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Abstract of the Thesis

Bloch Oscillations of a BEC: Competition between
Mean-Field Interactions and Disorder

by
Matthias Guido Vogt
Master of Arts
in
Physics
Stony Brook University

2011

This thesis experimentally investigates Bloch oscillations of a Rubidium-
87 Bose-Einstein condensate in an disordered optical lattice. The disorder is
created by superposing an additional, incommensurate optical lattice to the
main lattice. Individually, collisional mean-field interactions between atoms as
well as disorder both lead to a damping of the oscillations. However, we observe
a competition between the two contributions, which results in an effective
reduction of the disorder-induced damping due to mean-field interactions. This

observation is consistent with an interaction-induced screening of the potential.
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Chapter 1

Introduction

Bose-Einstein condensation was first theoretically described by Satyendra Nath
Bose and Albert Einstein in 1924/1925 [1], 2]. However, an experimental real-
ization was impossible at this time.

An important aspect towards this realization was the idea of laser cooling
[3-5] and its development towards cooler temperatures, most notably sub-
Doppler cooling [6l [7]. With the help of laser cooling it was possible to cool
down atoms far enough into the micro-Kelvin range to trap them in an optical
or magnetic trap, where they could be cooled further by evaporative cooling.

The first Bose-Einstein condensates were experimentally produced 70
years after their theoretical prediction. In 1995 the groups of Eric Cornell and
Carl Wieman [§ and of Wolfgang Ketterle [9] independently and unequivo-
cally demonstrated BECs consisting of Rubidium-87 and Sodium-23 atoms,
respectively.

The condensate state of bosons reveals a whole new field of research

opportunities such as the examination of vortices [10] or solitons [I1]. Another



interesting area is the research on Bose-Einstein condensates in optical lattices
[T2HI5]. A spectacular example is the superfluid to Mott insulator transition

[16], in which the gas becomes strongly interacting.

In optical lattices, interactions already play an important role for single-
particle effects such as Bloch oscillations [15], I7HI9], which are the focus of
the present work. These Bloch oscillations can be damped due to atom-atom
interactions within the condensate [20, 21] or because of disorder in the lat-
tice [22H24]. However, when both, interactions and disorder, are present si-
multaneously, competing effects between interactions and disorder can occur
[22, 25, 26]. Repulsive interactions can screen the disordered potential of the
optical lattice [27) 28] and weaken the effect of the disorder. This thesis gives a
basic introduction to this issue and describes the first experimental observation

of screening of disorder.



Chapter 2

Basics

In this chapter I will give a general introduction to the topic of Bose-Einstein
condensates (BECs). Furthermore I describe the principle of optical lattices

and how an external force leads to Bloch oscillations (BOs) of a BEC.

2.1 Bose-Einstein condensation (BEC)

As long as the distance between particles is large compared to their de Broglie
wavelength, they can be approximated as being point-like (classical descrip-
tion). If the density of particles n = N/V |, where N is the number of atoms
and V is the volume, increases, so that the distance between them can no
longer be assumed to be much greater than the de Broglie wavelength, this
approximation is not valid anymore, and quantum mechanical effects have to

be taken into account. At temperature 7', the (thermal) de Broglie wavelength
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of atoms in a gas is given by [29]

2mh?2
mkT"

A\ = (2.1)

Here, h is the reduced Planck constant, m is the mass of the atom, k is the

Boltzmann constant.

In the case of bosons, the wave function of a system of identical particles
will be symmetric when particles are interchanged.

As can be seen in , the de Broglie wavelength increases with decreas-
ing temperature. When the wavelength is large enough that the individual
waves start to overlap, Bose-Einstein condensation occurs. This is the case

when A3, is of the same order as the reversed density n~!

Ao~ (2.2)

In this state a macroscopic fraction of the particles is in the lowest quantum
state and macroscopic quantum effects play a role. The dimensionless quantity
p = nAd is defined as the phase-space density [30]; in free space the critical
value is p = 2.612.

For temperatures between this transition point and absolute zero there
will be a mixture of non-condensed thermal atoms and those in the condensed
state of a BEC (see figure . A pure BEC will appear when the temperature

approaches zero.

In the case of alkali atoms |I| this phase transition happens typically at

'Rubidium-87 was used in the later described experiments.
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around 100 nK. An increase in density also increases the transition tempera-

ture.

A very detailed introduction of the subject can be found in [29] and [31].

2.1.1 Non-interacting gas

For now I will neglect interactions between the particles and only look at
non-interacting gases [29]. The influence of interactions will be taken into
consideration in section 2. 1.2

Density of states

In three dimensional phase space, one free particle occupies
(Az * Ap,)(Ay * Ap,)(Az x Ap,) = (27h)®. (2.3)

In momentum space, the volume of those momenta p that are smaller than a
certain momentum pg is described by a sphere with radius py. Considering the

energy € = p3/2M, one obtains
4 4
gwpg = 577'(27718)3/2. (2.4)

Therefore, the number of states with energies smaller than £

Vi(2méE)*?

GE) = (2wh)3

(2.5)

is just the total volume divided by the volume of a single particle.
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The number of states between energies £ and £+d€& can now be obtained

by using the derivative of G(&)

dG(&) .
— € = g(€)dE. (2.6)

where g(€) is the density of states

m3/2

In D dimensions, the result is proportional to £ (-2 Tt is independent of the

energy in 2 dimensions.

While this is the density of free particles, I will now discuss the case
of harmonically trapped particles. Hence, consider the case of a harmonic

oscillator potential with oscillation frequencies w;
Vir) — 1 2,2 2 2 2 2 9.8
(1) = gl(e2e + w2y +u222). (28)
The energy levels of this potential are
1 1 1
E(ng,ny,nz) = (ng + 5)75,% + (ny, + 5)71% + (n. + é)hwz, (2.9)

with non-negative integers n;.
In order to simplify the calculations, consider the case where energies
are large compared to the ground state (hw;), thus n; >> % Also the n; may

be replaced by continuous variables & = hw;n;. This reduces equation to



E =&, +&,+&.. The number of states is then [29]

1 £ E—Ey E—Ex—&, &3
= d d d€, = 2.1

with @ = (wywyw,)/3. The density of states in the case of a 3 dimensional

harmonic trap is therefore

82
9(&) = Gk (2.11)
and
g 2.12
&) = D) (2.12)

in D dimensions.

Critical temperature

The Bose distribution function describes the number of particles in a certain

energy state £

1

f((c/'> = m. (213)

Here, p is the chemical potential, kg is the Boltzmann constant and T is the
temperature. For large energies £, it can be approximated by the Boltzmann
distribution f(&) ~ e~ (E~#/ksT,

Using equation [2.13| and the density of states, one can determine the

number of atoms that are in an excited state

N, - / () F(E). (2.14)
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In order to determine the critical temperature, which is the highest tempera-
ture at which some atoms are in the lowest quantum state (in a ”‘BEC-state”’),
one looks at the point where all atoms are in an excited state. Consequently
one sets 1 = 0 to obtain the greatest possible value of equation [2.14] and sets
it equal to the total atom number. This way the critical temperature can be
derived, depending on the kind of potential that is used and its dimensionality.
For a three dimensional harmonic oscillator, the critical temperature is [29]

hwN'1/3

e = e

(2.15)

where N is the total number of atoms and ( is the zeta function ({(3) = 1.202).

Condensate fraction

For temperatures below the critical temperature, one can also calculate the
number of excited atoms N,, = N(%)a, with a depending on the potential.
By subtracting this number from the total atom number, one obtains the

number of condensate atoms. For a three-dimensional harmonic oscillator

e

For a rectangular box potential the power is aw = 3/2.

(o =3) it is

(2.16)

These are some basic parameters that can be derived without regarding
the effects of interacting bosons. The next chapter will show some properties

that are based on or influence by atom-atom interactions.



2.1.2 Weakly interacting gas, Gross-Pitaevskii equation

So far, interactions between particles have been neglected. Because of their
influence on several of the BEC’s properties, such as its shape [32], they have
to be taken into consideration. For zero temperature, a scattering length that
is much shorter than the spacing between particles, and high atom numbers
in the condensate, Gross and Pitaevskii independently derived a nonlinear

Schrodinger equation in 1961

zh% = —%AQ + Veu(r) + ¢ \CD(r,t)]Q O (r,t). (2.17)

A derivation and more detailed explanation of the Gross-Pitaevskii (GPE)
equation can be found in [29].

The GPE is of similar appearance as the Schrodinger equation. The first
term on the right side describes the kinetic energy, the second term stands
for external potentials and the third covers interactions between particles. It
contains the coupling constant g, which in turn depends on the scattering
length a ]

dmth?a

g=——. (2.18)

The time-independent GPE can be found by substituting the time deriva-

tive on the left hand side of the equation by the chemical potential p

ih% — p®(r). (2.19)

2The scattering length can both be positive or negative corresponding to a repulsive or
attractive atom-atom interaction. In the case of rubidium the scattering length is positive.



In contrast to the Schrodinger equation, the eigenvalue is not generally
the energy of an individual particle. Only in the case of no interactions the

chemical potential is equal to the energy of the single particles.

Thomas-Fermi approximation

Let us consider the GPE in its time-independent form now and compare the
kinetic energy to the interaction energy. It turns out [32] that the ratio of
interaction energy to kinetic energy depends on the parameter Na/ay,, where
apo 18 the length of the harmonic oscillator trap.

For repulsive interactions, which means a > 0, a large enough number of
atoms N leads to an interaction energy that is much greater than the kinetic
energy. In that case the kinetic term can be simply neglected, which leads to

the Thomas-Fermi approximation

p@(r) = [Vear (r) + gn(r)] @(r), (2.20)

where n(r) = |®(r)[>.

When the atom number is in the already experimentally realized order
of about 10° or larger, there is hardly a difference between the Thomas-Fermi
approximation and the more accurate description that includes the kinetic
term [32].

Solving this equation for n and integrating, one gets the total number

of atoms. By solving for 4 now one obtains an expression for the chemical
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potential [29]

1525\ [ Na\*®
= (50) (24", )

1/3 is the geometric mean of the three oscillator frequencies

where W = (w,wyw,)

Wi .

density

-4-3-2-10 1 2 3 4 -3 =2 =1 0 1 2 3
position (R1f) position (R1¢)

Figure 2.1: 1D cut through the density profile of a Bose-Einstein condensate: The
x-axis is in units of the Thomas-Fermi radius, the y-axis is in arbitrary units. The
plots are the sum of a Gauss distribution (blue curve, describes the thermal particles)
and a Thomas-Fermi distribution (red curve, describes the condensate). (a) Here,
the temperature is just below the critical temperature Tz. There is still a large
cloud of thermal particles. (b) Due to the low temperature most of the particles are
in a BEC-state.

Using the condition at the boundary of the cloud V(r) = p together
with equations and leads to the often used Thomas-Fermi radius
129, 131]

Ryp = (RmRsz)l/:s — 151/5 <&)1/5 Aho- (2.22)

Qho

The Thomas-Fermi radius is a measure of the BEC’s size.
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2.2 Optical Lattices

2.2.1 Atoms in the presence of a laser field

When an atom is exposed to a laser field, it is affected by the oscillating electric
field of the laser beam. Due to the ac Stark shift, the atom’s energy levels are
shifted by [13] 29

1

AE = —§oz(w) (E%(x,1)) (2.23)

=

The electric field is denoted by £ and a(w) is the atomic polarizability, which
depends on the frequency w of the electric field. The brackets (), indicate the

time average of the electric field £.

The resulting potential affecting the atom is [29]

V= —%Re[a(w)] (E2(x,)) (2.24)

t’

where Re|a(w)] is the real part of a(w).

1D lattice

Let us assume a lattice consisting of two counterpropagating beams as shown
in figure 2.2l Both have the same frequency, amplitude and polarization. This

results in a standing wave with an electric field

£ = Eetkemwh) 4 goeilha—wh) — 9g et cos (k). (2.25)
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A
~ v,

Y laser
mirror soure

Figure 2.2: An optical lattice created by two counterpropagating laser beams with
wave vector k and —k: In this picture a laser beam is reflected into itself by a mirror,
which creates a standing wave with period d and depth Vj.

By time-averaging the squared electric field, one obtains the potential

V = Vycos?(kx) = Vocosz(%x), (2.26)

where d = m/k = \/2 is the lattice spacing and V} is the lattice depth. The
lattice depth linearly depends on the atoms’ polarizability and the intensity of

the laser. It is often given in units of the recoil energy

: (2.27)

which is the energy that an atom gains when absorbing a lattice photon.

For an arbitrary angle between both beams the lattice spacing and the

potential become [29]

2T A
a ‘kl — k2’ a 2Sln(9/2)

d (2.28)
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and

V= ‘/0 COS [(kl — kg)]ﬁ' -+ 51 — 62] s (229)

where 6 is the angle between the two beams and §; —ds is their phase difference.
By varying the angle € one can control the period of the lattice and achieve

values of \/2 and higher.

A moving lattice can be created by using two beams with different fre-
quencies. The direction of that movement is determined by k; — ko and the

magnitude is [29)]
W1 — Wo
V= . 2.30
|k1 N k2| ( )
If the frequency difference w; —ws changes with time, the lattice is accelerated.

This provides an alternative to accelerating the BEC in the lattice itself [14]

15, 19].

Two- and three-dimensional lattices

Optical lattices of two- or three dimensions can be achieved by using more
than two laser beams with wave vectors k;. For two dimensions at least two
independent differences k; — k; produced by at least 3 beams are required.
Accordingly, a three-dimensional lattice calls for at least 4 laser beams [29].
The most common approach in experiments, however, is to simply use
one pair of counterpropagating laser beams for every dimension, where all
pairs are orthogonal to the others. The influence of six different beams can
lead to non-trivial interference patterns. This allows further adjustment of the

lattice properties to the experimental needs. In order to get a simpler setup,

14



however, interferences between the three axes are often avoided with the help
of a frequency offset of some tens of MHz. This can be achieved by using
an acousto-optic modulator (AOM). Interference effects between the different
directions are then shifting much faster than the atoms are oscillating and
are therefore negligible (see [I3]). The resulting three-dimensional potential

of three independent, orthogonal pairs of beams is
V(r) = Vo(cos? (kz) + cos?(ky) + cos?(kz)). (2.31)

Further control of the lattice can be gained by adding even more beams,
or adjusting the polarization and phases of the beams. Likewise the polar-
ization can also be used to create state-dependent lattices by controlling the
angle between the polarization vectors of two beams. For more details on

state-dependent lattices see [33, [34].

2.2.2 Band structure

After introducing optical lattices, I will now discuss in what way they will
affect the atoms in them. The principle is the same as for electrons in ionic

lattices known from solid-state physics.

Consider the case of a particle moving in a periodic potential V (r) (equa-

tion [2.31). The corresponding Schrédinger equation is

Hy = (—%W + V(r)> P = e, (2.32)

15



The eigenstates of this equation have the form [35]
$(r) = u(e)e, (233)

where q is the quasimomentum and u(r) has the same periodicity as the lattice
potential V' (r). Equation is normally denoted as Bloch’s theorem after
Felix Bloch, though in the one-dimensional case it was first derived by Floquet
[35].

In order to solve equation [2.33] one can use an ansatz of describing
the wave function and the potential ¢ in Fourier series that have the same
periodicity as the lattice. This leads to an infinite system of linear equations.
If one limits the series to N terms, one gets a N(2N + 1)-dimensional system
of linear equations and 2N + 1 eigenenergies [13].

The eigenenergies are influenced by the lattice potential V. For a low
potential Vy << Epg, their structure resembles that of a free particle, while for
larger potentials there are gaps between the energy bands that increase with
increasing V; (figure [2.3).

In special cases, as in the limit of very weak or very strong potentials,
an approximation of the eigenenergy can be found analytically. In the weak

potential limit it is [13]
E 2
ﬁ =3+ 46“]*24_8_ (2.34)

with ¢ = ¢/k — 1 and the dimensionless parameter s = 1)/ Er. Recall that k

is the wave vector of the laser beams that form the optical lattice and ¢ is the

16



s=1 s=10
q 20F v r '
15/ )

15

10

0] * A A A d Oh A A d
-1.0 -0.5 0.0 0.5 1.0 -1.0 -05 0.0 0.5 1.0

quasimomentum [7/d]

Figure 2.3: Band structure: (a) for a relatively shallow lattice potential V) = Er the
gap between the first and the second band is small, similar to the free particle case,
with no energy gaps at the end. (b) In the case of a deeper lattice Vj = 10 x ERr, the
gap between the first and the second energy band is significantly broader. [Thanks
to Bryce Gadway for providing a module for the calculation of the band structure.]
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quasimomentum of the wave function. In case of the minus sign one gets the

lowest band and plus sign gives the first excited band.

The analytical result for the limit of deep lattices is [30]

E(q) J
2 2.
3V/s cos(qd), (2.35)
J = —4 Eps®/te=2Vs (2.36)

J is the tunneling energy between the energy bands and d is the lattice spacing.

Other values of importance are the group velocity v, and the effective

mass mesy of the BEC’s wave packet [13]

_ 10E(q)
v = 9 (2.37)
0?E(q !
Mepp = ( (,)qg )) : (2.38)

2.3 Bloch oscillations

Let us consider the influence of a time-independent force F' on the Bose-
Einstein condensate in an optical lattice, while neglecting effects of interactions
between the constituent particles for now. The force can be generated by ac-
celerating the lattice, which will cause an acceleration of the BEC in the rest
frame of the lattice. Alternatively, for a vertical oriented lattice the gravi-

tational force E] F' = mg can be used. In the presence of a one-dimensional

3This method was used in the experiments described later.
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lattice, the resulting Hamiltonian is

=2

H= 2p_m + Vp cos®(kx) + Fax. (2.39)

At the beginning, the atoms are in the center of the lowest energy band

(see figure . The external force F' then accelerates them until they reach
the edge of the Brillouin zone. Because of the band gap at this point, the atoms
cannot get into the next higher band. As they cannot get to the higher band
they will be reflected to the other end of the zone through Bragg reflection of
the de Broglie waves at the lattice potential. Like that they will oscillate back
and forth between the two edges. Accordingly, there is also an oscillation of

the velocity (equation [2.37)).

I will now look closer at the quasimomentum hg. Due to the constant

external force it changes as

dq
h— = F(r,t). 2.40
L Flr,) (2.0
After a time of At the wave vector q will have changed by F' x At/h. Because
we have the periodic lattice potential, after a change of 27 /d the BEC will be

in the same state as before. The time it takes, denoted as Bloch period, is

2mh

Ty = —.
B~ Fd

(2.41)
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2.3.1 Landau-Zener tunneling

Whenever the atom is at the edge of the Brillouin zone there is a chance of
tunneling from the lowest band to the first excited band. The chance depends
on the energy uncertainty of the atoms associated with their passing through
the zone edge and therefore on the external accelerating force and the band
gap. The population of atoms in the lowest band decays exponentially with

an estimated decay time of [1§]

T=h/T, (2.42)

where

I =aFe ¥, (2.43)

Here, a and b are constants that depend on the energy bands.

In order to avoid this tunneling effect, it is thus necessary to use a
relatively weak force, or to increase the energy gaps between the bands by

using deep enough lattice potentials.
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Chapter 3

Interactions and disorder

3.1 Effect of interactions, mean-field

In chapter interactions between atoms during Bloch oscillations have been
neglected. Effectively this corresponds to a case of only a single particle. In

this chapter I will take the influence of interactions into consideration.

3.1.1 Effective potential

For dilute systems the Gross-Pitaevskii equation (GPE) (equation is a
reasonable basis for calculations. Choi and Niu have used a one-dimensional
CPE in [14] and applied dimensionless variables ¥ = 2kx, t = LAk?t, o =
®/\/ng and Vo = = (ﬁ) Vo, with ng being the density of the BEC to arrive
at the equation

0 100

- = W N\ & 2~
i s 5 952 + Vo cos(z)® + C|P|~P. (3.1)

21



An important variable in this equation is the nonlinear coupling strengthﬂ

[14], 5]
™o

C = (63 (3.2)

where 6 is the angle between the laser beams that generate the optical lattice.

The coupling strength is strongly influenced by the angle . A small angle
will lead to a large lattice spacing d = 7/ sin(0/2)k and strong interactions. In
order to minimize the effect of interactions one can use two counterpropagating
(0 = 180°) beams as shown in figure for which sin?(9/2) =1 .

The effect of the interaction energy is to influence the potential created
by the lattice. In the potential wells the number of atoms is larger, while in the
regions of high potential energy, there are less atoms. In the case of repulsive
interactions, the atoms will reject each other more strongly the higher the
density of atoms is, which counteracts the effect of the optical lattice. This
principle also plays a role in the screening of a disordered lattice described
later.

The change of the total potential can be approximated by substituting
the lattice potential depth 170 with a reduced, effective potential depth V.,
depending on the coupling strength C' [14]

7

1+4C (3:3)

Verr =

This approximation is good as long as the effective potential depth is low

(Vegr << 1), i.e. for weak external potentials.

IFor rubidium the coupling strength is 2.6 x 102 [14].
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3.1.2 Strongly interacting Bose gases

The Gross-Pitaevskii equation is valid in the regime of dilute and therefore
weakly interacting Bose gases. Some phenomena that appear for strongly in-
teracting BECs cannot be explained by this description. For completeness
(even though this is not directly relevant for the experiments described be-
low), T will therefore introduce the Bose-Hubbard model, that also considers

quantum correlations between particles.

The derivation starts with the Hamilton operator for bosons in external

potentials [12]

H= /dgmﬂ(r) (—%Az T Vo(r) + VT(r)) v (3.4)

+5 / drpt () () (r)e(r),

where ¢ is the coupling constant (see equation and V7 is an external trap-
ping potential like a magnetic trap. The last term on the right side describes
the interaction potential between the atoms. It can be understood similarly
as in the GPE (2.17), where the interaction strength depends on the coupling

constant g and the density |®(r,t)|>.

For only one single atom, the eigenstates of this equation are Bloch
states (2.33), which can be described by a superposition of Wannier functions

centered on lattice sites j,

1 —iqr; r
w(r —1;) = ﬁ;e 1y(r), (3:5)
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such that

! Aiy(r —r;
wq<r>:ﬁ;e (r—r;). (3.6)

With the assumption that the energies that occur in the system are small
compared to the transition energy to the second band and that only the ground

states of single wells are populated, the application of ¢(r) = >, biw(r —r;)

in 3.4 leads to [12]

H=—J> blbj+) e+ %UZ@(@- —1). (3.7)
(6,3) i g

In the first term, bzT and b; are the creation and annihilation operators.
They describe the creation and annihilation of atoms in the i-th lattice site.
This term therefore describes the hopping between the different sites with the
hopping matrix element J = [ d*rw*(r —r;) —%AQ + Vo(r| w(r — ;).

The operator n; = b;rbi counts the number of particles in the lattice site
iand ¢ = [&®rVp(r)|w(r — r;)|* ~ Vp(r;) is the influence of the external
potential on an atom in the lattice site i. Hence, the second term describes

the total energy of the system due to the external potential.

The last term in equation describes the interaction energy of all the

atoms that are in the same lattice well. The parameter U = g [ d*r|w(r)[* is

the repulsion between two atoms in one lattice siteﬂ

2For 8"Rb atoms in a three-dimensional potential with Vj = 22Eg the value of the
interaction constant U is about 0.28 E [1§].
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Decay and revival of Bloch oscillations

Atom-atom interactions can lead to dynamical instability [37]. When the

condensate is accelerated, its quasimomentum might reach a dynamical un-

stable region. That means that at a certain critical velocity the condensate’s

coherence is lost leading to a complex structure of the wave function [37].

Decoherence causes a decay of Bloch oscillations [18] 21].

a) b)
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Figure 3.1: Damping of Bloch oscillations: Shown is the development of the momen-
tum (in units of the recoil momentum pg) in time. The atom number is about equal
in both cases, but the trap confinement and therefore the density is higher for b (the
trap is about three times as deep as for a). a) In the case of weaker interactions the
width of the momentum distribution stays small. b) Due to collisions the coherence
of the system decreases with time and the momentum distribution becomes washed
out. The oscillation of the mean momentum is damped strongly.

This decay (see figure|3.1]) can be understood in terms of the momentum
distribution of the BEC. Due to collisions, parts of the system are scattered and
different particles have different momenta at the same time, which corresponds

to different oscillation phases. The initially small momentum distribution
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spreads more and more and the amplitude of the mean momentum decreases.

On the other hand for a sufficiently strong external force even periodic
revivals of Bloch oscillations have been predicted for certain conditions. These
revivals are a quantum many-particle effect and based on the finiteness of the

interaction constant U and the atom number [38].

3.2 A disordered lattice

In solid state physics, Bloch oscillations of electrons in crystal structures will
decay in times that are much shorter than an oscillation period. The rea-
son for this are imperfections in the lattice structure like impurity atoms or
phonons that disturb the otherwise periodic potential and lead to scattering
of the electrons. In contrast to this, optical lattices created with laser beams
have a perfectly periodic potential. It is, however, possible to add a con-
trolled disorder potential to the optical lattice in order to analyze its effect on
the damping of Bloch oscillations. The first experimental measurements on
the decay of Bloch oscillations in a disordered lattice have been reported by
Drenkelforth et al. in 2008 [24].

There are several ways to create such a disordered lattice potential. One
possibility is to add a different kind of atoms [39] as impurities. For example
they can be in a different hyperfine state [40] or be of another species, e.g.
fermions [41]. The impurities are trapped in a deep lattice that does not
or only weakly affect the other atoms. If the number of impurity atoms is

low enough that they occupy only some of the lattice sites, they will create
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random potential peaks on which the other atoms are scattered due to atom-

atom collisions.

Because of the scattering, interference effects like interference between
the incident wave and a wave scattered back from a disordered part occur [23]
and the decoherence of the system increases. The decay of the wave function
also leads to a decay of its Bloch oscillations. For very strong disorder, this
can lead to a complete stop of the wave and to a localization of the particles
inside the lattice. The effect is named ” Anderson localization” after P. W.
Anderson, who proposed it for lattices in the context of solid state physics
[42].

A second possibility is to apply an additional, incommensurate lattice of
different wavelength [43]. This setup is referred to as bichromatic lattice and

has been used in the experiments described in ol I will explain it further in
section B.2.11

Other ways are to use speckle patterns [44] 45] or inhomogeneous mag-
netic fields [46], [47]. To create speckle patterns, laser light is either transmitted
through a diffuse medium or reflected from a rough surface [23]. Inhomoge-
neous fields can be found in the vicinity of microchips due to fabrication im-
perfections. Small fluctuations of an inhomogeneous magnetic field close to
the Feshbach resonance (see e.g. [48] 49]) generate spatial fluctuations in the
scattering length that characterizes atomic interactions. Effectively the disor-
der that is achieved in this way is a disorder of the interaction strength, not

of the optical lattice [23].

Because of the disorder, the total external potential affecting the bosons
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is in one dimension

2,2
Vi(z) = mw2 v + sEg cos®(kx) — Fx + V(). (3.8)

The first term stands for the harmonic trap, the second term denotes the
optical lattice with s being the lattice depth in terms of the recoil energy Er
and the third term is due to the external force that accelerates the atoms. The
last term finally is the disorder potential Vs, which causes a damping of the

Bloch oscillations.

3.2.1 A bichromatic lattice

Combining two optical lattices with different wavelengths creates a bichromatic

lattice with the potential

V(z) = 81Egi1cos*(k1x) + s9Epacos® (ko). (3.9)

The parameters s; = V;/Er;, Er; = h?/(2mA?) and k; = 27/, all depend on
the wavelengths of the lattices. The second lattice, described by the second
term in equation [3.9 acts as the disorder potential V.

Because a bichromatic lattice is based on the superposition of two dis-
crete wavelengths, it cannot really be a disordered potential with random im-
purities but will always have a periodic structure. This is called a quasiperiodic
potential. For finite sized systems, however, they are suitable as long as their

wavelengths are approximately incommensurate. Incommensurability means
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optical lattice
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incommensurate lattice
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Figure 3.2: A tilted bichromatic lattice: The first potential (blue) is the regular
optical lattice. In order to obtain disorder, a second lattice (red) with lower lat-
tice depth and an incommensurate wavelength is added. The accelerating force
needed for Bloch oscillations is provided by gravity. It is a linear gradient. The
orange potential is the tilted bichromatic lattice resulting from a superposition of
all potentials.
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that the ratio of both wavelengths is an irrational number, which is experimen-
tally not feasible because the precision for measuring the wavelength is limited.
But as long as the ratio is far enough from an integer or half-integer [22] that
the periodicity of the bichromatic lattice is greater than the size of the mea-
sured system, the lattice can be considered to be effectively incommensurate
[23].

If the potential depth of the disordering lattice is much smaller than
that of the main lattice, the height of the potential barriers between the wells
can be assumed to be approximately constant. In this case, the main effect
of the second lattice is to induce a non-periodic shift of the potential energy’s
minima [23].

In order to induce Bloch oscillations, an additional external force is
needed. It can be provided by gravity, which then adds the additional po-

tential term Vi = mgx to equation [3.9

3.3 Interplay between disorder and interac-

tions

If applied independently, both atom-atom interactions and disorder cause a
decay of Bloch oscillations. However, if both interactions and disorder are
present simultaneously, the effects might weaken or even annihilate each other
[22 25]. For a lattice with a fixed amount of disorder, the interaction strength

can be controlled e.g. via Feshbach resonance or the density of the condensate.
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Consider a disordered lattice and noninteracting particles or a very di-
lute condensate with significantly damped Bloch oscillations. When adding
interactions or increasing the density, this can give rise to a screening of the
disordered lattice [25] 27, 28]. The condensate wave function is attracted to
those places of the lattice with lowest energy, i.e. the minima. We recall
that the depth of these wells varies in a disordered lattice. Accordingly, more
atoms assemble in the deeper minima than in the more shallow minima. The
accumulated atoms repel each other because of their repulsive interaction and
the strength of this repulsion depends on the density of the condensate. The
deeper the lattice, the denser the condensate and the stronger is the repulsive
potential caused by atom-atom interactions. On account of this, the deepest
minima are ”cut off”, the lattice becomes a little more shallow and the effects
of disorder are smoothed out [28] (see figure [3.3). Of course this happens not
in one sudden step, but the interplay of interactions and disorder leads to the
disordered potential converging to the screened potential.

The screening leads to a delocalization of the particles in the lattice [26].
Increasing the interaction strength also increases the effect of the dynamical
screening. At first, locally coherent fragments of BEC arise and for further
increase of the strength the entire system reaches a coherent state.

While the coherence of the system is strengthened the damping of Bloch
oscillations is weakened. This works up to a certain point where the influence
of decoherence induced by interactions becomes stronger than the influence of
the dynamical screening. From here, a further increase of interaction strength

will again lead to more damping [22].
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X

Figure 3.3: Schematic illustration of the combined effects of disorder and interac-
tions: On top is a disordered lattice (red) and the repulsive potential caused by
atom-atom interactions (black). The deeper the lattice wells are, the greater is the
number of atoms in it and their interaction strength. This leads to a screened ef-
fective potential, in which the deepest minima are cut off. The disordered lattice is
smoothed out at the bottom.
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In conclusion, it should be possible to counter the effect of a disordered
lattice by tuning the atom-atom interactions. Experimental results of this

procedure are described in chapter [5
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Chapter 4

Experimental Setup

A detailed description of the experimental steps that lead to the production
of a BEC in our apparatus are described in [50-53].

In brief, 8RB atoms are first slowed down and collected in a magneto-
optical trap (MOT). For that purpose a frequency stabilized diode laser excites
the atoms from the 52S; 5, F' = 2 hyperfine state to the 5Py, F' = 3 state.
Most of the atoms will decay back to the F' = 2 state but a few decay over the
F’=2 state into the F=1 state. In order to minimize losses they are pumped
back into the F' = 2 state by a repump laser. An extensive introduction on
laser cooling is given in [54].

After the atoms are trapped in the MOT, they are optically pumped
to the |F' =1, mp = —1) hyperfine ground state. Subsequently the atoms are
captured in a magnetic quadrupole trap and mechanically transfered into an
ultra-high vacuum (UHV) chamber, where the experiments take place.

The final step is now to cool the atoms down by evaporative cooling to

the order of about 100nK and obtain Bose-Einstein condensation.
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4.1 Optical lattice and dipole trap

In this section I will give a general overview of the optical lattice setup (see4.1)
that is used in our group. An elaborate description of the lattice configuration

and its properties can be found in [33].

First, there is a three-dimensional lattice, which is created by three or-
thogonal laser beams with their minimum waist focused on the BEC and a
wavelength of 1064nm. Therefore the lasers are far red detuned from any
transitions of ' Rb and the hyperfine states, in which the atoms are, can be
neglected. The 1064nm-lattice is thus state-independent. We note that, for the
experiments described in chapter , only a one-dimensional lattice (in vertical
direction) was used.

Two of the beams that span a plane parallel to the ground (xy-plane)
are alternatively used as crossed optical dipole trap (XODT), where each laser
beam can individually form an optical dipole trap (referred to as ODT1 and
ODT2). This XODT is used in the later described experiments. The advantage
of such an optical trap over a magnetic trap is the independence of the atom’s
magnetic state induced by the Zeeman effect. Hence, a strong influence of the
Zeeman effect on the energy is avoided. Also the application of homogeneous
magnetic fields is possible that stands in contradiction to the inhomogeneous
field of a magnetic trap.

In order to use these laser beams as optical lattice, they are reflected
back by a mirror and superposed with the incoming beam to a standing wave.

The intensity of the reflected beams and with it the depth of the lattices can
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Figure 4.1: Three-dimensional view on the lattice configuration: In vertical direction
a bichromatic lattice can be set up by using both the 1064nm and the 785nm beam.
The beams are reflected by a mirror at the bottom. The 1064nm beams in horizontal
direction are used as crossed optical dipole trap. Alternatively they can also form
an three-dimensional optical lattice together with the vertical beam if they are
retroreflected with mirrors.
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be controlled by AOMs, which are placed in front of the mirrors. In particular
this allows to precisely control the speed at which the lattice is ramped up.
If the lattice is ramped up too quickly, the process will disturb the BEC and
induce decoherence. The time it takes until coherence is recovered is about
as long as the tunneling time between the lattice wells but at this point a

considerable amount of the condensate would be lost [13].

The beams in the xy-plane are detuned by 20MHz from each other and by
10MHz from the third beam, which is directed parallel to gravity (z-direction)

[33]. Thus, interference effects between the orthogonal beams are avoided.

In addition to this three-dimensional lattice a one-dimensional lattice
can be added in z-direction. With a wavelength of 785nm it is in between
the D2 (780.2nm) and the D1 (795.0nm) transition line of 8"Rb [55]. Because
of this, the hyperfine structure of the atoms is no longer irrelevant, and the
lattice is state-dependent (this feature is used in other experiments done in our
laboratory). Depending on whether the transitions are blue or red detuned the
atoms experience an attractive or repulsive force. This force also depends on
the amount of the detuning. As a consequence of the two different transition
lines there may also be a competition between the attractive force of one line
and a repulsive force of the other one. Ultimately it is even possible that they

cancel out each other, leaving the atoms unaffected.

During the experiments we are operating the atoms in the |F' = 1,mp = —1)
or |[F'=2,mp = —2) hyperfine states. By controlling the beam polarization
with a A/4 plate the effect on the two kinds of atoms can be adjusted. Effec-

tively this means that the lattice depth for atoms in different states is control-
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lable. It is possible that one kind is not or only weakly affected by the lattice
while the other one is strongly affected. For the experiments on BOs, where
we operate in the |F' = 2, mp = —2) hyperfine state, the state-dependence is

not relevant, though.

Kapitza-Dirac diffraction and dipole oscillations

The depth of the lattice can be determined by using Kapitza-Dirac diffraction
[56]. While the BEC is held in the trap, the lattice is switched on for a short
time. The condensate wave function is now diffracted from the lattice and a
picture of the diffraction pattern is taken. The population of the n-th order of
diffraction depends on the lattice depth and the time it was switched on. For
a description of this method see [33], 57].

The trap frequency of the XODT is found by applying dipole oscillations.
The oscillations are induced by a short magnetic pulse that kicks the atoms
out of their rest position in the trap. Hereupon they oscillate inside the trap.
After some time the trap is switched off and after a time of flight (TOF) of
a few milliseconds a picture is taken. The position of the atoms marks their
momentum at the time they were released from the trap. By switching the

trap off at consecutive times one can obtain the trap frequency.

4.2 The route to Bloch oscillations

We start at the point where the atoms are trapped in the crossed optical

dipole trap (XODT) and are in the |1, —1) hyperfine state. The two horizontal
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1064nm beams are used for the XODT. As the next step, the atoms are now
transferred with a Landau-Zener sweep (see section into the |2,—-2)
state. In this state the atoms are fully affected by the 785nm lattice, which is
used as disordering lattice.

In order to compensate for gravity, a magnetic field gradient is added,
which levitates the BEC. Later it is possible to vary the amount and the
direction of the external force that induces Bloch oscillations by adjusting this
gradient.

As the next step, we can tighten or expand the levitated XODT, which
determines the density and thus also the interaction strength. Consecutively,
we now ramp up our lattice adiabatically over a time of 50ms. This ensures
that no nonadiabatic disturbance of the BEC occurs. If we want an incom-
mensurate lattice, we can ramp up both vertical lattices. The wavelengths
used for the experiment were 1064nm and 785.7nm. Otherwise we can use
either of them for an undisturbed optical lattice.

For Bloch oscillations, we now need an external force, which we achieve
by switching off the magnetic field gradient within less than 0.2ms. So, gravity
is the driving force for the oscillations. It creates an energy offset of 0.56 E'r
between neighboring lattice sites. The corresponding oscillation period is Tg ~
0.88ms.

After some time, in which the atoms oscillate in the optical lattice, the
dipole trap and the lattice are switched off and the atoms are released to a
free fall. After a time of flight of 18 ms, an image of the BEC is taken. Here,

the vertical position is proportional to the velocity of the atoms at the time of
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their release.

By running this sequence for several times and changing the oscillation
time, we get a series of consecutive images. We then calculate the mean
velocity for each image and plot the velocities versus time.

In order to find out how many pixels in the image correspond to the recoil
velocity, one can size the distance between two diffraction peaks. Therefore
two Gaussian distributions are plotted that sit on top of a third one. The
recoil velocity in terms of image pixels can be determined from the distance

between the centers of the first two Gaussian distributions.

4.2.1 Hyperfine-state transfer

Quite generally, an atom can absorb a photon and be transfered to a higher
energy level, if the frequency of the photon coincides with the energy difference
of the two states w = (Fy — Fy)/h. Likewise a photon with that frequency
can stimulate the transition of an atom from the higher state to the lower
state, which causes the emission of a photon. The chance of absorption and
emission is smaller, if the frequency of the photon w differs from the transition
frequency wy. This difference A = wy — w is called detuning.

In a coherent driving field the probability of an electron in a two-level
system to be in one state will change over time with the generalized Rabi

frequency

Op = (W + A2, (4.1)

where wg is the ordinary Rabi frequency at zero detuning.
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Figure 4.2: On top is the experimental image that is taken after TOF. At the bottom
is a plot of the density distribution. The black points are data and the red curve is
a fit consisting of two Gaussian distributions on top of a third Gaussian. The recoil
velocity is determind through the distance between the peaks.

For an atom, which is initially in the ground state F;, the probability to

be in the excited state Es is

e (2 e (22). =

A derivation of this formula can for example be found in [5§].

It is thus possible to transfer an electron into an excited state by applying
a pulse with the right frequency for a certain amount of time.

In order to hit the right frequency, it is beneficial to vary the frequency
of the laser pulse over time. This is especially necessary if there are several
atoms in an inhomogeneous magnetic field. Because of the Zeeman effect their
transition varies spatially. This process is called a Landau-Zener sweep. For

our experiments we microwave radiation to drive transitions between hyperfine
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states.
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Chapter 5

Experimental data

In this chapter I will present the results obtained from the experiments.
The Bloch oscillations are generally fitted with an approximation of the
velocity function. Specifically, we use the derivative (see equation [2.37) of a

Taylor expansion of the first energy band and a Gaussian decay envelope

¢2 2mt 47t t
o(t) = A~ ( Bysin(To- + ¢) — Bysin(—— + ¢) + Bs sm(—67T +¢)),
Ip Ty Tgr

(5.1)
where A is the amplitude, 7 is the decay time, B; are fixed parameters (B; =
0.5826, B, = 0.1506 and B3 = 0.0414), ¢ is a phase shift, and Tp is the
oscillation period. The impact of the parameter Bj is less than a tenth of
the first one (Bj;). Further elements of the expansion are therefore neglected.
The phase shift may be caused by a possible non-zero initial velocity that
could for example be due to the short time it takes to switch off the gravity

compensating gradient.

The Gaussian envelope fits best for to the experimentally obtained data
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and is justified by the assumption of a linear increase of the momentum dis-

tribution in time that leads to a Gaussian envelope [24, [59].

5.1 Bloch oscillations (BOs) for weak interac-

tions

First, we measured Bloch oscillations up to a time of 31ms, which corresponds
to about 35 oscillations (see figures and , Tp ~ 0.88ms). For this
purpose, we used the 1064nm lattice without disorder and with a relatively
shallow trap. The images were taken from 0 to 3, 6 to 9, 12 to 15, 18 to 21, 24
to 26, and 30 to 31 milliseconds in steps of 0.2ms. The first part (0-3ms) was
repeated three times to gain a higher precision. For each of these images the
mean velocity was determined by averaging over the whole picture. Then we
calculated again the mean of the mean velocities obtained from three images.

The mean velocities are finally plotted versus the time and fitted with
equation [5.1 This is the general procedure that we also used for the following
analyses.

As can be seen in figure[5.1], there is a light decay of the Bloch oscillations.
Because the oscillations are still visible very well at the end, the measurement
over longer times should be possible. The decay time is (32.2 £ 0.3)ms, which

corresponds to about 36.6 Bloch periods.

44



2 VRt
8 0 .=. .L -;. _- -l —.__l_ =. L :— _- .. ; : 9 | |
o LNLN § LR N | |
> -VR
™~ ' ~ ' N ~ ' \‘\p
0-3 6-9 12-15 18-21  24-26 A
time [ms] 30-31

S
o

1
S
N

mean
velocity [vg]

time [Tg]

Figure 5.1: Bloch oscillations for weak interactions (1 ~ 0.1ER): Above are density
plots of the consecutive images, where the oscillation is already clearly visible. The
time evolution goes from left to right and the black bars denote the cuts in the
imaging, where we jumped to later times (see description in the text). One can
nicely see the BEC’s being Bragg reflected at the edge of the Brillouin zone. At the
bottom are plotted the mean velocities in units of the recoil velocity vs the time in
units of the oscillation period (75 ~ 0.88ms). The solid line is the fit function from
equation For a larger picture of the first part see figure
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Figure 5.2: To help appreciate the quality of the fit to the data points, an extended
view of figure [5.1]s first part is shown here.
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Figure 5.3: Effect of disorder on the lifetime of BOs: On top are the experimental
images that have been taken after a TOF of 18ms. It is noticeable that at later
times in the disordered lattice they are washed out. The plots show data together
with their fit functions (solid lines). The damping rate is considerably increased in
the disordered lattice (0.3775 L compared to 0.1175 U for sgis = 0ER).
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5.2 Effect of a disordered lattice

In addition to our main optical lattice (s; = 3, Ay =1064nm), we applied a
second lattice with lower depth (varying between s, = 0 and s, = 1) and a
wavelength (A\y =785.7nm) that is approximately incommensurate to the one

of our main lattice.

For all the measurements with a disordered lattice, we took three sets of
Bloch oscillations for each disorder depth and each interaction strength. The
single shots were taken in random order to avoid systematic errors that might
arise from drifts of our experimental setup during the runs, although we did
not notice any dependence of that kind. This method assures that we are
insensitive towards trivial damping effects that are based on heating of the
machine or other drifts during the run. We then determined the damping rate
by fitting the function in equation to the oscillations and taking the mean
of the three runs.

As is shown in the example in figure for weak interactions, an added
disorder leads to a dephasing of the Bloch oscillations. The increased damping
is clearly visible. Also, the image of the BEC becomes washed out after less
than two milliseconds, while the peaks of the non-disorder case are still very
well defined at this time. The damping rate in this example is about 0.117'; !
and 0.37T5" for the pure and the disordered lattice, respectively.

The asymmetry of the plot functions is due to the form of the first energy
band. It is bent towards a horizontal position at the egde of the Brillouin zone,

which also leads to the band gaps. This effect increases with increasing lattice
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depth and leads to symmetric oscillations of the velocity. For shallow lattices,
however, the fact that the energy band is bent just at the edge of the zone
leads to asymmetry of the velocity function that is the derivative of the energy

band with respect to the quasimomentum.

5.2.1 Competition between mean field and disorder
Dependence on the disorder depth

To clarify the dependence of the damping rate on the disorder lattice depth,
we took measurements for several disorder depths. The results are plotted
in figure for three different interaction strengths (characterized by the
chemical potential). In all three cases the damping rate seems to depend
linearly on the disorder depth.

Remarkable at this place is the difference of the slope in the weakly
interacting case (p = 0.07) and for stronger interactions. For zero disorder
depth the damping increases with interaction strength. But when the disorder
is increased, the damping rate of the weakly interacting BEC’s BOs increases
much faster than the other ones. At a disorder depth of around 0.4FR the
damping is even stronger than for stronger interactions.

This is an indication that dynamical screening takes place. It seems that
the stronger interactions diminish the effect of the disorder potential and keep
the damping rate relatively stable while the disorder is increased. Of course
the lack of more data points and more different interaction strengths between

the weak one (1 = 0.07ER) and the higher ones (u > 0.28 Fr) does not allow
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Figure 5.4: Damping of BOs in a disordered lattice for varied disorder: When the
disorder depth is increased the damping rate increases also linearly. However, the
slope is much steeper if the atom-atom interactions are very weak (u = 0.07ER).
The error bars represent the standard deviation resulting from taking the arithmetic
average of three measurements for each point.

to draw assured conclusions at this point. In the next chapter I present the
measurement of damping rates at more different interaction strengths for a

disorder depth of 0.56 E'g.

Dependence on the chemical potential

We took another series of measurements where we held the disorder depth
constant and varied the interaction strength (figure . The depth of the
incommensurate lattice was at sy = 0.56 E'r, which is in the regime where the
damping rate is smaller for stronger interactions than for very weak interac-
tions (figure [5.4).

Due to the disorder, the minima of the optical lattice are shifted between

0ER and 0.56 Eg. The average shift is therefore (AE) ~ 0.28 Eg.
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It is very obvious that the damping rate decreases if interactions are
applied. This goes up to a chemical potential of about u = 0.26FEr. At this
point the damping rate starts to increase for further increase of the interaction
strength. The turning point stands in very good agreement with the average
shift of the optical lattice. Because there are more atoms in the deeper lattice
sites, the interaction strength is also stronger than on average, while in the
more shallow sites it is weaker. Comparing the average values of interaction
and chemical potential is thus a tempting way to explain the position of the

minimum in the damping rate versus interaction strength plot.

Hence, this result strongly suggests that a dynamical screening takes
place. The trend of the plot also is in qualitative agreement with numerical

calculations that have been done previously [22].
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damping rate [Tg']
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chemical potential [Eg]

Figure 5.5: Damping of BOs in a disordered lattice (s; = 3ER, s2 = 0.56 ER)versus
interaction strength: Shown are the data points with a parabolic fit ( fper = a(p —
b)2 + ¢, where a, b and c are free parameters). The minimum of the parabola is
at u =~ 0.26Fr. The decrease of the damping at the beginning is indicative of
dynamical screening.
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Chapter 6

Conclusion

We have observed Bloch oscillations of a Rubidium-87 Bose-Einstein conden-
sate in an optical lattice. Furthermore we have seen a damping of these os-
cillations, which is caused by repulsive atom-atom interactions as well as by
disorder in the optical lattice.

A competing effect between interactions and disorder emerges when both
are applied at the same time. The repulsive effect of the interactions works
against the attractive force of the lattice wells and lifts the minima of the
lattice, effectively smoothing the disordered structure of the lattice.

The damping due to disorder is therefore reduced until the interaction

strength is equally strong as the disorder.
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