrugation effects. We show that improved fabrication methods can overcome
earlier limitations due to trapping potential roughness [46], which at sufficiently
small separations would otherwise cause the trapped atomic cloud to break into
smaller clouds (fragmentation). In Sec. 4.5, we estimate trap lifetimes limited by
atom losses due to noise-induced spin flips, Majorana spin flips, and tunneling.
In particular, we show how the spin-flip rate induced by Johnson noise is reduced
naturally by using very small amounts of material in the nanowires. We also con-
sider the issue of decoherence. In Sec. 4.6 we discuss a simple trap configuration
based on a Z-shaped gold wire. We show that such a nanowire structurecan gen-
erate static magnetic potentials, smooth enough for trapping a BEC at sub-micron
atom-surface separations. Finally, in Sec. 4.7 we briefly discuss nanowire traps
fabricated by more exotic materials.

Several novelties are presented in this chapter: First, it is the first time nanowires
are suggested as feasible trapping structures. Second, we present here for the first
time a detailed analysis of how to engineer static field tunneling barriers for atom
interferometry. Third, we present for the first time a recipe of how to estimate
the joint CP force originating from a wire on a substrate, and fourth, we show that
counter to common practice, spin-flip lifetimes as long as seconds may be achieved
very close to the atom chip surface.

4.2 Static magnetic potentials for atom interferometry

Two technical characteristics of potentials that are required in order to study atom
interferometry can be described in the following way: first, the potential barrier be-
tween adjacent wells should be sufficiently low or narrow so that the tunneling rate
is comparable to, or faster than, typical experimental or dephasing time scales; and
second, that this tunneling rate can be controlled with experimentally accessible
currents and fields.

Largely because of the weak1/r dependence of the magnetic potential on the
atom-wire distance, these tunneling conditions require very short distances. To
quantify this, we construct a simple waveguide potential using a single atom chip
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wire (in the x-direction) and an external bias field; current through a second atom
chip wire (in the y-direction) is added to generate a simple potential barrier in a
right-angle “X” wire configuration [89]. This configuration incidentally is exactly
opposite to the “dimple” configuration recently used for compressing atom chip
traps [90, 91].

The magnetic potential in thex−direction, generated by the crossing wire, is
given by:

V (x) = µAB0 +
µAµ0I

2π

z

z2 + x2
, (4.1)

whereµA is the atomic magnetic dipole moment along the direction of the Ioffe
fieldB0, I is the current in the crossing wire,µ0 is the permeability of free space,
andz is the distance of the atom from the atom chip surface. A one-dimensional
single-particle tunneling probability through the barrier can then be calculated in
the WKB approximation as

P = exp

(

−2

~

∫ xE

−xE

dx
√

2m[V (x)− E]

)

, (4.2)

whereE is the kinetic energy of the atom andV (±xE) = E. Assuming a kinetic
energy ofE = 1µK for a 87Rb atom (corresponding to a free-particle deBroglie
wavelength of≈ 0.33µm) in the |F = 2,mF = 2〉 state, we may then easily cal-
culate the change required in the currentI that causes a given proportional change
in the tunneling probability, as a function of the atom-surface distancez. The re-
sults of this calculation are shown in Fig. 4.1 for changing the tunneling probability
from 0.001 to some higher probability. The calculation suggests that controlover
the tunneling probability requires a distancez on the order of1− 2µm for experi-
mentally reasonable values of current control. In the simple model of Eq. (4.1), this
corresponds to a barrier half-width of2 − 4µm, comparable to experiments that
have observed interference between adjacent wells with the addition of non-static
fields [36, 37]. Thus, the desired static magnetic potentials can be generated only
if atoms can be brought down to micron or sub-micron distances above the wires
on the atom chip surface, at which point the tunneling rate can be tuned over an
experimentally useful dynamic range by adjusting the current in the crossing wire.
One may then envisage interferometric devices such as the ones we have proposed
in Refs. [92] and [93].

It is well known that, to avoid finite size effects which degrade the trap gradi-
ent, the wire size should be on the same scale as the atom-surface distance,i.e., for
the above noted heights ofd . 1− 2µm (see Fig. 4.1) one requires a micron-scale
wire. As will be shown in the following, it is advantageous to utilize even smaller
wire dimensions, namely nanowires. This will enable improving operational pa-
rameters at the above heights, or decreasing the atom-surface distance even further
without hindering effects.
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Figure 4.1: Tunneling probability through a barrier at several heightsd as a func-
tion of the change in the current∆I through the control wire, relative to the cur-
rentI0.001 for a probabilityP (I) = 0.001. A kinetic energy of1µK is assumed for
a single atom of87Rb. For this X-wire configuration, changing the current by a few
percent causes a drastic change in the tunneling probability ford = 10µm. Good
control over the tunneling probability requires the height to be aboutd . 1− 2µm.
The inset shows the potential barrier required to maintain a tunneling probability
of 0.001 as a function of the atom-surface separationd: for smallerd, a higher
barrier is required (as the barrier becomes thinner) so better tunneling control is
attained. The motivation for small atom-surface distances is quantified further in
Sec. 4.4.2.

4.3 Physical properties of thin wires

4.3.1 Wire fabrication and characterization

In order to study the possibility of trapping atoms using nanowires, we first dis-
cuss the fabrication feasibility. An example of one such (short) wire,20 nm thick
and50 nm wide, is shown in Fig. 4.2(a). This wire was prepared by us in a rela-
tively simple two-step process involving optical lithography (for external connec-
tion) followed by electron-beam lithography (for the nanowires). A Si substrate
with a well-defined oxide layer of100 nm thickness and a thin5 nm-thick Ti ad-
hesion layer is spin-coated with image reversal photoresist, which is then exposed
to ultraviolet light through a mask. After developing, a5 nm-thick Ti seed layer,
followed by a200 nm-thick Au layer, is then evaporated onto the sample and the
undeveloped areas lifted off, leaving large areas for connection to external test-
ing equipment. The sample is then spin-coated with a layer of PMMA, and the
nanowire plus several of the interconnects are patterned by electron-beam lithog-
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raphy. After developing, gold is evaporated onto the sample with the desiredthick-
ness and the fabrication is completed with a final lift-off process. This fabrication
process can easily be integrated with any atom chip design.

Using SEM images of the fabricated wires, we measured the edge roughness of
the resulting wires, as shown in Fig. 4.2(a). The spectrum of this edge roughness
can be characterized as frequency-independent (“white noise”) witha measured
root-mean-square deviation of2 nm for wavelengths of100− 800 nm.

Figure 4.2: (a) Scanning electron microscope (SEM) image of a2µm long,20 nm
thick and50 nm wide gold wire. Unless otherwise noted, the wires considered in
this study have square cross sections. (b) Calculated dependence of resistivity on
wire dimensions, based on the Fuchs-Sondheimer surface scattering model [94, 63]
of Eq. (4.4). (c) Maximum current considered safe for atom chip wire operation,
calculated for different wire cross-sections from Eq. (4.6), assumingthe nanowire
resistivityρ shown in (b) and the temperature coefficientα for bulk gold.

4.3.2 Wire resistance calculations

The resistivity of a nanowire increases beyond the bulk resistivity as the cross-
section dimensions become comparable to the mean free pathl of an electron
(l ≈ 40 nm for gold at room temperature [95]). In such a small wire the resis-
tivity may increase significantly [73, 96]. To estimate the change of resistivityin
a nanowire, we follow the theoretical model of Fuchs and Sondheimer [63,94],
which was extended by Chambers [64]. This model is supported experimentally
for gold nanowires [96]. For wire dimensions on the order of the grain size, a
supplementary model by Mayadas and Shatzkes [65] is needed in order toaccount
for scattering at grain boundaries. For the simple fabrication process wehave de-
scribed, the measured grain size is about20 nm, so for wire dimensions above this
size we can attribute the increase in nanowire resistivity solely to scattering atthe
walls as in the Fuchs-Sondheimer model [97].

For atom chip experiments, we are interested in the current density in the wire
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and not only the wire resistance. Therefore we give the current density in a wire
(alongx̂) of widthw (alongŷ) and thicknessh (alongẑ) as

J(y, z) = J0 [1− s(y; z)− s(w − y; z)− s(z; y)− s(h− z; y)] , (4.3)

whereJ0 = I/wh is the current density expected in the absence of surface scatter-
ing, and1

s(y; z) =
3

4π

arctan [(h−z)/y]
∫

− arctan(z/y)

dφ

∫ π

0
dθ sin θ cos2 θ exp

( −y
l sin θ cosφ

)

(4.4)

corresponds to scattering at they = 0 boundary,s(w−y; z) corresponds to scatter-
ing at they = w boundary, ands(z; y) ands(h−z; y), corresponding to scattering
at thez = 0 andz = h boundaries respectively, are obtained by replacingy by z
andh by w. The resulting resistivity is given byρ/ρ0 = J0/

∫ ∫

dy dz J(y, z),
whereρ0 is the bulk resistivity. It follows that the current density at the metallic
layer near the boundary drops to12 its value far from the boundary. To account
for surface scattering, one assumes a fractionp (0 ≤ p ≤ 1) of specular reflection
events at the boundaries; then the value of the resistivity for a given bulkmean free
pathl, is given by a series expansion

(

ρ0
ρ

)

p,l

= (1− p)2
∞
∑

n=1

npn−1

(

ρ0
ρ

)

p=0,l/n

, (4.5)

where(ρ0/ρ)p=0,l/n is the resistivity calculated for a wire with totally diffusive
scattering at the boundaries (p = 0) andl/n is the mean free path divided by the
number of reflections. Measurements of resistivity of thin gold wires are well re-
produced by a theory assumingp = 1

2 [73, 96]. Figure 4.2(b) shows that the calcu-
lated resistivities for wires with square cross-sections increase by up to about 50%
for cross-sections down to25µm.

4.3.3 Current limitations

Forming magnetic traps deep enough to hold ultracold atoms near the surface of
an atom chip requires sufficiently large currents in the microfabricated wires to
ensure that the trapping potential overcomes the gravitational force, the Casimir-
Polder attraction to the chip surface, and the kinetic and repulsive energyof the
atoms. However, if the current is too high, the wire overheats and may eventually
break down [74]. The wire temperature is determined by the balance between
ohmic heating (whose power dissipation per unit area ishρJ2) and the rate of
heat conduction to the wafer per unit area−κ∆T , whereκ is the thermal contact
resistance of the wire-wafer interface and∆T = T − T0 is the difference between

1Note the changes we have made to Eq. (1) in [96] and to Eq. (2) in [73].
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the temperatureT of the wire and the temperatureT0 of the wafer (typically room
temperature). The heat capacity of nanowires is so small that the wire reaches its
maximum temperature very rapidly; approximating the temperature dependenceof
the resistivity as that of bulk gold, whose linear coefficient isα = 0.0037K−1,
we obtain the current density required to heat a given wire by a temperature ∆T
as [74]

Jmax =

√

κ∆Tmax

hρ(T0)[1 + α∆Tmax]
, (4.6)

thus showing that thin wires allow higher current densities. On the other hand, if
the wire cross-section is on the order of the mean free path of the electrons, the rise
in the resistivity due to surface scattering [Fig. 4.2(b)] may limit this advantage. In
Fig. 4.2(c) we present the calculated maximum current density for different wire
cross-sections using an estimated value forκ = 4×106Wm−2K−1 from Ref. [74],
and assuming that we limit the rise in resistivity (due to heating) to 50%, which we
consider to be within safe operating limits for thin atom chip wires [74]. This
limitation in the resistivity change corresponds to heating by∆T = 1/2α = 135◦.

When considering a specific example (Sec. 4.6), we will show that currents
sufficient for generating atom chip traps may be an order of magnitude lower than
the limits shown in Fig. 4.2(c).

4.4 Atomic trapping potential

In this section we describe two prominent effects influencing the static potential
at sub-micron atom-surface distances generated by nano-scale wires,namely cor-
rugations due to electron scattering, and tunneling to the surface or the nanowire,
through the magnetic potential, due to the Casimir-Polder force.

4.4.1 Potential Corrugations

One of the limiting factors when trapping or guiding atoms in a magnetic poten-
tial generated from a current carrying wire is the static potential corrugation due to
current deviations [1, 2]. Such current irregularities are producedby wire imperfec-
tions, namely, geometrical properties (wire edge roughness and surface roughness),
and internal bulk inhomogeneities. Since atom chip traps are formed by canceling
the magnetic fieldBy generated by the current densityJ0

x at a specific distance
from the wired, the minimum of the trapping potential lies along the wire direc-
tion x̂. Variations in this potentialδBx(x) are then directly related to changes in
the direction of the magnetic field generated by the wire imperfections.

In previous work [1, 2], we concluded that internal bulk inhomogeneitiesplay
a minor role in thin wires (h < 250 nm). For wide wires, surface roughness dom-
inates the potential corrugation, but as we show below, edge roughnessdominates
for narrow wires. Consequently, in this work we need to consider only current
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deviations due to edge roughness since all of the nanowires consideredare thinner
and narrower thanh ≈ w < 250 nm.

Let us consider a fabricated metal wire carrying a total currentI. It extends
along thex̂ direction and has a widthw along ŷ and thicknessh along ẑ. The
boundaries of the wire are located aty = ±w/2 + δy±(x, z) andz = ±h/2 +
δz±(x, y). The corrugations of the wire boundariesδy± andδz± can be expanded
as

δy±(x, z) =
∞
∑

n=−∞

e2πinz/h
∑

k

eikxδy±n (k) (4.7)

and δz±(x, y) =
∞
∑

m=−∞

e2πimy/w
∑

k

eikxδz±m(k).

A linear theory for small corrugations predicts that the effect of each spectral com-
ponent of the corrugation is responsible for a corrugation of the magneticfield near
the atomic trap center with a similar wavelength2π/k along thex direction. How-
ever, the effect of components with wavelength much shorter than the distanced
between the wire and the atomic trap (on the order of hundreds of nanometers or
more) drops exponentially ase−|k|d so that here we will only be interested in cor-
rugations whose wavelengths are a few hundred nanometers or longer.We may
then neglect the effect of spectral components on the order of the wire width or
thickness and consider only corrugation terms withm = 0 andn = 0, i.e.,we may
assume thatδy± andδz± depend only onx.

Corrugations of the magnetic field along the main trapping axisx above the
center of a wire with geometrical perturbations are given by the Biot-Savart law as

δBx(r) =
µ0
4π

∫

d3r′
[

δJy(r
′)
∂

∂z′
− δJz(r

′)
∂

∂y′

]

1

|r− r
′|
, (4.8)

whereδJy, δJz are the transverse current fluctuations in the wire. At the point
exactly above the center of a nominally symmetric wire, it follows that only the
symmetric components ofδJy [δJy(y) = δJy(−y)] and the anti-symmetric com-
ponents ofδJz [δJz(y) = −δJz(−y)] contribute to the magnetic field. The fab-
rication process typically provides wires whose edge corrugations are much larger
than their top or bottom surface corrugations, so that the symmetric part ofδJy is
the major contribution to the magnetic field fluctuations.

Ohmic theory, which is adequate when the width and thickness of the wire
are much larger than the electron mean free path and whose use we justify below,
predicts that for wavelengths longer than the wire width or thickness the symmet-
ric y-current fluctuations in the wire have the form

δJ sym
y (x, y) = iJ0

x

∑

k 6=0

k eikx
(δy+k + δy−k )e

−|k|w/2

1 + e−|k|w
cosh(ky), (4.9)
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such that in the limit where|k|w ≪ 1, δJy(x, y) ∼ J0∂ycenter/∂x, whereδycenter =
(δy+ + δy−)/2 is the position of the actual center of the wire at a given pointx.
Substituting this limit into Eq. (4.8) while assuming small deviations of the wire
edges from their nominal position, and assuming thatw ≪ z, i.e., the width of
the wire is much smaller than the distance of the atom to the wire, we obtain the
following expression for the magnetic field corrugations above the wire

δBx(x, 0, z) =
iIµ0
2π

∑

k

eikx k2 δycenter(k) K1(|k|z), (4.10)

whereI =
∫

dy
∫

dz J(y, z) is the total current in the wire andK1(kz) is the modi-
fied Bessel function, which may be approximated byK1(u) ≈ (e−u/u)

√

1 + πu/2.
Our model for the fluctuation spectrum assumes thatδyc(k) = δy0(k0/k)

αeiϕ,
whereδy0 is the edge fluctuation at some wavevectork0 and thenδyrms

c can be
obtained by summing this spectrum over allk. Typically,α is a number between 0
(“white-noise spectrum”) and 1 (“1/f spectrum”), whileϕ is a random phase. It
follows that the root-mean-square value of the field fluctuations is given by

〈δB2
x〉 =

(

Iµ0δy0k
α
0

2π

)2
∑

k

k4−2αK1(k|z|)2. (4.11)

If we assume that the distance|z| is much shorter than the lengthL of the measured
wire, we obtain

δBrms
x

B0
≈ A(α)

δyrms
c

(2z)3/2−α
, (4.12)

whereB0 = Iµ0/2πz is the regular magnetic field at they direction. HereA(α)
has units of (length)1/2−α and is given by

A(α)2 =
L/π

∑

k k
−2α

[

1 +
π

4
(3− 2α)

]

Γ(3− 2α), (4.13)

where the sum is overk values taking integer multiples of2π/L up to a cut-
off kmax = 2π/λmin. Typical values of this sum forα = 0 andα = 1 are

∑

k =
L/λmin and

∑

k k
−2 = L2/24 respectively, whenkmax → ∞.

The same result should be obtained if we consider diffusive surface scatter-
ing. As we have seen in Sec. 4.3.2, in nano-sized wires, the conductivity near
the boundary is reduced by diffusive surface scattering (with a typicalexponential
decay lengthl from the wire edge). This means that diffusive scattering is lim-
ited to a region of dimension smaller thanl. At the same time, the corrugation
wavelengths2π/k relevant at the atom position,e.g.,similar to or larger than the
atom-surface distance, induce current density directional daviations away from the
edge with an exponential decay length of1/k. As1/k ≫ l most of the current will
follow the corrugations of the boundary even in the case of surface diffusive scat-
tering, such that the resultingy-current fluctuations will again generate transverse
components of the current proportional to the derivative∂δycenter/∂x. We thus
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use the ohmic theory whose general form was developed in Ref. [2] to calculate
the magnetic field corrugations above the wire.

In Fig. 4.3 we present calculated directional variations of the magnetic field|δBx/B0|,
generated by the trapping wire, as a function of the heightd for several wire cross-
sections. The edge roughness amplitude is measured from our fabricatedwires and
was found to be frequency-independent [α = 0 in Eq. (4.12)] with a measured
root-mean-square deviation of2 nm between100− 800 nm 2. In accordance with
Eq. (4.12), we see that, for a given edge roughnessδyrms

c , smaller wires produce
only slightly larger magnetic corrugations. The effect of such magnetic corruga-
tions on the atomic density will be discussed in Sec. 4.6. We also see that the
influence of the surface roughnessδz±(x, y) is negligible for the narrow wires dis-
cussed in this work due to the suppression of long wavelengths in the magnetic
corrugations [2].

4.4.2 Engineering longitudinal potential variations by nanowire shap-
ing

Shaping the nanowire edges may be used for creating potential variations desired
for manipulating atoms near the atom chip surface. Having characterized thede-
pendence of magnetic field variations on wire edge imperfections, we may now
discuss quantitatively the deliberate “tailoring” of magnetic trapping potentials by
engineering wire edge profiles. For the purposes of this study, as notedin the Intro-
duction, we are particularly interested in potentials with sufficient variation sothat
tunneling barriers can be controlled. This is the main advantage of trapping atoms
close to the trapping wire. Supplementing the motivation for a small atom-surface
distance presented in Sec. 4.2, we now wish to determine the highest “potential
resolution”,i.e., the smallest distinguishable distance between adjacent wells sep-
arated by static tunneling barriers, as a function ofd.

As a test case for quantifying this potential resolution, we consider a con-
figuration in which a thin wire is curved with a certain periodicityλ that corre-
sponds to a wave-vectork = 2π/λ. If the amplitude of this curvature is small
with respect to the wavelength, then the foregoing discussion implies that the mag-
netic field above the wire is given by a single|k| component in Eq. (4.10), and
thenV (x) = V0 cos kx, whereV0 = µAµ0Ik

2δycenterK1(kz).
At the minima of such a periodic potential, the longitudinal frequency isω =

√

V0k2/m, wherem is the atomic mass. In order to engineer potential barriers
between adjacent minima higher by a factor of say,η than the single-atom ground
state energy, we require2V0 > 1

2η~ω, or V0 > (η2/16)~2k2/m. In Fig. 4.4
we show the maximum atom-surface distance for which a longitudinal barrier
with η = 2 can be obtained. These curves show that the maximum atom-surface

2We note that in the case of edge roughness with1

f
power spectrum (α = 1), the directional

variations of the magnetic fieldδBx/B0 will be an order of magnitude higher (8× 10−3 compared
to 7× 10−4 atd = 0.6µm), and will lead to significantly larger density perturbations.
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Figure 4.3: Directional variation of the magnetic fields|δBx/B0|, calculated from
Eq. (4.8) as a function of the atom-surface distanced. We consider wires with
square cross-sections of50−200 nm and the narrow-wire approximation presented
in Eq. (4.12). The same edge roughness is used for calculating the magneticvaria-
tions for all the wires. The small differences amongst the wires, despite relatively
higher edge roughness of the narrower wires, corresponds to Eq. (4.12) in which
only the absolute quantityδyrms

c appears. These differences are smallest ford≫ w
and become larger asd approachesw. The inset shows the directional variation of
the magnetic field at a fixed height ofd = 0.6µm and for a fixed wire thickness
of h = 0.1µm, where we plot the influence of edge roughness (solid curve) and
surface roughness (dashed curve) over a wide range of wire widthsw. The effect of
the surface roughness drops strongly for narrower wires, since long wavelengths of
the magnetic corrugations are suppressed [2]. For the nanowires considered herein,
magnetic variations are completely dominated by edge roughness.

distance still allowing tunneling control is on the order of the potential periodic-
ity λ. Designing the edges of a wire as the sum of different modulations therefore
allows engineering of any periodic potential up to a resolution determined by the
atom-surface distance. Consequently, as also seen in Sec. 4.2, atom-surface dis-
tances of1 − 2µm (or sub-micron distances in some cases) will be required to
fully exploit the potential of an atom chip based on static magnetic fields.

4.4.3 Attractive Casimir-Polder potential

The Casimir-Polder potential between a polarizable atom and dielectric or conduct-
ing objects [98] is one of the fundamental outcomes of zero-point vacuumfluctu-
ations. It emerges from the fact that a dielectric or conducting object modifies the
modes of the electromagnetic (EM) field in its vicinity, modes which interact with
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Figure 4.4: Potential spatial resolution achievable with wire currents from0.05 −
50mA. We present the maximum atom-surface distanced for which the longitu-
dinal barrier between two adjacent minima in a periodic potential is at least twice
the energy of the longitudinal ground state. Obtaining static magnetic potential
features with a resolution on the order of the deBroglie wavelength,i.e., for a po-
tential periodicity on the order ofλ ≈ 1µm, requires the atom-surface distance to
bed . 2µm. Wire currents of0.5 and5mA are the maximum currents that can
be sustained through20 and100 nm atom chip wires, respectively [Fig. 4.2(c)].
The0.05mA curve is useful when discussing a specific example of an atom chip
trap (Sec. 4.6). Increasing the current by three orders of magnitude to50mA serves
to increase the required height by just a factor of two, despite being well beyond a
safe atom chip current even for a200 nm nanowire.

the atomic polarization. In our case, an attractive Casimir-Polder potential arises
from the conducting gold nanowire and from the Si wafer coated with a100 nm-
thick SiO2 layer (used to prevent electrical shorts). The Casimir-Polder potential
reduces the potential barrier for tunneling to the surface, thereby limiting thepos-
sibility of trapping atoms near the surface3.

The EM modes of the combined surface+wire system are not analytically solv-
able and we will therefore carry out a separate examination of the Casimir-Polder
potential emerging from the Si+SiO2 planar wafer, as discussed in earlier work [52],
and from a simplified model that takes the wire as a perfectly conducting circular
cylinder of a certain diameter. We then take the sum of the two contributions as an
estimate for the combined potential as a sort of pairwise additive approximation,
PAA. Based on our earlier experience from the planar two-layer system,we antic-

3Note that numerous ideas on how to alter the Casimir-Polder force exist [56, 99, 100, 101], and
may, if proven successful, enable decreasing the atom-surface distance even further.
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ipate that this approach should at least give the right order of magnitude for the
accurate Casimir-Polder potential.

In general, the Casimir-Polder potential may be written in the form

UCP (r) = i~

∫ ∞

−∞
dω α(ω) [Γ(r, r, ω)− Γ0(r, r, ω)] , (4.14)

whereα(ω) is the frequency-dependent atomic polarizability andΓ(r, r, ω) is the
trace over the Green’s tensor of the electromagnetic field at the same pointr,
with Γ0 being the Green’s tensor in empty space, responsible for a space-independent
Lamb shift. For distances from the dielectric or conducting object much larger
thanλ0/2π, whereλ0 is the wavelength corresponding to the lowest optical transi-
tion frequency, the Casimir-Polder potential generated by a planar structure made
from a layer of thicknesst with a dielectric constantǫ1 atop an infinitely thick
dielectric layer of dielectric constantǫ2 has the form (see Appendix and Ref. [52])

UCP (z) = − ~cα0

2π

1

z4
F (ǫ1, ǫ2, t/z), (4.15)

whereα0 is the static atomic polarizability. The dimensionless functionF takes
the single-layer limiting valueF ∼ 3

4
ǫ−1
ǫ+1 φ(ǫ) with ǫ = ǫ1 whenz ≪ t, and

with ǫ = ǫ2 whenz ≫ t, whereφ(ǫ) is on the order of unity [102].F = 3
4 is

obtained in the vicinity of a perfectly conducting thick layer. In our caseα0 =
47.3 × 10−24 cm3 is the ground state static polarizability of the87Rb atom [103],
ǫ1 = 4 for the SiO2 layer, andǫ2 = 12 for the Si wafer.

As stated above, we wish to compare contributions to the Casimir-Polder po-
tential from the three different components comprising the surface: the Sichip,
the SiO2 layer of thicknesst, and the gold nanowire of thicknessh. For this com-
parison to be meaningful, we require a common reference for the distance vari-
ablez, which we define as the distance from the top of the SiO2 surface. Then the
distance from the Si chip isz + 100 nm and the distance from the top of the gold
nanowire isz − h. To factor out the strongz−4 dependence, we plot the quan-
tity F(z) ≡ −UCP (z)

2π
~cα0

z4 in Fig. 4.5(a) for the Si+SiO2 bilayer. This is com-
pared to a sum of two models (shown separately in the figure): one where the half
space forz < −100 nm is full of Si while the other half is empty; and another in
which only a100 nm-thick SiO2 layer exists, with empty space forz < −100 nm.
The figure shows that simply summing the two potentials over-estimates the exact
result by 8-15% over the relevant range, but it gives the right orderof magnitude.

Next we consider the Casimir-Polder potential for an atom at a distanceR
from the center of a cylindrical conducting wire of radiusa where we seta =
h/2. It appears that the main contribution to the integral in Eq. (4.14) comes from
frequencies on the order ofω ∼ c/R. In our case, whereR < 1µm, the skin depth
for a gold wire with resistivityρ = 2.2 × 10−8Ω ·m is δ =

√

2ρ/µ0ω . 10 nm,
which is much smaller than the width or thickness of the nanowires considered.
We can therefore use a model where the wire is perfectly conducting (impenetrable
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Figure 4.5: (a)F factor for the bilayer system of thick Si coated by a100 nm layer
of SiO2, similar to the system studied in Ref. [52]. The exact calculation (solid
curve) is compared to the sum (dashed) of two separate systems – the SiO2 layer
alone (dashed-dotted) and the Si layer alone (dotted). For the contribution of the Si
layer the factorF would be constant for a system of coordinates starting at its
top (z = −100 nm), but here it is rescaled to the coordinate system wherez = 0
is at the top of the SiO2 layer (see text). The sum of the two separate contributions
over-estimates the exact result by about 8-15% over the relevant range. (b) F
factor (again rescaled toz = 0 at the top of the SiO2 layer) for the planar wafer
(solid curve) reproduced from (a) and for perfectly conducting cylindrical wires
of diameters2a = 50 − 200 nm (broken curves) lying on the wafer surface. Two
important reasons for the differences between the wires are the different atom-wire
distancesz − 2a, which is smaller for thicker wires, and the larger solid angle
subtended by the wider wire.

for EM waves), such that the EM Green’s tensor is much simpler than in the general
case. The Casimir-Polder potential is then given by

UCP (R) = − ~cα0

2π

1

(R− a)4
F (a/R). (4.16)

For a/R > 0.2 the functionF is nearly linear,F (a/R) ≈ 0.53(a/R) + 0.22,
tending toF = 3

4 asR→ a, where the surface of the cylinder is similar to a planar
conducting surface. In the opposite limita/R ≪ 0.1 the functionF drops to zero
asF (a/R) ∼ − 2

3 log(a/R) (see Appendix).
Figure 4.5(b) again shows the factorF for the Casimir-Polder potential from

the planar (i.e., Si+SiO2) surface in comparison toF for cylindrical wires of dif-
ferent diameters2a. It is evident that the contribution of the wire is dominant when
the distance from the wire is less than 5-7 times the diameter of the wire. For larger
distances the contribution of the wire falls to half or less than the contribution of
the surface. Given our experience with the bilayer system [52], we expect the ex-
act calculation of the wire+surface to deviate by the same order as we observe for



4.5. ATOM LOSS 81

the bilayer,i.e., less than 20%. This degree of inaccuracy may also follow from
the fact that the wires do not have circular cross-sections but squareor rectangular
ones. Therefore we believe that taking the sum of the two models can be expected
to give at least an order of magnitude estimation of the Casimir-Polder potential.

4.5 Atom loss

In this section we analyze the lifetime for atoms in the nanowire trap. This lifetime
includes the spin-flip rate due to thermally induced noise, the Majorana spin-flip
rate, and the tunneling rate to the surface. Finally, we estimate the decoherence
rate due to the thermally induced noise in the room temperature surface.

4.5.1 Spin flip due to thermal noise

The magnetic thermal noise (Johnson noise) arising from conducting materials on
the atom chip is coupled to the trapped atomsvia their magnetic momentµA. As
a consequence, spin flips, heating and decoherence become dominant close to a
conductor even without applied currents. Here we calculate the trap loss rate due
to spin flips. We assume that the spectrum of magnetic noise from the conductor is
roughly constant for frequencies in the MHz region, the latter being able todrive
magnetic transitions between Zeeman sub-levels in the same hyperfine level. Inthis
case the magnetic moment isµA = µBgF F̂, whereµB is the Bohr magneton,gF is
the Land́e factor for the hyperfine level and̂F is the hyperfine spin operator. Using
the theory developed by Henkel, the thermal spin-flip rate from an initial trapped
Zeeman state|i〉 to a final untrapped state|f〉 can then be written as [3, 49, 104]:

Γth(x) =
µ2Bg

2
F

~2

∑

j,k=⊥

〈i |Fj | f〉 〈f |Fk| i〉 Sjk
B (x,x, ωif ), (4.17)

where we sum the contribution of all components of the noise perpendicularto the
atomic magnetic moment. Here the functionSjk

B is the correlation function of the
magnetic field noise, which is given by

Sjk
B (x1,x2, ω → 0) =

kBT

4π2ρ ǫ20 c
4
[Tr {Xjk(x1,x2)} δjk −Xjk(x1,x2)] ,

(4.18)
with Xjk being a geometrical factor which also averages over1/ρ(x) if the resis-
tivity changes in space:

Xjk(x1,x2) =
ρ

2

∫

V

d3x′

ρ(x′)

(x1 − x′)j (x2 − x′)k

|x1 − x′|3 |x2 − x′|3
. (4.19)

TheXjk sum up the contribution of local fluctuations arising from each point in
the conductor’s volume. We calculate Eq. (4.17) within the quasi-static approxi-
mation [3, 105], which is valid when the atom-conductor distance is smaller than
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the skin depthδ =
√

2ρ/µ0ωL (ωL is the Larmor frequency). This condition is
easily met here since the skin depths of metals in the MHz region are typically tens
of µm (e.g.,gold has a skin depth ofδ ≈ 70µm).

In Fig. 4.6(a) we present estimated lifetimes for trapped atoms due to thermal
noise-induced spin flips. The wire size greatly affects the lifetime, mostly because
smaller wires place much less conducting material near the atoms, and also because
of their higher resistivity. For a50× 50 nm wire, we estimate that the lifetime of a
cloud trapped500 nm from the wire surface is≈ 5 s, so we do not expect thermal
noise-induced spin flips to be a dominant loss mechanism in typical experiments.

4.5.2 Majorana spin flips

Cold atoms in a low-field seeking state that are trapped near a vanishing magnetic
field can undergo a spin-flip transition to a high-field seeking state that is untrapped
(Majorana spin flips). Applying a small offset (Ioffe-Pritchard) fieldB0 will gen-
erate a non vanishing field at the trap center, hence reducing the spin-fliptransition
rate as given by the approximate formula [106]:

ΓM =
πωr

2
exp

(

−2|µA||B0|+ ~ωr

2~ωr

)

, (4.20)

whereωr is the trap radial frequency. Equation (4.20) is valid when the Larmor
frequencyωL = |µA||B0|/~ ≫ ωr, requiring thatB0 ≫ 50mG for typical ra-
dial frequencies. In the following sections, we choose a Ioffe-Pritchard fieldB0

that simultaneously satisfies this condition and yields a Majorana spin-flip lifetime
of 2 s.

4.5.3 Tunneling to the chip surface

As a result of the Casimir-Polder potential, the magnetic barrier between the sur-
face and the atoms is lowered, and atoms can tunnel through the barrier to theatom
chip surface or wire. Calculated tunneling lifetimes are presented in Fig. 4.6(b),
where we use a weighted average of the tunneling rate over all points in the(x, y)
plane. For each point(x, y) we use the WKB approximation for tunneling through
a one-dimensional potential barrier along thez direction [52]:

Γtunn =

∫ ∫

dx dy P (x, y)

[

ωr(x, y)

2π

]

exp

(

−2

∫ z2

z1

dz

√

2m

~2
[U(x, y, z)− µ]

)

,

(4.21)
whereµ is the chemical potential and the integration overz is between the classi-
cal turning pointsz1(x, y) andz2(x, y) defined byU(x, y, z1) = U(x, y, z2) = µ.
The weighted tunneling probability appearing in the integrand is given at anypoint
by P (x, y) = 1

N

∫

dz n(x, y, z), wheren(x, y, z) is the particle density and the
transverse frequencyωr(x, y) = ~

√

〈k2z〉/2mL(x, y) is the inverse of the aver-
age round-trip time for a particle moving between the turning points [L(x, y) =
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z1(x, y) − z2(x, y)]. These quantities are all calculated by solving the Gross-
Pitaevskii equation for 1000 atoms of87Rb. In a typical trap generated by a Z-
shaped wire (e.g.,see Sec. 4.6), most of the tunneling occurs either at the center of
the trap (where the atoms are closest to the wire) or at the trap ends (wherethe po-
tential curves down towards the surface). Because of the much higher atom density
directly above the wire, the lifetime is governed mostly by tunneling to the wire
rather than to the surface, as discussed further in Sec. 4.6.
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Figure 4.6: (a) Trap lifetimes due to thermal noise-induced spin flips, calculated for
atoms trapped at distancesd above wires with square cross sections of25−200 nm.
Reducing the wire size increases the lifetime; for the50 × 50 nm wire the life-
time exceeds the selected Majorana lifetime of2 s for distancesd > 0.37µm.
For comparison, the lifetime1µm above a very wide wire would be< 10ms.
(b) Tunneling lifetimes calculated for a BEC of 1000 atoms in traps generated
at different distancesd, compared to the Majorana spin-flip lifetime (kept con-
stant at2 s), assuming a current of40µA passing through a50 × 50 nm trapping
wire. This current is more than an order of magnitude below the maximum for
such a nanowire [Fig. 4.2(c)]. The solid and dashed curves are calculated assum-
ing surface-only and wire-only contributions to the Casimir-Polder force respec-
tively. Even though these Casimir-Polder forces are of the same order ofmagni-
tude [Fig. 4.5(b)], the atomic density is much higher directly above the wire, so
tunneling to the wire is much faster than tunneling to the Si+SiO2 surface; the lat-
ter tunneling proceeds mostly from the cloud edges, where the atomic density is
much lower. The dotted curve is calculated for a potential combining the wire and
surface Casimir-Polder forces; the corresponding tunneling lifetime is shorter yet
because the trap barrier is reduced along the entire wire and at the cloud edges. In
this approximate calculation, the tunneling lifetime exceeds the Majorana lifetime
for distancesd > 0.55µm. Using higher currents for such wires would increase
the tunneling lifetime and is discussed further in Sec. 4.6.
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4.5.4 Spatial decoherence

As we have noted above, fluctuations of the magnetic field perpendicular to the
quantization axis of the atom may cause transitions of the atom between Zeeman
states defined along this axis. Conversely, fluctuations of the magnetic field along
the quantization axis cause spatially dependent energy fluctuations, whichmay be
viewed as potential fluctuations for the atom. These potential fluctuations imply
that the phase of the atomic wavefunction at two locationsx1 andx2 will also
fluctuate, giving rise to dephasing. We find that the mean square of the phase
difference after a timet is given by

〈[φ(x1)− φ(x2)]
2〉 = m2

F g
2
Fµ

2
B

~2

〈

[
∫ t

0
dt′B‖(x1, t

′)−
∫ t

0
dt′′B‖(x2, t

′′)

]2
〉

,

(4.22)
whereB‖ is the magnetic field component along the quantization axis. For a time
scale much longer than the inverse of the magnetic noise bandwidth, we may take
the random-walk limit

∫ t
0 dt

′
∫ t
0 dt

′′〈B‖(t
′)B‖(t

′′)〉 = 1
2S

‖
B(ω → 0)t, whereS‖

B is
the magnetic field correlation tensor of Eq. (4.18) along the coordinate of thequan-
tization axis. It then follows that the square of the phase difference grows linearly
with time. This implies, in accordance with the theory developed by Henkel [107],
that the coherence, which may be defined asg(1)(x1,x2) = 〈ei[φ(x1)−φ(x2)]〉, drops
exponentially with the standard deviation of the difference,i.e., g(1)(x1,x2) =
exp(−Γdect), with

Γdec =
m2

F g
2
Fµ

2
B

2~2

[

S
‖
B(x1,x1) + S

‖
B(x2,x2)− 2S

‖
B(x1,x2)

]

. (4.23)

Figure 4.7 shows the decoherence rate of a split atomic wavefunction at twopoints
located at an equal distanced above an infinitely long and thin wire, as a func-
tion of the longitudinal separation between the points. Similar results are obtained
when the two points are located above two separate parallel wires creating alo-
cal potential minimum above each of them, as a function of the separation be-
tween the two wires (and consequently between the two points). When the dis-
tance betweenx1 andx2 is much larger than the distance to the wire, the cor-
relation termSB(x1,x2) becomes negligibly small and the decoherence rate de-
pends only on the distance of the two points from the wire. For87Rb atoms in the
state|F,mF 〉 = |2, 2〉 it follows that forx1,x2 equidistant from the wire, the deco-
herence rate isΓdec(|x1 − x2| → ∞) = 2.4Γth, whereΓth is given in Eq. (4.17).
We see that, if the nanowire trap is constructed with a coherence lifetime long
enough,e.g.,for interferometer experiments, then the experiment will not be lim-
ited by thermal spin-flip losses. Moreover, we see that coherence lifetimeson the
order of1 s may be expected for the nanowire traps discussed here.
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Figure 4.7: The rate of spatial decoherence between two pointsx1 andx2 above
the wire as a function of their longitudinal separation, relative to their distance d to
the wire. The decoherence rate is given relative to its maximum value when thetwo
points are very far apart relative tod. The model assumes that the wire is infinitely
long and much narrower than the distanced. When the two points are separated
by more than about 4 times their distance from the wire, the magnetic noise at the
two points becomes uncorrelated, resulting in the decoherence rate asymptotically
reaching a maximum as shown. Under these circumstances, the rate depends on the
wire width in the same way as the thermal spin-flip lifetime shown in Fig. 4.6(a),
but is 2.4 times shorter (see text for details).

4.6 Specific nanowire atom chip trap

We now apply the foregoing general properties of nanowires and their associated
magnetic fields and noise to a specific example. We simulate a typical atom chip
Z-shaped trap [17], aiming to achieve the smallest atom-surface separationwhile
maintaining a lifetime> 1 s. Compatible with the fabrication process presented
previously, we choose a50µm-long gold nanowire with a50 × 50 nm cross-
section. This choice minimizes the Casimir-Polder force due to the wire, thus
lengthening the tunneling lifetime [Fig. 4.5(b)], and at the same time reduces
thermal magnetic noise contributions to atom loss [Fig. 4.6(a)]. The ends of the
nanowire are connected to conventional gold leads and are included in themag-
netic field simulation. We consider a current of40µA, which is well below the
calculated maximum current of1.2mA [Fig. 4.2(c)]. By applying a bias field
of 132mG in the ŷ direction, a trap is generated at a distance of0.6µm from the
wire. Trap lifetimes for closer atom-surface distances would be limited by much
faster tunneling. Applying a second bias field of83mG in thex̂ direction ensures a
Majorana spin-flip lifetime> 2.0 s. These parameters specify the basic atom chip
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trap configuration, whose properties we now discuss.
The trap depth, defined as the highest-energy isopotential that does nottouch

the surface, is about2.9µK and is limited by the Casimir-Polder potential. An
isopotential for a slightly higher energy is shown in Fig. 4.8(a). The radialfre-
quency at the trap minimum is about10 kHz, which is controllable over a wide
range since we are passing such a modest current through the nanowire. The con-
necting legs of the Z-wire act as “end caps” for a waveguide potential thatlies
almost directly above the nanowire. Corresponding weighted tunneling probabil-
ities are shown in Fig. 4.8(b) and (c). As was shown in Fig. 4.6(b), the tunneling
lifetime due to the combined wire and surface Casimir-Polder potential is an order
of magnitude shorter than that due to the wire Casimir-Polder potential.
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Figure 4.8: (a) Lower half of an isopotential surface at2.9µK for an atom chip trap
centered atd = 0.6µm, created by passing a current of40µA through a50×50 nm
gold nanowire. The isopotential has been compressed in thex-direction by a fac-
tor of 20 for better visibility, and potential corrugations have been ignored. The
nanowire is50µm long. The potential sheet below the closed trap surface is due to
the Casimir-Polder potential from the atom chip surface and the nanowire. The far
edges of the isopotential surface touch the Casimir-Polder potential sheet,imply-
ing that2.9µm is the trap depth. (b-c) Weighted tunneling probabilities [integrand
of Eq. (4.21)] calculated for a Bose-Einstein condensate of 100087Rb atoms. The
tunneling probabilities in (b) consider only the Casimir-Polder contribution from
the Si+SiO2 planar surface; in (c) the calculation considers only the Casimir-Polder
contribution from the nanowire. Peak probabilities occur in (b) at the endsof the
trap because the potential bends towards the surface, even though the atomic den-
sity is low there. The peak tunneling probabilities in (c) occur all along the wire
axis, even though the potential barrier is higher there, since the atomic density is
highest there also; the probabilities in (c) are about ten times higher than in (b). For
the potential combining all Casimir-Polder contributions, the tunneling lifetime is
about50 s.

The trap formed for such small distances from the nanowire is “box” shaped
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along the longitudinal axis, as shown in Fig. 4.9(a). The smoothness of the trap
bottom along the wire axis is limited only by the edge roughness of the nanowire
(white-noise spectrum with2 nm rms, see Sec. 4.3.1) and has a standard deviation
of about8.2 nK. The effect of this corrugation on the ground state of trapped atoms
is examined by solving the Gross-Pitaevskii equation forN interacting bosons con-
fined by the magnetic potential of the atom chip nanowire [13]:

[

− ~
2

2m
∇2 + V (r) + g|ψ(r)|2

]

ψ(r) = µψ(r), (4.24)

wherem is the atomic mass,V (r) is the external potential,µ the chemical po-
tential, andg = 4π~2a/m is the atom-atom coupling constant, witha being the
s-wave scattering length (a = 5.052 nm for 87Rb). We do not use the Thomas-
Fermi approximation since we do not expect a “large” number of atoms to be
held in the trap. The calculated chemical potential forN = 1000 atoms of87Rb
is 13 kHz · 2π~= 625 nK, which is about14 of the trap depth [Fig. 4.8(a)]. In
Fig. 4.9(b) we present the calculatedin-situatomic density, which shows a standard
deviation of 3.8% due to the nanowire edge corrugation effects. The isopotential
plotted in Fig. 4.9(c) for an energy just above the minimum presents another view
of the potential corrugation.

We see that a sufficiently deep trap can be formed using static magnetic po-
tentials generated by nanowires, with sub-micron atom-surface separations. The
main limitations for such traps will be cloud fragmentation and tunneling due to
the Casimir-Polder potential. The latter limitation can be overcome using higher
currents. For a50×50 nm wire, we can use a current up to1.2mA [Fig. (4.2)]; at a
heightd = 0.6µm and a currentI = 0.8mA, the trap depth increases to> 100µK
and the tunneling lifetime increases by many orders of magnitude. However, in
this configuration the potential corrugation causes severe atomic density fragmen-
tation, with a calculated standard deviation of 40%. In order to reduce the effects
of potential corrugation, we can increase the chemical potential by shortening the
nanowire trap. Shorter nanowires can actually be fabricated more easily and such
traps would not be expected to significantly reduce the tunneling lifetime.

4.7 Anisotropic conductors

Replacing pure metals with other conductors such as superconductors, alloys or
molecular conductors (see Introduction) may bring numerous advantages. As an
example, we briefly describe utilizing electrically anisotropic materials and their
qualities in the context of this work [3]. In particular, if we orient the “good”
conductivitya-axis parallel to the wire direction̂x, the spatial and internal state
decoherence rate of a trapped atomic sample is lowered by a factor on the order of
the transverse conductivity suppression relative to gold, which may be several or-
ders of magnitude. The greatest advantage of using such materials would therefore
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Figure 4.9: (a) Minimum-energy path for a trap generated by running40µA
through a Z-shaped nanowire, where the central portion of the Z-wire is50µm
long: for each value of the longitudinal distancex, we show the minimum potential
in theyz-plane. (b) Ground-state atomic density map (integrated along a viewing
axis ŷ perpendicular to the nanowire and shown in units ofµm−2) for atoms at a
trap height ofd = 0.6µm, calculated with the Gross-Pitaevskii equation for 1000
atoms of87Rb. The calculated potential corrugation perturbs the atomic density,
which has a standard deviation of 3.8% along its length. (c) An isopotential sur-
face of the trapping potential for an energy0.1µK above the trap minimum. The
longitudinal axis is compressed by a factor of 50 for a better view. The potential
corrugation is due to the trapping wire edge roughness, with a measured standard
deviation of2 nm. The potential sheet below the closed trap surface is due to the
Casimir-Polder potential from the atom chip surface and the nanowire. Thein-
set shows a 1D cut of the potential above the trap center, with the energy of the
isopotential surface shown by the dashed red line.

be for interferometric measurements with atom chips. The anisotropy in the resis-
tance is also expected to decrease the effect of wire edge roughness on potential
corrugations.

For a direct comparison with the gold Z-wire trap described above, we wishto
maintain a current of40µA through the trap. Thea-axis resistivity for these mate-
rials is typically larger than the resistivity of gold. For a material such as SrNbO3.41

the temperature of the wire at a current density of105A/cm2 is not expected to
rise significantly [3], and hence the spin-flip lifetime due to thermal noise of the
wire is expected to be about 200 times longer [Eq. (4.18)] than for the comparable
gold nanowire. We note that this improvement is not due to the anisotropic nature
of the wire but simply to its high resistivity (about 200 times that of gold). An addi-
tional factor of 2 may be gained for “one dimensional” anisotropic conductors due
to the specific anisotropic nature of these wires [3]. Reducing the current density
to 105A/cm2 (2 orders of magnitude smaller than that allowed in gold) requires a
correspondingly increased wire cross-section of200×200 nm to maintain the same
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current. Following Fig. 4.6(a) this would reduce the above lifetime by a factorof
about 20, ultimately yielding an increased spin-flip lifetime of a factor of∼ 20.

Metallic nanowires have limited maximum current densities due to the increase
in their wire resistivity (Fig. 4.2) from diffusive scattering at the wire surfaces.
However, surface scattering for an anisotropic wire (where the surfaces are parallel
to the good conductivity axis) may be significantly smaller and will have less ef-
fect on the wire resistivity, hence enabling higher current densities thandiscussed
above. One may even speculate that at small dimensions the resistivity relevant for
the current density [Eq. (4.4)] and that relevant for the Johnson noise [Eq. (4.18)]
may become decoupled.

It is evident that the behavior of electrons in anisotropic materials in the context
of surface scattering (resistivity) and edge currents (fragmentation) requires further
theoretical and experimental study. In any case, it appears that utilizing anisotropic
materials could further improve the advantages of nanowires. Specifically,it may
improve the coherence time by several orders of magnitude, and could reduce po-
tential corrugations [3]. Fabrication protocols for such anisotropic nanowires are
being pursued in our laboratory.

4.8 Summary and Conclusions

We have presented an analysis for further miniaturization achievable in atomchips
based on current carrying wires, aiming to create static magnetic potentials capa-
ble of manipulating atoms on the scale of their deBroglie wavelength. We have
analyzed the physical limitations of conducting wires, and we have also analyzed
limiting effects due to the nearby surface, explicitly considering tunneling to the
surface, surface thermal noise (causing both spin flips and decoherence), electron
scattering within nanowires causing static potential corrugations, and the Casimir-
Polder force. Additional effects such as Majorana spin flips have also been taken
into account.

We have analyzed a specific example of a nanowire trap, utilizing a standard
configuration. We have shown that when utilizing nanowires, the main limitations
to trapping atoms at sub-micron atom-surface distances are potential corrugation
and tunneling to the surface. We briefly described an anisotropic conductor as a
potentially useful alternative to standard gold wires. These examples serve not only
to summarize the more general statements of the chapter, but also as an outlookfor
further work which may include alternative geometries and materials.

We have shown that further miniaturization of atom chips, utilizing wires with
cross sections as small as a few tens of nanometers, enables robust operating condi-
tions for atom optics. Such miniaturization may allow the realization of potentials
(e.g.,tunneling barriers) with a scale of the deBroglie wavelength, thereby bring-
ing the atom chip a step closer to fulfilling its promise of a compact device for
complex and accurate quantum optics with ultracold atoms. Achieving such small
atom-surface distances should also contribute to the study of fundamental surface
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phenomena.

4.9 Appendix: Casimir-Polder potential – derivation

4.9.1 A planar bilayer surface

We consider a planar structure with a dielectric function given by

ǫ(z) =







1, z > 0,
ǫ1, −b < z < 0,
ǫ2, z < −b.

(4.25)

The Green’s tensor for the EM field may be derived from the reduced Green’s
tensor, which can be written as a sum over transverse modes with well defined
transverse wave vectorsk = (kx, ky)

Γ(r, r′, t− t′) =

∫ ∞

−∞

dω

2π
e−iω(t−t′)

∫

d2k

(2π)2
ei[kx(x−x′)+ky(y−y′)]gk(z, z

′),

(4.26)
wheregk(z, z′) in the regionz, z′ > 0 can be written in terms of transverse electric
(TE) and transverse magnetic (TM) scalar Green’s functions

gTE,TM
k (z, z′) =

i

2kz

[

eikz |z−z′| +RTE,TMeikz |z+z′|
]

, (4.27)

with k2z = ω2/c2 − k2. The reflection coefficientsRTE,TM are given below. The
first term in Eq. (4.27) is irrelevant, being cancelled by the vacuum subtraction in
Eq. (4.14). The trace over the remaining part of the Green’s tensor is now given in
terms of the (vacuum subtracted) scalar functionsgTM andgTE atz = z′ as

∑

i

giiκ = ω2gTE + (k2 − k2z)g
TM. (4.28)

We now make the transformationω/c → iζ such thatkz → iκ with κ2 =
k2 + ζ2. The reflection coefficientsRTE andRRM are now given by

Rm =
rm1 + rm12e

−2κ1b

1 + rm1 r
m
12e

−2κ1b
, (4.29)

for m = TE,TM, where

rTE
12 =

κ1 − κ2
κ1 + κ2

, rTE
1 =

κ− κ1
κ+ κ1

, (4.30)

and

rTM
12 =

κ1/ǫ1 − κ2/ǫ2
κ1/ǫ1 + κ2/ǫ2

, rTM
1 =

κ− κ1/ǫ1
κ+ κ1/ǫ1

, (4.31)
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with κi =
√

ǫiζ2 + k2. We now obtain for the CP potential

UCP (z) = −~c

∫ ∞

−∞
dζ α(iζ)

∫

d2k

(2π)2
1

2κ

[

(2k2 + ζ2)RTM − ζ2RTE
]

e−2κz.

(4.32)
The formulas for the multilayer Green’s functions have appeared in many places,
for example in Ref. [108], and the result (4.32) was first derived by Zhou and
Spruch [109].

At a distancez which is much larger thanc/ω0, whereω0 is the lowest optical
transition frequency of the atom, we may assume thatα(ω) ∼ α(0). We now make
the transformationκ = p/z andζ = κµ and obtain

UCP (z) = −~cα(0)

2πz4
F (ǫ1, ǫ2, b/z), (4.33)

with

F =

∫ ∞

0
dp p3e−2p

∫ 1

−1
dµ

[(

1− µ2

2

)

RTM − µ2

2
RTE

]

. (4.34)

whereRTM andRTE are given in Eqs. (4.29)–(4.31) withκi replaced bypi =
p
√

1 + µ2(ǫi − 1) andb in the exponent replaced byb/z.
When b ≪ z the exponentexp[−2p1b/z] → 1 and one obtainsRTE =

(p − p2)/(p + p2) andRTM = (p − p2/ǫ2)(p + p2/ǫ2), which are the reflection
coefficients for an interface between vaccum and a medium with dielectric function
ǫ2. On the other hand, whenb ≫ z we obtainRTE → rTE

1 andRTM → rTM
1 .

We conclude that the CP potential becomes similar to that generated by the deeper
layer whenz ≫ b and similar to the one generated by the outer layer whenz ≪ b.

4.9.2 Cylindrical wire

The Green’s tensor in cylindrical coordinates is given by [110]

Γ(r, r′, ω) =
∞
∑

m=−∞

∫ ∞

−∞

dk

2π

[

−M̂M̂′∗ (d̂m − k2)

ω2
Fm(r, r′)

+ N̂N̂′∗ 1

ω
Gm(r, r′)

]

χmk(φ, z)χ
∗
mk(φ

′, z′), (4.35)

whereM̂ andN̂ are vectorial differential operators that generate the vector fields
from the scalar fields for the TE and TM modes, respectively,d̂m is the two-
dimensional Laplacian operator where the differentiation with respect toφ is re-
placed by∂/∂φ→ im, Fm(r, r′) andGm(r, r′) are the scalar radial Green’s func-
tion for the TE and TM modes, respectively, andχmk = (2π)−1/2eikzeimφ is the
wave function that holds the angular and longitudinal dependence of each mode.
As we are interested only in the single-point caseφ = φ′ andz = z′, we have here
χmkχ

∗
mk = 1/2π.
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By substituting for the right forms of the Green’s function we obtain
∑

j

Γjj(R,R) =
1
2π

∑∞
m=−∞

∫∞
−∞

dk
2π

iπ
2λ2

[

−ω2m2

R2

J ′
m(λa)

H′
m(λa)H

2
m(λR)

+ ω2λ2 J ′
m(λa)

H′
m(λa)H

′
m

2(λR) (4.36)

−
(

m2k2

R2 + λ4
)

Jm(λa)
Hm(λa)H

2
m(λR)− k2λ2 Jm(λa)

Hm(λa)H
′
m

2(λR)
]

,

whereJm andHm are the Bessel functions and the Hankel functions of the first
kind andλ2 = ω2/c2 − k2 is the wave-vector along the radial direction. As above,
we now make the transformationω/c→ iζ, such thatλ→ iκ with κ2 = k2 + ζ2.
The Bessel functionJm(λa) transforms intoIm(κa), whereIm is the modified
Bessel function, andHm transforms intoKm, the modified Bessel function of the
second kind. We then obtain the following result:

UCP (R) = − ~c

2π

∞
∑

m=−∞

∫ ∞

−∞
dζα(iζ)

∫ ∞

−∞

dk

2π

1

κ2
×

{

− I ′m(κa)

K ′
m(κa)

(

ζ2m2

R2
K2

m(κR) + κ2ζ2K ′
m(κR)2

)

(4.37)

+
Im(κa)

Km(κa)

[(

κ4 +
m2k2

R2

)

K2
m(κR) + κ2k2K ′2

m(κR)

]}

.

Now we take the static approximation for the polarizabilityα(iζ) → α(0) and
change variables tox = κR, ζ = (x/R) cosφ andk = (x/R) sinφ and find

UCP (R) = −~cα(0)

2πR4

∞
∑

m=−∞

∫ ∞

0
dx

{

− I ′m(xa/R)

K ′
m(xa/R)

(

xm2

2
K2

m(x) +
x3

2
K ′

m(x)2
)

+
Im(xa/R)

Km(xa/R)

[(

x3 +
m2x

2

)

K2
m(x) +

x3

2
K ′2

m(x)

]}

. (4.38)

This can be written in the form

UCP (R) = − ~cα(0)

2π(R− a)4
F (a/R), (4.39)

with

F (a/R) =
(

1− a

R

)4
∞
∑

m=−∞

∫

dx x

[

Im(xa/R)

Km(xa/R)
x2K2

m(x) (4.40)

+
1

2

(

Im(xa/R)

Km(xa/R)
− I ′m(xa/R)

K ′
m(xa/R)

)

(

m2K2
m(x) + x2K ′

m(x)2
)

]

.

The result of a numerical integration ofF is shown in Fig. 4.10. It is found that
at a/R → 1, such that the atom is very close to the surface relative to the radius
a, we obtain the same result as for a plane conductorF = 3/4. In the other limit,
wherea/R → 0 one may see thatF ∼ − 2

3 log(a/R) and the contribution toF is
dominated by the termm = 0 only.
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Figure 4.10: The functionF (a/R) for a perfectly conducting cylindrical wire.



94 CHAPTER 4. NANOWIRE TRAPS



Chapter 5

Outlook: Engineered
fragmentation - a magnetic lattice
for interference experiments

The fields of atom optics and matter wave interferometry have made enormous
progress during the last few years. Creating periodic potentials (lattices)allows the
exploration of tunneling, insulating phases, Bloch oscillations, coherenceand the
breakdown of coherence in BECs. Numerous experiments have been performed
with BECs serving as phase coherent sources of atomic matter waves [111, 112,
113, 114, 115, 116, 117, 118]. Since the scale of these systems makes them diffi-
cult to probe directly, they are studied via the interference pattern createdwhen a
BEC is released from a lattice. The implementation of similar potentials on atoms
trapped in atom chips is an intriguing challenge of integrated atom optics [119].

In a recent atom chip experiment [120], a magnetic periodic potential was ap-
plied as a grating for atom diffraction. However, the potential was produced from
multiple wires and the trapping potential did not allow long trapping times. Coher-
ence measurements of a BEC were also made on atom chips using time dependent
potentials to generate a “double well” potential [36, 37, 38]. Using these techniques
the phase fluctuations of a 1D BEC were measured [42]. However, despite numer-
ous attempts, to date no experiment has managed to control tunneling through a
static magnetic barrier and the realization of such a task will be a significant step
forward1.

In this chapter we present an overview of a proposed experiment, in which the
periodic magnetic potential is generated by a single wire. The correspondingpo-
tential is generated by a sinusoidal perturbation of the wire edges, similar to what
we have discussed in Sec. 4.4.2, but in this case we will not restrict the discussion to
nanowires. The atomic ground state and the expected resulting interference pattern

1as a single exception to this statement, let us note that the group of Jakob Reichel has announced
in the beginning of 2010 that at a height of10µm and with a double well separation of20µm they
have been able to see first signs of coherent behavior in a static magneticdouble well.
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created after the release of the periodic atomic density profile is also discussed. In
addition, we also discuss the experimental difficulties that may arise in performing
this experiment and the means to overcome them. We present an analysis that con-
siders not only the sudden release of the trapped cloud, but also a process in which
the magnetic trap is turned off gradually. We show that the release of the cloud
plays an important role in the formation and the characteristics of the interference
pattern. An illustration of the experiment is presented in Fig. 5.1.

The proposed periodic potential is not only different in the manner in whichit
is produced, it also allows access to coherence decay measurements of a1D quasi-
condensate [121, 122]. (In very elongated condensates, axial phase fluctuations are
found to manifest themselves even at temperatures far belowTc. The equilibrium
state is a condensate with a fluctuating phase (quasi-condensate) [123, 124, 125]).

Figure 5.1: Illustration
of the “snake” experi-
ment; at small atom sur-
face separations (d ≤
5µm) the BEC will be
separated by the lattice
potential generated by
the snake wire.

5.1 Overview of interference patterns

For an intuitive and simplified explanation of the interference patterns generated
when separated BECs are overlapping, we will analyze first the simple case of two
overlapping BECs.

We examine the interference pattern generated when two BECs, separatedby
a distanceds, are released from an anisotropic trap (ωr ≫ ωx) and overlap. We
compare the case where the clouds are separated along the trap radial (strongly
confined) direction, to the case where the clouds are separated along thetrap lon-
gitudinal direction (Fig. 5.2).

5.1.1 A simple model

Following [16], the two BECs are assumed to be separated by distanceds and can
be described by a single condensate wavefunction:

ψ(r, t) =
√

N1ψ1(r, t) +
√

N2ψ2(r, t)e
iφ. (5.1)
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Figure 5.2: Two clouds separated by
a distanceds, along their strongly
confined (r) axis (top) or along their
longitudinal direction (x) (bottom).

whereN1 andN2 are the numbers of atoms per site andφ is the relative phase of
the BECs. The atomic density after expansion timet will be:

n(r, t) = |ψ(r, t)|2 = N1 |ψ1|2 +N2 |ψ2|2 + 2
√

N1N2Re
[

ψ1ψ
∗
2e

−iφ
]

, (5.2)

where Re denotes the real part. The last term of this expression displaysan interfer-
ence pattern in the atomic density. We assume that the clouds are described initially
by Gaussian wave packets of widthR0 andX0, and we can write the widthsRt, Xt

of the wave packets at timet as:

R2
t = R2

0

(

1 + ω2
r t

2
)

= R2
0

[

1 +

(

~t

mR2
0

)2
]

(5.3)

X2
t = X2

0

(

1 + ω2
xt

2
)

= X2
0

[

1 +

(

~t

mX2
0

)2
]

.

The interference pattern in Eq. (5.2) is:

2
√

N1N2Re
[

ψ1ψ
∗
2e

iφ
]

∼ A cos

(

~

m

r · d
R2

0R
2
t

+ φ

)

, (5.4)

where the prefactorA is the exponential envelope of the expanding condensates.
The fringe separations along the radial direction∆r for times longer than

√

mR2
0/~,

is given by [16]:

∆r =
2πmR2

tR
2
0

~tds
≈ 2π~t

mds
, (5.5)

and similarly for the longitudinal direction∆x. The relation between the initial
sizes of the clouds and their asymptotic velocities is such that the dependenceof
the fringe separation on the initial wave packet width is canceled at long times.(the
initial width is inversely translated into velocity).
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5.1.2 BEC in a lattice

Let us consider a BEC in a periodic potentialV (x) =
∑

j
Vs(x − dsj), wherej

labels the different sites in the lattice,ds is the distance between the lattice sites
andVs is a single well potential. Differently from the case of two separate BECs,
interference patterns will appear only in the case of a fixed relative phase between
condensates in consecutive wells. If we assume a fixed relative phase,φ = 0, over
all wells, we can write the order parameter,ψ(x) =

∑

j
ψ0(x−dsj), in momentum

space as [126]:

ψ(px) = ψ0(px)
∑

j

eipx(jds)/~ = (5.6)

ψ0(px)e
−ipxx0/~

∑

j=0,..,M−1

eipx(jds)/~ = eiθψ0(px)
sin [Mpxds/~]

sin (pxds/~)
,

whereψ0(px) is the Fourier transform ofψ0(x),M is the total number of sites,x0
is the position of the first (leftmost) site, andeiθ is an arbitrary phase. Since we are
interested in the density|ψ|2, by choosing the position of the middle site appropri-
ately we can ignore the phaseθ. The momentum distribution of the entire system,
n(px) = |ψ(px)|2, is affected by the lattice structure, and exhibits distinctive inter-
ference patterns. In the case of a large number of sites, the momentum distribution
has sharp peaks atpx = 2πn~/ds wheren is a positive or negative integer.

The width of the central peak (n = 0) of the momentum distribution is of the
order of∆px = 2~/Mds, whereMds/2 is half of the length of the whole sample
along thex axis, and therefore the corresponding atomic expansion, after the re-
lease from the trap, will be slow. The peaks withn 6= 0 carry higher momentum,
and their center of mass will travel according to the asymptotic law:

xn(t) = ±n 2π~

dsm
t. (5.7)

5.1.3 BEC expansion

To fully understand the expansion of the BECs and its effect on the interference
pattern, we need to take into account atom-atom interaction. The following dis-
cussion is valid in the limit where the Thomas-Fermi approximation holds for both
axes (not in the quasi-1D case). Here, the initial half length size of the condensate
is determined by the cloud chemical potentialµ.

R0 =
√

2µ
mω2

r
,

X0 =
√

2µ
mω2

x
= ωr

ωx
R0,

(5.8)

R0 andX0 do not have the same meaning as in Sec. 5.1.1. Here they denote
half the length (or thickness) of the condensate and not the rms width as before.
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Once released, these measures evolve according to [59, 127]:

Rt = R0

√

1 + ω2
r t

2 = R0

√

1 + 2µ
mR2

0

t2,

Xt = X0

(

1 +
(

ωx

ωr

)2
[

ωrt arctan(ωrt)− ln
√

1 + (ωrt)
2

])

.
(5.9)

Since we are interested in interference patterns generated after a relatively long
expansion time (t ≫ 1

ωr
), we may look at the asymptotic expansion of the half

length:

Rt ≈ R0ωrt =

√

2µ

mR2
0

t, (5.10)

Xt ≈
π

2
X0

ω2
x

ωr
t.

The anisotropy in the cloud expansion is such, that according to the lattice pe-
riodicity and trapping frequency, some parameters may lead to a fringe separation
[Eq. (5.7)] evolving faster than the BEC half width. In this case no interference
pattern can be formed. The BEC expansion, [Eq. (5.10)], is valid only for abrupt
shutdown of the magnetic trap.

5.2 Creating a 1D magnetic lattice

5.2.1 Trapping potential

To generate the ‘magnetic lattice’ potential, we have specifically fabricated a wire
(Fig. 5.3) with a5µm sinusoidal periodicity. The amplitude of perturbation is2µm
and the wire width and thickness are10µm and2µm, respectively. In Sec. 4.4.2
we consider a configuration in which a thin wire is curved with a periodicityλ that
corresponds to a wave-vectork = 2π/λ. If the amplitude of this curvature is small
with respect to the wavelength, the trapping potential can be approximated by:

V (x, z) = µAµ0Ik
2δycenter

(

e−kz

kz

)

√

1 + π
kz

2
cos kx (5.11)

whereµA is the atomic magnetic dipole moment,I is the current in the wire,
µ0 is the permeability of free space, andδycenter is the center of the wire posi-
tion variation amplitude. However, this approximation is not valid for the wire
parameters we are discussing here. We therefore calculated the resultingpotential
in two steps, the current density in a wire with this specific boundary conditions
was derived numerically by using a finite element method (FEM Lab) and from
this current density the magnetic potential was calculated.

Similar to the approximated potential, Eq. (5.11), the periodicity amplitude of
the numerically calculated potential has a decaying exponential as a functionof
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Figure 5.3: Images of the fabricated snake wire. Microscope image (left) and SEM
images (right top and bottom). The wire is∼ 10µm wide and2µm thick. It has a
sinusoidal perturbation amplitude of2µm and a5µm periodicity.

the trap-wire separationd. For typical currents in the snake wire (e.g.50mA), the
lattice potential is significant at heights of5µm or less. For example, the potential
variation amplitude of a trap positioned atd = 4.1µm will be 1.1µK peak-to-
peak, while a trap positioned atd = 5.5µm will have a variation of0.25µK peak-
to-peak (Fig. 5.4). The calculated trap parameters for different trap positions are
given in Table 5.1. An isopotential plot for the generated trapping potentialand the
minimum energy path of the generated traps at different atom-surface separations
are shown in Fig. 5.4.

d 5.5µm 5.0µm 4.5µm 4.1µm

Barrier [µK peak-to-peak] 0.25 0.45 0.72 1.1
ωr [kHz] 23 26 29.2 32.3
ωx [kHz] 0.62 0.86 1.13 1.44
Chemical potentialµ [µK] 0.312 0.412 0.519 0.619
Spin-flip lifetime [sec] 1.246 1.102 0.966 0.864

Table 5.1: Trap properties of a single site at different atom-surface separationsd.
The trap is generated by running50mA in the snake wire and the height is adjusted
byBy. A magnetic field,Bx, of 1G is applied to avoid Majorana spin-flips at low
magnetic fields. The chemical potentialµ is calculated in a 1D approximation, for
500 atoms over a length of40µm. Trap lifetimes due to thermal noise-induced
spin flips are calculated for atoms trapped above the snake wire (see Sec.4.5.1).
Tunneling to the surface and Majorana spin-flips at these trap parametersand atom-
surface separations are negligible.
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The trap aspect ratio in a single lattice site depends on the current in the snake
wire and the trap height. However, for typical currents and heights (I = 50mA
d = 5µm) it is above 1:20, yielding a quasi 1D trapping potential.
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Figure 5.4: (left) An isopotential surface of the trapping potential for an energy
of 1µK above the trap minimum. The longitudinal direction is compressed by a
factor of 25 for a better view. The current in the snake is50mA andBy is adjusted
so that the trap is positioned4.1µm from the wire. (right) Potential energy (relative
to the global minimum) along the minimum-energy path, defined as the position of
the local potential minimum on the transverse plane (y − z) for each longitudinal
positionx for a few values of the trap height (d). The trap parameters are given in
Table 5.1.

5.2.2 Atomic ground state

The ground state atomic density for a BEC is examined by solving the time inde-
pendent Gross-Pitaevskii equation forN interacting bosons confined by the mag-
netic potential of the snake wire [Eq. (1.7)]. We do not use the Thomas-Fermi
approximation since the trapping potential of the separated lattice site is quasi 1D
(aspect ratios above 1:20), and we do not expect a high atomic density. The cal-
culated chemical potentialµ for N = 500 atoms of87Rb trapped at a trap height
of d = 4.1µm is 13 kHz · 2π~= 0.619µK. In Fig. 5.5 we present the calculated
ground state atomic density, for the potentials shown in Fig. 5.4. This shows the
possible control over the BEC separation at different trap heightsd.

5.3 Interference patterns

The main goal of this experiment, is to measure the phase evolution of the BEC in
the lattice potential. Information regarding the coherent splitting of the cloud, and
the phase evolution of the BECs once the clouds are separated, can be obtained by
imaging the interference patterns generated after the clouds overlap (Sec. 5.1).
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Figure 5.5: (left) Ground-state atomic density map (integrated along a viewing
axis ŷ perpendicular to the snake) for a BEC at a trap height ofd = 4.1µm
(similar trap parameters as in Fig. 5.4), calculated with the Gross-Pitaevskii equa-
tion for 500 atoms of87Rb. (right) 1D atomic density for atoms at a trap height
of d = 4.1µm (blue),4.5µm (black),5µm (red) and5.5µm (green). Calculated
using the Gross-Pitaevskii equation for 500 atoms over a length of40µm. The
calculated chemical potential is given in Table 5.1. As the trap is lowered towards
the snake wire, the BEC is separated to the different lattice sites.

Our imaging setup and its limitations are described in Sec. 2.1.3. The resolution
of our setup is> 5µm and the minimal optical densityσd(x, z) that we can detect
close to the chip surface is∼ 0.1. With this imaging resolution we cannot see
the separated cloudsin situ. This resolution can also limit the observation of the
interference patterns. In this section we present the calculation of the estimated
interference patterns, and show the important role of the trap release ratein the
formation of these interference patterns.

The time evolution of the trapped condensates was calculated by numerically
solving the time dependent Gross-Pitaevskii Eq. (1.6). We used a cylindrical ap-
proximation according to a method presented in [128], and used the Matlab ODE
variable step method to solve the time evolution of the clouds. The initial ground
state was the same as presented in Sec. 5.2.2, but for simplicity we limited the
number of sites in the ground state.

In Fig. 5.6(a) we present the calculated column density pattern of a BEC of
100 atoms per site occupying 4 sites of the snake trapping potential,10ms after
abruptly turning off the magnetic trap. According to Eq. (5.7) the fringe separation
10ms after the release from the trap should be9.2µm. However, the longitudinal
(x) expansion velocity of a BEC from a single site is0.667µm/ms. Therefore,
the clouds are not overlapping and no interference pattern is visible. As the inter-
ference pattern center of mass velocity is0.920µm/ms, the interference pattern
will never be formed. The single site width after expansion agrees with the asymp-
totic width [Eq. (5.10)]. The expansion velocity along the radial (z) direction is
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13.7µm/ms, and consequently the peak optical density (Sec. 2.1.3) drops to 0.1
10ms after the release.

In Fig. 5.6(b) we present the expected image after taking into account our
diffraction limit. This is done by cutting out spatial frequency components with
frequency higher than the diffraction limit. In Fig. 5.6(c) we bin the image to ac-
count for the finite size pixels (1.5µm/pixel) of our imaging system, to obtain a
realistic image of the calculated atomic density. As can be seen from the figures,
the fine details of the atomic density cannot be detected by our system.
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Figure 5.6: (a) Simulated atomic density10ms after the abrupt release of the BEC
from the snake trapping potential. Due to the anisotropy in the expansion of the
BEC, the clouds from different lattice sites do not overlap, and no interference
pattern is formed. (b) The image as it would be seen due to our imaging setup
diffraction limit, ∼ 6µm. (c) The approximated image as it would be captured in
our camera, taking into account the pixel size of1.5µm.

In typical interference experiments the barriers in the lattice are formed along
the strongly confined direction (the radial direction), and hence the clouds over-
lap rapidly. In our configuration, the clouds’ expansion along the longitudinal x
direction presents an obstacle in forming the interference pattern.

5.3.1 Controlled trap release rates

The main problem raised at the end of the previous section is that the expansion
in the radial (strongly confined) direction is much faster than the expansionin the
(loosely trapped) axial direction. This prevents the formation of an interference
pattern since the overlap between BEC clouds from different sites takes too long. A
way to cure this would be the reduction of the radial trapping frequencyωr, in view
of Eq. (5.10), which shows that the expansion in the radial direction is proportional
to ωr while the expansion in the axial direction is inversely proportional to the
radial frequency. This means that reduction of the radial frequency may cure both
problems. This may be achieved by a gradual release of the trap, in which the
trapping potential is ramped from its initial value down to zero in a finite time
trelease. As long as the rate of change of the trapping frequency is small enough to
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maintain the adiabatic criterion
∣

∣

∣

∣

dωtrap

dt

∣

∣

∣

∣

≪ ω2
trap, (5.12)

the BEC ground state will evolve into a new ground state according to the change of
the trapping frequency. The time in which the above criteria is no longer satisfied,
may be considered as the starting point of the cloud free expansion, whereby the
starting point of this expansion, is the trap existing at this point in time.

5.3.1.1 Expansion of a single BEC

We examined the time evolution of a single trapped BEC, where the trap is turned
off linearly in a timetrelease. We consider a BEC of 150 atoms, withωr = 30 kHz
andωx = 1.5 kHz, similar to the parameters in a single site of the lattice (Sec. 5.3).

The BEC ground-state at the lattice minima are highly anisotropic (typical trap
parameters areωr ∼ 2π ·30 kHz in the radial direction andωx ∼ 2π ·1.5 kHz in the
longitudinal direction). According to the adiabatic condition, Eq. (5.12), wecan
define two characteristic times, one for the radial trapping frequencytr = 2π/ωr ≈
33µs, and the other for the longitudinal trapping frequencytx = 2π/ωx ≈ 667µs.
If the release time is larger than2π/ωr but much shorter than2π/ωx, then the
potential ramp would not significantly change the initial ground state density in
the axial direction, but will change the ground state in the radial direction and the
consequent expansion will be as if the initial radial frequency was lower.

In Fig. 5.7 we present the calculated evolution of the BEC half width, calcu-
lated by numerically solving the time dependent Gross-Pitaevskii equation [Eq. (1.6)].
For trelease ≪ tr the expansion shows anisotropic behavior corresponding exactly
to Eq. (5.9). Longertrelease (tr < trelease ≪ tx) results in faster expansion along
the axial direction, and slower radial expansion. Fortrelease = 25µs the radial
expansion velocity is∼6 times lower relative to the abrupt trap release, and the
longitudinal expansion is∼3.3 times higher. Whentrelease > 25µs the longitudi-
nal expansion becomes faster than the radial expansion.

In Fig. 5.8 we show the difference in the expansion velocity for the different
axes astrelease is changed. The resulting change in the cloud aspect ratio after
10ms TOF is shown in the inset. The longitudinal expansion velocity is increas-
ing from 0.667µm/ms for trelease ≪ tr to 3µm/ms for trelease = 50µs while
the radial expansion velocity reduces from13.7µm/ms to 1µm/ms for similar
parameters.

5.3.1.2 Interference patterns with controlled trap release times

We have calculated the resulting atomic density, where the lattice trap was re-
leased in a linear ramp at different release timestrelease. Fig. 5.9 presents the
calculated atomic density10ms after the release, for different trap release times
trelease. According to the expansion velocity presented in Fig. 5.8, we see that for
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Figure 5.7: BEC half length expansion after different release timestrelease from a
single trap, calculated numerically using the time dependent Gross-Pitaevskiiequa-
tion. For trelease = 1µs the expansion corresponds exactly to Eq. (5.9). Longer
trelease is equivalent to releasing the trap from a smaller radial trapping frequency
ωr while maintaining the longitudinal trapping frequencyωx. This results in faster
expansion in the longitudinal direction and slower expansion in the radial direction.

0 100 200 300 400
0

2

4

6

8

10

12

14

t
release

 [µs]

V
 [µ

/m
s]

 

 

r
x

0 200 400
0

1

2

3

4

t
release

 [µs]

X
t=

10
m

s / 
R

t=
10

m
s

Figure 5.8: Expansion velocity of a BEC along the radial (blue) and longitudinal
(red) directions, for different trap release times. (inset) The change inthe cloud
aspect ratio after10ms TOF for the different trap release times.

trelease > 25µs, the clouds overlap, and an interference pattern is visible with a
fringe separation of∼ 9.2µm in accordance with Eq. (5.7). Moreover, the reduced
expansion along the radial direction allows much higher optical densities, even af-
ter long TOF, and allows longer expansion times. Interference patterns generated
whentrelease is larger than50µs are easily detectable in our system.
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Figure 5.9: Simulated BEC atomic density10ms after the controlled release from
the snake trapping potential. The trap release times are: (a)10µs , (b) 25µs, (c)
50µs, and (d)100µs. The presented figures are estimations, taking into account
the diffraction limit and the actual pixel size of our imaging system. For trap release
times above25µs the clouds overlap, resulting in interference patterns with fringe
separations of∼ 9.2µm. The reduced expansion velocity along the radial direction
allows longer TOF.

5.4 Summary

We have presented a proposal for an experiment utilizing atom chips to measure the
coherence properties of a BEC. The experiment not only presents a new approach
to generate the ’lattice’ potential, but also paves the way to measure specific coher-
ence properties of a quasi-1D BEC.

The presented calculations show that interference patterns could be measured
if the snake potential is released in a controlled way. The typical shut downtime
of our current shutters (for the current supplies generating the trap)is ∼ 100µs.
This is the time needed for the realization of the experiment. The experiment is
currently underway in our lab.
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Summary and conclusions

This thesis work was focused on the generation and manipulation of a Bose-Einstein
condensate in magnetic micro-traps generated by an atom chip. A new experimen-
tal setup was built from scratch with which we achieved BEC and loaded the atom
chip traps, attaining atom-surface separations as low as5µm. By this we achieved
the milestone of an operational atom chip laboratory. New experiments such as
the magnetic lattice described in Ch. 5 are already underway and are designed and
based on work described in this thesis.

The setup we designed is unique as it was designed and built to house a cryo-
genic chip mount for super-conducting atom chip experiments. The cryogenic chip
mount was built and tested, and transition to super-conductance was observed in
microfabricated Nb wires. However, this topic is beyond the scope of this thesis.

In a second project I was involved in, a similar setup was used to measure in-
homogeneities in the magnetic potential of traps generated by the microfabricated
wires of the atom chip. This study, described in Ch. 3, revealed new insight into
how electrons scatter inside conductors. This work also further enhanced our un-
derstanding of physical processes limiting atom-surface separations, specifically,
the fragmentation of the atomic cloud. Here, I was involved in the long fabrication
R&D process, the data analysis, and the experiment itself that took place in Heidel-
berg. In addition, I took part in developing the theoretical models explainingour
observations, models which also gave rise to some unique predictions. The work
was published in [1, 2].

In a third project, I led our work aimed at further improving atom chips by uti-
lizing nanowires (Ch. 4). We showed that by using such wires, sub-micron atom-
surface separations can be achieved, and tunneling barriers may be constructed,
making atom chip interferometry more feasible. We accounted for static corru-
gations of the magnetic fields (based on nanowires fabricated specifically for this
purpose) and temporal variations of the magnetic field due to the Johnson (ther-
mal) noise in the room temperature conductor. We also accounted for effects of the
Casimir-Polder force on the trapping potential at such small atom-surface separa-
tions. This work has been submitted for publication [4]. As part of our work on

107
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corrugations and noise I was also involved in studying static magnetic corrugations
and surface-induced noise in electrically anisotropic conductors. This work was
published in [3].

Finally, in the fourth part of my work, I led the effort to design our first exper-
iment in which we would like to observe the many body behavior of the BEC in
a 1d magnetic lattice. Based on the developments in our understanding of the po-
tential corrugations in the atom chip, we designed a trapping potential in whichwe
engineered the potential inhomogeneities to form a magnetic lattice. The design
of this experiment required the extensive use of theory and numerical simulations,
including a detailed study of the trapped BEC time evolution, once released from
the trapping potential. We have learned that the trap release dynamics plays an
important role in the formation of the atomic density interference patterns. This
experiment is already in progress.
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  תקציר
  

י� משמשי� ללכידה יטי� ואופטמגנ,  בו שדות חשמליי�יאינטגראלהוא מתק� , השבב האטומי
לוגיות וכנט� מיוצרי� ביהשבבי� האטומי. מי� קרי� ובהתעבות בוזה איינשטיי�וולשליטה באט

ייצור של מגוו� פוטנציאלי� עבור האטומי� ה� מאפשרי� . תעשיית המוליכי� למחצהב שמקור�
,  מאוד מהשבב במרחקי� קטני� כאשר האטומי� לכודי�השבב האטומי יעיל במיוחד. הלכודי�

. טנציאל הנוצרו ומאפשרי� שליטה גבוהה על הפ,במיוחדבמרחקי� אלו שיפועי המלכודת גבוהי� 
, לדוגמא, קצרי� עולה במרחקי� כה  השבב האטומי� ע� משטחתחשיבות אינטראקציו, ע� זאת

כתוצאה מפיזור אלקטרוני ורעש תרמי , פלקטואציות סטאטיות ודינאמיות של השדה המגנטי
, מכיוו� שה� יוצרי� הפרעות בפוטנציאל,  מהמשטחימגבילי� את המרחק המינימאל, אמהבהת

ה העיקרית של תמטר. חימו� של האטומי� ואיבוד הפאזה הקוונטית, החלפת מצב הספי�
, )הראשונה בישראל(גוריו� �נ ב�" מעבדת השבב האטומי באומת הקההייתהעבודה המוצגת 

   . לי� את מרחק האטומי� ממשטח השבב האטומיולהרחיב את הידע בגורמי� המגבי
         

הצלחנו לייצר התעבות בוזה איינשטיי� של . � מהיסודוגורי�נ ב�"נבנה באוניסוי השבב האטומי 
 5עד כדי קצרי� במרחקי� ,  וללכוד אותה במלכודות השבב האטומי87�אטומי רובידיו�אל#  30כ

 המהווה את הבסיס לניסויי� עתידיי� שיידונו מער' הניסוי הוא אב� יסוד. מיקרו� מהשבב
 .בעבודת המחקר

 
# על ההפרעות המרחביות של השדה המגנטי הסטטי מקיניסויי ועיוני מחקר עבודתנו כוללת 

הפרעות אלו נמדדות באמצעות שינויי� . הנוצר ממולי' הזר� הלוכד את האטומי� בשבב האטומי
הצלחנו להציג , ל"ל המגנומטריה האטומית הנתו' התבססות ע. בצפיפות האטומי� הלכודי�

כמו כ� הצלחנו , תמודל כללי עבור סטיות כיווניות של הזר� במולי' ישר ע� הפרעות רנדומאליו
ס  מעלות ביח45תצורות מסודרות ארוכות טווח בכיוו� של  שלהמפתיעה  את המדידה להסביר

כתוצאה שלה�  ואת הכיוו� המועד# , של התצורותכ�את אורנית� היה להסביר . לכיוו� הזר�
 ית הזר�יסט עוצמתנמצא כי .  במולי'הפרעות של פיזור זר� מתישירה של תכונות אוניברסאליו

, הפרעותוצפיפות ה, גודל הגרעיני� במולי', שינויי עובי המולי'לביחס הפו' ת נמצא, שנמדדה
  . באופ� נפרדל נמדדו בשיטות מקובלות"כל הערכי� הנכאשר 

  
 המבוססות על מוליכי ,ג� ניתוח של מלכודות מגנטיות לאטומי� קרי�כוללת המוצגת דה העבו

חקרנו את ההשפעה של . וותחהמגבלות הפיסיקליות של מוליכי� אלו נ. זר� בגדלי� ננומטרי�
הראנו כי . פולדר� פיזור אלקטרוני� במולי' והשפעתו של כוח קזימיר, הרעש התרמי של המשטח

ייצר תנאי� עמידי� לאופטיקה י� לסדר גודל של עשרות ננומטרי� יכולמוליכי� ע� חת' מ
הראנו כי ). לדוגמה מחסומי מנהור עבור אינטרפרומטריה אטומית(קוונטית אטומית קוהרנטית 

ברולי באמצעות מלכודות מגנטיות סטטיות �גל דה� מסדר גודל של אור'מלכודות נית� לייצר 
אטומי לקראת היותו מתק� מזערי ומדויק עבור אופטיקה השבב הבפיתוח צעד חשוב זהו  .בלבד

  .קוונטית ע� אטומי� קרי�
  

 זה בניסוי . מייש� חלק מהתוצאות בה� דנוהניסוי ,  נסקור את הניסוי הנוכחי במעבדתנולסיו�
. אנו משתמשי� במולי' זר� בודד בשבב האטומי על מנת לייצר פוטנציאל מחזורי מגנטי

אנו נדו� בתמונת ,  של מצב היסוד האטומי)לוקליזאציה(מיקו� וט בבפוטנציאל זה נית� לשל
 הניסוי דרש תכנו�. לאחר שחרורו של הענ� האטומי מהמלכודתלהיווצר ההפרעה הצפויה 

למדנו כי קצב . אחרי השחרור מהמלכודתההתעבות התחשבות מיוחדת בהתפתחות בזמ� של 
בימי�  מתנהלניסוי זה , ת תמונת ההפרעהשחרור הענ� מהמלכודת משמעותי מאוד עבור היווצרו

  .במעבדהאלה 
  
  
  

  : פרסומי� שמקור� בעבודה זו
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