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INTRODUCTION - MAGNETISM

How do two magnets interact?
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How do magnetic interactions
modify the quantum world?
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INTRODUCTION - MAGNETISM

1) We use the smallest possible
magnets (single atoms!)

~0.1 nm

2) Cool them to ultracold
temperatures (~ nanokelvin)
Bose-Einstein-Condensate (BEC)



ENTERING THE QUANTUMWORLD WITH MAGNETIC ERBIUM ATOMS



ENTERING THE QUANTUMWORLD WITH MAGNETIC ERBIUM ATOMS

Ultra high vacuum 

(10 -11 mbar)
Lasers to trap and cool

401nm, 583nm, 
1064nm,…

Hot gas 
1000K

Cold gas ~𝝁K
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Atoms are in same 
state and delocalized

in trap!

Cool further to lowest
(quantum) state

1mm
position (µm)

lin
e

a
r 

d
e

n
s
it
y
 (

1
0

8
 m

-1
)

(a)

(b)

(c)

(d)

222 nK

408 nK

T=1100 nK

0.4

0

0.1

0.2

0.3

500𝜇m

~105 atoms

Courtesy of Simon Baier

Bose-Einstein condensate

m
ag

n
et

ic
fi

e
ld

~nK



2012

THE FAMILY OF BOSE-EINSTEIN-CONDENSATES

magnetic moment: 7 μB

1 μB

6 μB

10 μB

~0 μB = Bose-Einstein condensed

~0 μB



DIPOLE-DIPOLE INTERACTION (DDI)

anisotropic

long range

TWO INTERACTIONS BETWEEN THE ATOMS IN THE BEC

μ = 7 μB

contact interaction
isotropic and short ranged
(can be tuned repulsive or 

attractive)

50 TIMES STRONGER MAGNETS
THAN ALKALI ATOMS

Tunable with
magnetic

field strength

Fixed
strength in 
upcoming 

measurements

Can be tuned relatively to
each other in experiment



EXPLORE NEW
PHYSICS

Publications within this (upcoming) thesis:
• Quantum-Fluctuation-Driven Crossover from a Dilute Bose-Einstein Condensate to a Macrodroplet in a Dipolar 

Quantum Fluid
L. Chomaz, S. Baier, D. P., M. J. Mark, F. Wächtler, L. Santos, F. Ferlaino, PRX 6, 041039 (2016)

• Observation of roton mode population in a dipolar quantum gas
L. Chomaz, R. v. Bijnen, D. P., G. Faraoni, S. Baier, J. H. Becher, M. J. Mark, F. Waechtler, L. Santos, F. Ferlaino, 
Nat. Phys. 14, 442 (2018)

• Long-Lived and Transient Supersolid Behaviors in Dipolar Quantum Gases
L. Chomaz, D. P. , P. Ilzhöfer, G. Natale, A. Trautmann, C. Politi, G. Durastante, R. van Bijnen, A. Patscheider, M. 
Sohmen, M. J. Mark, F. Ferlaino, PRX 9, 021012 (2019)

• Probing the Roton Excitation Spectrum of a stable dipolar Bose gas,
D. P., G. Natale, R. M. W. van Bijnen, A. Patscheider, M. J. Mark, L. Chomaz, F. Ferlaino, PRL 122, 183401 (2019)
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EXPLORING NEW PHYSICS

What is an excitation spectrum (dispersion relation)?

Describes the energy 𝑬 that is needed to excite a physical system
at a certain momentum 𝒑 (or velocity 𝒗)

momentum (~velocity)
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A simple example to get started:
a single atom (no BEC)

𝒑 = 𝒎𝒗𝒑𝟎 = 0

𝑬 =
𝟏

𝟐
𝒎𝒗𝟐 =

𝒑𝟐

𝟐𝒎

𝒎…mass of atom

𝑬 ∝ 𝒑𝟐



𝒑

EXPLORING NEW PHYSICS

Excitation spectrum of a Bose-Einstein condensate

At low momentum, atoms respond collectively (due to delocalisation + interactions)



EXPLORING NEW PHYSICS

𝒑

Collective excitations travel as
plane waves through BEC
(similar to phonons in solids, or
waves in water)

momentum (~velocity)
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𝑬 ∝ 𝒑 (linear)

Excitation spectrum of a Bose-Einstein condensate

At low momentum, atoms respond collectively (due to delocalisation + interactions)



EXPLORING NEW PHYSICS

magnetic
field

𝑥

𝑦

𝑧

Excitation spectrum of a magnetic Bose-Einstein condensate

At low momentum, atoms respond collectively (due to delocalisation + interactions)

momentum (~velocity)
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roton
dominant

magnetic interactions



𝑥

𝑦

𝑧

Bragg spectroscopy:
• Two laser beams cross under angle 𝜃 at atomic cloud
• Frequency difference 𝜔
• Excitation via two–photon process

EXPLORING NEW PHYSICS (AND UPGRADE THE EXPERIMENT)

Excitation spectrum of a magnetic Bose-Einstein condensate
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Bragg spectroscopy:
• Two laser beams cross under angle 𝜃 at atomic cloud
• Frequency difference 𝜔
• Excitation via two–photon process
• Momentum transfer 𝒑 happpens only when energy (ℏ𝜔)

matches excitation spectrum

𝑥

𝑦

𝑧
𝒑

EXPLORING NEW PHYSICS (AND UPGRADE THE EXPERIMENT)

Excitation spectrum of a magnetic Bose-Einstein condensate



Technical implementation with digital 
micromirror device:

• Use holographic gratings to create two Bragg 
beams from one incoming laser beam

• Allows to change momentum 𝒑 and
frequency 𝜔 independently via computer
programm

Programmable mirror
board with 1920x1080 tiny

mirrors

EXPLORING NEW PHYSICS (AND UPGRADE THE EXPERIMENT)

Implement a Bragg spectroscopy setup:

Main requirement:
Easy tunability over relevant 
momentum and energy range

mirror



Technical implementation with digital 
micromirror device:

• Use holographic gratings to create two Bragg 
beams from one incoming laser beam

• Allows to change momentum 𝒑 and
frequency 𝜔 independently via computer
programm

• Reguirements: Additional Laser setup, 
Programming, offline calibration, 
implementation into experiment

EXPLORING NEW PHYSICS (AND UPGRADE THE EXPERIMENT)

Implement a Bragg spectroscopy setup:

Main requirement:
Easy tunability over relevant 
momentum and energy range
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Excitation spectrum of a magnetic Bose-Einstein condensate

Measurement sequence:
• Prepare cloud



EXPLORING NEW PHYSICS

Excitation spectrum of a magnetic Bose-Einstein condensate

Measurement sequence:
• Prepare cloud
• Apply a short Bragg pulse with fixed momentum
• Let atoms expand in free space (switch off trap)
• Take a picture

𝒑



EXPLORING NEW PHYSICS

Excitation spectrum of a magnetic Bose-Einstein condensate

Measurement sequence:
• Prepare cloud
• Apply a short Bragg pulse with fixed momentum
• Let atoms expand in free space (switch off trap)
• Take a picture

On resonance:
excited atoms 𝐹𝑒𝑥

Vary energy ℏ𝜔 and fit 
resonance position
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atoms in 
BEC



Excitation spectrum of a magnetic Bose-Einstein condensate

Repeat for different momenta and compare to theory

momentum (norm.)
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momentum (norm.)

momentum (~velocity)
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dominant
magnetic

interactions

negligible magnetic
interactions

dominant
magnetic interactions

Reminder:

D. P., G. Natale, R. M. W. van Bijnen, A. Patscheider, M. J. Mark, 
L. Chomaz, F. Ferlaino, PRL 122, 183401 (2019)

EXPLORING NEW PHYSICS



What happens when the energy of the roton minimum is tuned to zero?

momentum (~velocity)
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roton

OUTLOOK–MOST RECENT RESULTS



roton

Excitation mode with
zero energy

momentum (~velocity)
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Simulation of full experiment:

OUTLOOK–MOST RECENT RESULTS

What happens when the energy of the roton minimum is tuned to zero?
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