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11 Nobel Prize winners taught or conducted their research as 
professors at Heidelberg University :

2014: Stefan Hell, chemistry
2008: Harald zur Hausen, medicine
1991: Bert Sakmann, medicine
1979: Georg Wittig, chemistry
1963: Hans Jensen, physics
1963: Karl Ziegler, chemistry
1954: Walter Bothe, physics
1938: Richard Kuhn, chemistry
1922: Otto Meyerhof, medicine
1910: Albrecht Kossel, medicine
1905: Philipp Lenard, physics

45 other Nobel laureates’ names are associated with either 
Heidelberg University or the city of Heidelberg
(among them: Ted Hänsch and Wolfgang Ketterle)

Nobel Prizes @ Heidelberg University



International rankings
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• QS World University Ranking 
2015
No. 2 in Germany
No. 20 in Europe
No. 66 worldwide

• Times Higher Education 
Ranking 2015
No. 2 in Germany 
No. 13 in Europe
No. 37 worldwide

• Shanghai Ranking 
of World Universities 2016
No. 1 in Germany
No. 10 in Europe
No. 46 worldwide
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Atomic and Molecular Quantum Dynamics

http://www.physi.uni-heidelberg.de/Forschung/QD
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Quantum Simulation
with Rydberg Atoms

Ultracold Ion-Atom Interactions
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Bing Zhu, Binh Tran, Manuel Gerken, 
Eleonora Lippi, Lauritz Klaus,
Michael Rautenberg

Eric Endres, Jonas Tauch, Saba Zia Hassan, Henry Lopez
(University of Innsbruck: Roland Wester, Markus Nötzold)

U Heidelberg Team:
Gerhard Zürn, Clément Hainaut, Nithiwadee Thaicharoen, 
Titus Franz, Andre Salzinger, Annika Tebben, Sebastian Geier,
David Grimshandl, Shannon Whitlock, Adrien Signoles,
Miguel Ferrera Cao, Renato Ferracini Alves, Henrik Zahn
USTC Team:
Zhu Bing, Jiang Yuhai, Chen Peng, Luc Couturier, Qiao Chang,
Ingo Nosske, Hu Fachao, Tan Canzhu, Julia Siegl

Network 
Science / 
HQA
Marcel Neugebauer, Alexander Jäger,
Laurin Fischer, Julius Vernie, Selim Jochim,
David Wellnitz, Julian Heiss, Armin Kekiç,
Benjamin Claßen, Kathinka Gerlinger
UHeidelberg Computer Science:
Andreas Spitz, Sebastian Lackner,
Michael Gertz

N
et
w
or
k
S
tr
uc
tu
re

–
C
om

m
un

it
y
D
et
ec
ti
on

N
et
w
or
k
ha
s
gr
ou

ps
of

no
de
s
w
it
h
si
m
ila
r
lin
ks

T
he
se

co
m
m
un

it
ie
s
ca
n
b
e

fo
un

d
w
it
h
ne
tw
or
k
to
ol
s

C
om

m
un

it
ie
s
co
rr
el
at
e
w
it
h

th
e
te
rm

of
th
e
st
at
es

W
or
ks

b
es
t
fo
r
lo
w

qu
an
tu
m

nu
m
b
er
s
an
d
m
uc
h
da
ta

W
e
r
e
c
o
v
e
r
q
u
a
n
t
u
m

m
e
c
h
a
n
ic
a
l
p
r
o
p
e
r
t
ie
s
!

L=
S

P
D

F
G

H
I

K

++
+
+

+
++ +
+ +++ +
+

+

+
+ +
++

++
+

++
+

+ +++

++
+

+
+

+
+ + +

+
+ +

+
+

+
+ + +

+
+

N
et
w
or
k
of

th
e
he
liu
m

sp
ec
tr
um

U
n
iv
e
r
s
it
ä
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magnetism

https://www.tes.com/lessons/JIQpxS49feNl0Q/2-5-2015-magnetism



“classical” atom

Lorentz atom

v

• magnetic dipole moment
through ring current

• no electric dipole moment
through symmetry

Interaction with magnetic fields
magnetic moment
through orbital momentum

interaction energy

Bohr–van Leeuwen theorem

In a classical system there is no
magnetization in thermal equilibrium



“classical” atom

Lorentz atom

v

• magnetic dipole moment
through ring current

• no electric dipole moment
through symmetry

Interaction with magnetic fields
magnetic moment
through orbital momentum

interaction energy

electron spin



magnetic spin-spin interactions

H = �

X

i,j

JijSiSj

interaction Hamiltonian

corre
latio
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quantum magnetism in a disordered system

disordered system

Heisenberg model

H = �

X

i,j

JijSiSj

interaction Hamiltonian

competition between ferromagnetic and
antiferromagnetic interaction (frustration) 
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quantum magnetism in a disordered system

disordered system

J. Bouchaud, Journal de Physique I 2, 1705-1713 (1992)
A. Hamman et al., J. Appl. Phys. 61 (1987) 3683

spin glass
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quantum magnetism in a disordered system

disordered system

J. Bouchaud, Journal de Physique I 2, 1705-1713 (1992)
A. Hamman et al., J. Appl. Phys. 61 (1987) 3683

spin glass

𝑒!"#$

How does an isolated system
reach equilibrium?

How do correlations (classical/quantum)
influence the dynamics of the system?

How does the dynamics depend on the degree of 
disorder, nature of interactions, symmetries …?



Feymans‘ vision in a modern version

“To describe what a quantum simulator is, I will first have to
disclose a fact that is particularly painful for us theoretical
physicists: we can rarely predict the behavior of quantum
systems when more than a few particles are interacting. This is
not a consequence of limited mathematical prowess or
computing power but of the fundamental difficulty of solving
quantum mechanics with classical machines.

The aim of a quantum simulator is to bypass the need for
theoretical calculations — if you want to know the underlying
properties of a certain quantum system, then build another more
controllable quantum system that is described by the same
model and measure its properties.”

Hazzard, K. R. A. Watching a Quantum Magnet Grow in Ultracold Atoms. Physics 11, 63 (2018)



outline

• Introduction

• Rydberg atoms and spin models

• Universal glassy dynamics in a frozen Rydberg gas

• Floquet Spin Hamiltonian Engineering
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Rydberg states:
Highly excited  (n > 10)
hydrogen-like electronic states

D1 / D2 lines
(780 nm)

d0 = 1.348
d1 = 0.855
d2 = 0.015
d3 = 0.011

alkali Rydberg atoms
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discovery of the Rydberg formula

Living, G. D. & Dewar, J. On the Spectra of Sodium and Potassium. Proc. R. Soc. London 29, 398–402 (1879).

spectra of alkali metals



Rydberg’s discovery

Rydberg 1890

H.E Whiter: Introduction to Atomic Spectra (McGraw-Hill, New York, 1934)

universal constant



Bohr’s explanation

Bohr 1913

T. Gallagher: Rydberg Atoms (Cambridge University Press, 1994)



classical vs. quantum world

Kleppner, D., Littman, M. G., & Zimmerman, M. L. (1981). 
Highly Excited Atoms. Scientific American, 244, 108–122.

distance (Bohr radii)
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Rydberg wavefunction

Taken from: S. Haroche, “Cours Physique Quantique Collège de France 2013/14”



Ø Hydrogen-like wavefunction

Ø Small binding energy µ n -2 ( 10 cm-1@ n=100 )

Ø Long radiative lifetimes µ n 3 ( 1 ms@ n=100 )
n 5 (circular states)

Ø Orbital radius µ n 2 ( 0.5 µm@ n=100 )

Ø Transition dipole moment µ n 2 ( 104 ea0@ n=100 )

Ø Frequency n → n+1 µ n -3 ( 10 GHz@ n=100 )

Ø Polarizability µ n 7 ( 103...104 ea0 @ n=100)

Rydberg scalings
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Rydberg atoms

V~ C 1/R3

r

radial wavefunctions

Rydberg state

Coulomb potential

Saffman/Walker/Mølmer, Rev. Mod. Phys 82, 2313–2363 (2010)

van der Waals (dipolar)
interactions

C6 / R6 µ n11

large polarizability

interatomic distance R



Rydberg blockade

excitation
blockade

Lukin, Fleischhauer, Côté, Duan, Jaksch, Cirac, Zoller, PRL 2001

Tong et al., PRL 2004, Singer et al., PRL 2004
For a review see: Comparat & Pillet, JOSA B (2010)

Rbl

Pair excitation probability
line width w



Rydberg blockade

excitation
blockade

Tong et al., PRL 2004, Singer et al., PRL 2004
For a review see: Comparat & Pillet, JOSA B (2010)

Lukin, Fleischhauer, Côté, Duan, Jaksch, Cirac, Zoller, PRL 2001

Rbl

line width w



ultracold Rydberg gases

H. Weimer et al., PRL 101, 250601 (2008)
H. Labuhn et al., Nature 534, 7609 (2016)
H. Bernien et al., Nature 551, 7682 (2017)

L. Isenhower et al., PRL 104, 010503 (2010)

T. Pohl et al., PRL 104, 043002 (2010)
P. Schauß et al., Science 347, 1455 (2015) 

S. Wüster et al. PRL 105,  053005 (2010)
G. Günter et al., Science 342, 954 (2013)

structure formation

energy transport

quantum simulation

quantum information processing

V. Bendkowsky et al.,
Nature 458, 1005 (2009) 

few-body physics

Rydberg quantum optics
T. Peyronel et al., Nature 488, 57 (2012)

dipole coupling
excitation

trap

detection
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Atomen, sodass alle Zutaten für 
eine Quantensimulation im Feyn-
manschen Sinne bereitstehen. Als 
Observable dient die räumliche 
Paar-Korrela tionsfunktion der 
angeregten Atome. Sie gibt die 
Wahrscheinlichkeit an, ein Atom 
im Rydberg-Zustand vorzufinden, 
falls sich in einer anderen Mikrofal-
le mit gegebenem räumlichen Ab-
stand bereits ein angeregtes Atom 
befindet. Bei einem einzelnen Paar 
aus Rydberg-Atomen führt die ge-
genseitige Wechselwirkung zu einer 
Energieverschiebung der Rydberg-
Zustände, infolge derer das Laser-
licht nicht mehr resonant mit dem 
Übergang zwischen Grund- und 
Rydberg-Zustand ist. Nur eines der 
Atome wird dann in den Rydberg-
Zustand angeregt (Rydberg-Blocka-
de [8, 9]). Dieser Effekt tritt nur auf, 
wenn die beiden Atome sich inner-
halb des Blockade-Radius befinden. 
Daher verschwindet die Korrela-
tionsfunktion für zwei Rydberg-
Atome innerhalb dieses Radius.

Interessant ist nun die Messung 
der Korrelationsfunktion des Ising-
Modells für Konfigurationen, bei 
denen sich die Rydberg-Blockade 
über einen endlichen Bereich des 
atomaren Ensembles erstreckt. 
Dann ist das Ising-Modell notwen-
dig, um die Korrelations funktion 
zu beschreiben. Dazu realisieren 
Browaeys und Mitarbeiter zwei 
unterschiedliche Anordnungen 
der Atome (eindimensionale kreis-
förmige Gitter mit periodischen 
Randbedingungen und zweidimen-

sionale regelmäßige Gitter) und 
vergleichen die gemessenen Korre-
lationsfunktionen mit numerischen 
Simulationen des Ising-Modells 
(Abb. 2). Abweichungen treten durch 
die komplexe atomare Struktur der 
Rydberg-Atome auf, die zu Korrek-
turen in der effektiven Wechselwir-
kungsstärke führt.

In den vergangenen Monaten 
hat sich ein rasanter Wettlauf um 
den Titel des „weltbesten Systems 
für einen Quantensimulator“ ent-
wickelt. Rydberg-Atome liegen gut 
im Rennen. Der Palaiseau-Gruppe 
ist es kürzlich gelungen, die Wech-
selwirkung der Rydberg-Atome 
nahezu nach Belieben mit hoher 
räumlicher Auflösung lokal durch 
Lichtfelder zu kontrollieren [5]. 
Kernidee ist dabei die selektive 
Energieverschiebung der Rydberg-
Zustände durch den Stark-Effekt in 
optischen Feldern, die sich direkt 
auf die Stärke der Wechselwirkung 
auswirkt (Abb. 1). Wissenschaftler 
aus Okazaki konnten zusammen 
mit Physikern aus Straßburg und 
Heidelberg zeigen, dass sich die 
kollektiven Effekte des Ising-Hamil-
ton-Operators aufgrund der starken 
Rydberg-Wechselwirkung bereits 
auf Zeitskalen im Sub-Nanosekun-
denbereich zeigen [10]. Eine Gruppe 
am MPI für Quantenoptik unter-
suchte kürzlich gemeinsam mit 
Theoretikern die kohärente Viel-
teilchen-Quantendynamik einer 
auf Rydberg-Atomen basierenden 
Ising-Spinkette und gewann Auf-
schlüsse über die Rolle von Paar-

Korrelationen auf die Dynamik der 
globalen Magnetisierung [11]. In 
ihrer neuesten Arbeit demonstrier-
te die MIT/Harvard-Kollaboration 
in fast perfekt kontrollierter Manier 
Ising-artige Vielteilchendynamik 
mit Rydberg-Atomen und stellt sich 
mit dem provokanten Titel ihres 
Artikels in direkte Konkurrenz zu 
Googles Ambitionen, einen Quan-
tencomputer zu realisieren [12].

Es stellt sich die fundamentale 
Frage, ab welcher Größe und ab 
welchem Grad an Komplexität ein 
Vielteilchen-Quantensystem als 
ausreichend von allen nicht kon-
trollierbaren äußeren Störungen 
isoliert zu betrachten ist, um als 
veritabler Quantensimulator zu gel-
ten.1) Die jüngsten Entwicklungen 
geben Hoffnung, dass Quanten-
simulatoren basierend auf Rydberg-
Atomen einen wichtigen Beitrag 
leisten können. 

Matthias Weidemüller

 [1] H. Weimer et al., Nat. Phys. 6, 382 (2009)
 [2] M. Saffman, T. G. Walker und K. Møl-

mer, Rev. Mod. Phys. 82, 2313 (2010)
 [3] I. M. Georgescu et al., Rev. Mod. Phys. 

86, 153 (2014)
 [4] H. Labuhn et al., Nature 534, 667 (2016)
 [5] S. de Léséleuc et al., Phys. Rev. Lett. 119, 
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 [6] D. Barredo et al., Science 354, 1021 (2016)
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1) Fragen dieser Natur 
behandelt unter anderem 
der Heidelberger SFB 
1225 Isolated Quantum 
Systems and Universality 
in Extreme Conditions.

Abb. 2 Die Konfiguration der Rydberg-
Atome wird durch einen räumlichen 
Lichtmodulator (Spatial Light Modula-
tor, SLM) gesteuert (a), der die gefange-
nen Atome kontrolliert. Die Anregung 
der Rydberg-Atome erfolgt durch nicht-

resonante Zweiphotonenanregung bei 
795 und 475 nm. Im Beispiel bilden die 
Atome die Form einer Rennbahn, um 
eine homogene Ausleuchtung aller 
Atome zu gewährleisten. Der rote Be-
reich kennzeichnet die räumliche Aus-

dehnung der Rydberg-Blockade. Die ge-
messenen Korrelationsfunktionen 
(Punkte) stimmen mit der numerischen 
Lösung des Ising-Modells (Linie) gut 
überein (b).
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see also reccent work by 
Lukin/Greiner/Vuletic collaboration 
and Bloch/Gross group
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Direct observation of ultrafast many-body electron
dynamics in an ultracold Rydberg gas
Nobuyuki Takei1,2,*, Christian Sommer1,2,*, Claudiu Genes3, Guido Pupillo4, Haruka Goto1,

Kuniaki Koyasu1,2, Hisashi Chiba1,5, Matthias Weidemüller6,7,8 & Kenji Ohmori1,2

Many-body correlations govern a variety of important quantum phenomena such as the

emergence of superconductivity and magnetism. Understanding quantum many-body

systems is thus one of the central goals of modern sciences. Here we demonstrate an

experimental approach towards this goal by utilizing an ultracold Rydberg gas generated

with a broadband picosecond laser pulse. We follow the ultrafast evolution of its electronic

coherence by time-domain Ramsey interferometry with attosecond precision. The observed

electronic coherence shows an ultrafast oscillation with a period of 1 femtosecond, whose

phase shift on the attosecond timescale is consistent with many-body correlations among

Rydberg atoms beyond mean-field approximations. This coherent and ultrafast many-body

dynamics is actively controlled by tuning the orbital size and population of the Rydberg state,

as well as the mean atomic distance. Our approach will offer a versatile platform to observe

and manipulate non-equilibrium dynamics of quantum many-body systems on the ultrafast

timescale.
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states. For the excitation tuned to the 42D5/2 state as shown in
Fig. 1c, a single Rydberg state |vi with v¼ 42 is predominantly
populated. The Rydberg population thus measured oscillates as a
function of t with a frequency close to the transition frequency
between the 5S and Rydberg states42. This is in contrast to the
standard Ramsey interferometry, in which the signal oscillates
with a frequency close to the detuning frequency of the excitation
laser from the atomic transition22,23. That is, in the absence of
interactions, the population in the Rydberg state Pv(t) is given by

PnðtÞ / 1þ cosðEnt=‘ Þ ð1Þ
and oscillates with the frequency Ev/h, where Ev is the energy
of the Rydberg state |vi measured from the ground state 5S
(see refs 42,49 and Supplementary Note 2) and ‘ is the Planck
constant h divided by 2p. This oscillation is identical to the
temporal oscillation of the Rydberg state |vi, except that the
real-time t is replaced by the pump-probe delay t. Therefore,
the Ramsey oscillation for v¼ 42 corresponds essentially to the
temporal oscillation of the Rydberg wave function |v¼ 42i and to
the recurrence motion of an electronic wave packet, which is
composed of the 5S and Rydberg state v¼ 42 superposed
coherently by the excitation pulses. Here we investigate how the
Rydberg interactions affect this coherent electron dynamics.

In a simplified mean-field approach, the Rydberg interactions
change only the energy of the Rydberg state |vi and accordingly
the oscillation period of Pv(t). This results in a phase-shift of the
Ramsey oscillation accumulated in the delay time t. In addition,

as the atoms are randomly distributed in the ensemble, their
energy levels Ev are shifted randomly by the interactions, making
the periods of their Ramsey oscillations different from each other.
Therefore, the measured signal is the superposition of many
oscillations with different periods, so that its contrast is expected
to decay as a function of t due to Rydberg interactions.

Figure 2a–c show examples of the Ramsey oscillations for
the 42D5/2 state with a population of 3.3±0.1%. As mentioned
above, these oscillations correspond to the ultrafast recurrence
motion of the electronic wave packet with a period of B1 fs.
For each oscillation, we measured the field-ionization signals
of two atomic ensembles with different peak densities estimated
to be B1.3% 1012 and B4% 1010 cm& 3 alternately to
suppress systematic uncertainties, scanning t in steps of B30 as
(see Methods section ‘Estimation of the atom density’ for these
density estimations). We obtained the contrasts and phases of the
measured oscillations by sinusoidal fitting, as shown in Fig. 2a–c
(see Methods section ‘Time-domain Ramsey interferometry’).
Figure 2d shows that the contrast is approximately constant for t
up to B500 ps for the lower-density ensemble (blue-circle
data points), indicating that the effects of the interactions are
negligibly small. This result is consistent with the interaction
strength estimated from the present atom density and the
two-atom potential curve presented in Supplementary Fig. 1.
Hereafter, we take these contrasts and phases measured in the
lower-density ensemble as references to be compared with those
measured in the higher-density ensemble. The oscillatory
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structures on the B10 ps timescale at tB130–170 ps seen in
Fig. 2d could be partly due to the recurrence motion of a
wave-packet composed of the Rydberg state v¼ 42 and the traces
of its neighbouring states seen in Fig. 1c (see Supplementary
Note 4 for details).

Figure 2d shows that the contrast decays as a function of t for
the higher-density ensemble (red-circle data points). The phase
shift of the higher-density ensemble from the lower-density one
also changes as a function of t as seen in Fig. 2e. The offset of this
phase shift at t¼ 0 is essentially due to the difference between
AC-Stark shifts of the atomic levels in the higher- and lower-
density ensembles. Slight differences between the sizes, shapes
and positions of the higher- and lower-density ensembles could
lead to their different AC-Stark shifts (see Supplementary Note 2
for more details on the origin of this zero-delay offset of the
phase shift).

Figure 3 shows the results of measurements of the contrast
ratio between the two different densities given above, hereafter
referred to as ‘Ramsey contrast’, and the phase shift for the 42D5/2
state. These results are plotted as functions of t for the two
different Rydberg populations pe of 1.2±0.1% and 3.3±0.1%,
showing that the Ramsey contrast decays, and the phase shift is
accumulated as a function of t.

It is evident from Fig. 3 that the contrast decay and the phase
shift are enhanced when the Rydberg population is increased
from B1.2% to B3.3%. The strength of the interactions is tuned
by varying the Rydberg quantum number v and the atom density.
Figure 4a shows Ramsey contrasts as functions of t for three
different Rydberg levels v¼ 38, 42 and 50. It is seen from this
figure that the contrast decay is accelerated by increasing
the principal quantum number v of the Rydberg level. The
dependence of the Ramsey contrast decay on the atom density is
shown in Fig. 4b, in which the contrast decay is accelerated by
increasing the atom density (see Supplementary Note 5 for the
estimation of the atom densities plotted in the abscissa of this
figure). From these combined measurements as functions of
the Rydberg population, principal quantum number and atom
density, we conclude that the observed contrast decay and the
phase shift are induced by Rydberg interactions.

The origin of the observed behaviour of the contrast decay and
the phase shift is further investigated in Fig. 3. Here we compare
the experimental data with the Ramsey contrast decays and the
phase shifts calculated for nearest-neighbour interactions without
considering interactions among three or more Rydberg atoms
(solid lines). The zero-delay offset of the calculated phase
shift is arbitrary and adjusted so that the average of the
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Ultracold atomic gas:
10⁴ rubidium atoms in an optical dipole at T ~ 50 µK

Laser excitation:
Preparation of 50 … 1500 spins
Initial state                       (no entropy)
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The out-of-equilibrium dynamics of strongly interact-
ing system of many particles constitutes one of the most
challenging problems in modern science, touching the
basic concepts of statistical physics, thermodynamics,
quantum physics and even cosmology. Particularly in-
triguing behavior is encountered in disordered system as
they feature anomalously slow relaxation [1, 2] referred
to as aging in the context of amorphous solids. An almost
unifying phenomenological feature of this kind of dynam-
ics is that the relaxation of a thermodynamical variable,
such as magnetization, can be heuristically described
through a stretched exponential function [3], as encoun-
tered in e.g., spin glasses [4], quasi crystals [5], organic
superconductors [6], and diamond color centers [7, 8]. In
systems where genuine quantum features such as inter-
ference and entanglement are relevant, deriving this kind
of dynamics from microscopic principles has remained
a challenge. Using a frozen gas of Rydberg atoms, we
observe that the magnetization of a disordered, isolated
Heisenberg spin system relaxes as a stretched exponential
function characterized by a universal stretched exponent
of 0.4, independent of the strength of interactions and
disorder. Our simulations confirm that the stretched ex-
ponent acquires a universal value if the disorder strength
exceeds a critical value. This might indicate that slow
dynamics described by stretched exponential decay is a
generic feature of disordered quantum spin systems hint-
ing towards a unifying e↵ective theory description.

The Heisenberg XXZ-Hamiltonian is a paradigmatic
model for studying many-body physics as it displays a
rich ground-state phase diagram as well as dynamical
properties [9]. By introducing spatial disorder, the prop-
erties of the Hamiltonian change which gives rise to new
exotic phases and collective phenomena like many-body
localization, the random singlet and the spin-glass phase
[10, 11]. While only little is known about the equilibrium
properties of the quantum Heisenberg Hamiltonian with
long-range interactions in three dimensions, the far-from
equilibrium properties are even less understood. This is
due to the fact, that solid-state systems are not isolated
and hence always relax to the thermal equilibrium that is
imposed by the bath [12]. It is an open question whether
the slowdown of the dynamics that is known from clas-

sical disordered systems like spin glasses, continues to
persist in the quantum realm. A quantitative descrip-
tion of the relaxation is an extremely di�cult problem,
especially in systems that don’t undergo classical dynam-
ics where the depolarization is intrinsically linked to the
build up of entanglement (see Figure 1).
We study a three dimensional gas of frozen spin-1/2

particles with interactions described by the Heisenberg
XXZ-Hamiltonian (~ = 1)

HXXZ =
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i,j
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Here, � is the anisotropy parameter of the Hamiltonian
and Jij are the interaction couplings between the spins i
and j . We focus on on spin-spin interactions that decay
as a power law Jij = C6

r
6
ij

with the interparticle distance
rij .
We experimentally implement this spin model by us-

ing an ensemble of ultracold atoms with two Rydberg
states encoding the pseudo-spin-1/2 degree of freedom,
as schematically shown in Fig.1 a (see Methods [13]).
A laser pulse at variable duration first prepares a con-
trollable number of spins in the |#i = |48si state. A
microwave ⇡/2 pulse then initializes the system in the
fully-magnetized state |!i

x
· · · |!i

x
with all spins point-

ing along the x-direction on the Bloch sphere. This
choice of initial state is advantageous since it would not
undergo classical equations of motion. The time evolu-
tion is governed by the Hamiltonian of equation (1) with
C6/(2⇡) = 64GHz µm6 characterizing the strength of the
interaction which arise from dipole-dipole couplings be-
tween pairs of atoms. After a time evolution t� t0 a sec-
ond microwave ⇡/2 pulse with adjustable phase �readout

is applied to readout the magnetization components hSxi

and hSyi in the equatorial plane (Fig. 2). The latter is
inferred from population measurements of the two spin
states |#i and |"i using electric field ionization (see Meth-
ods [13]).
To check the assumption of unitary Hamiltonian evo-

lution with negligible e↵ects of decoherence, we have
performed a Ramsey measurement at low spin densities
where interactions are negligible (Fig. 2 a, methods [13]).
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A. Signoles*,1, 2 T. Franz*,1 R. Ferracini Alves,1 M. Gärttner,3 S. Whitlock,1, 4 G. Zürn,1 and M. Weidemüller1, 5

1Physikalisches Institut, Universität Heidelberg, Im Neuenheimer Feld 226, 69120 Heidelberg, Germany.
2Present address: Institut d’Optique, 2 avenue Augustin Fresnel, 91127 Palaiseau, France

3Kirchhof Institut für Physik, Universität Heidelberg,
Im Neuenheimer Feld 227, 69120 Heidelberg, Germany

4Present address: IPCMS (UMR 7504) and ISIS (UMR 7006),
University of Strasbourg and CNRS, 67000 Strasbourg, France

5Hefei National Laboratory for Physical Sciences at the Microscale and Department of Modern Physics,
and CAS Center for Excellence and Synergetic Innovation Center in Quantum Information and Quantum Physics,

University of Science and Technology of China, Hefei, Anhui 230026, China.

The out-of-equilibrium dynamics of strongly interact-
ing system of many particles constitutes one of the most
challenging problems in modern science, touching the
basic concepts of statistical physics, thermodynamics,
quantum physics and even cosmology. Particularly in-
triguing behavior is encountered in disordered system as
they feature anomalously slow relaxation [1, 2] referred
to as aging in the context of amorphous solids. An almost
unifying phenomenological feature of this kind of dynam-
ics is that the relaxation of a thermodynamical variable,
such as magnetization, can be heuristically described
through a stretched exponential function [3], as encoun-
tered in e.g., spin glasses [4], quasi crystals [5], organic
superconductors [6], and diamond color centers [7, 8]. In
systems where genuine quantum features such as inter-
ference and entanglement are relevant, deriving this kind
of dynamics from microscopic principles has remained
a challenge. Using a frozen gas of Rydberg atoms, we
observe that the magnetization of a disordered, isolated
Heisenberg spin system relaxes as a stretched exponential
function characterized by a universal stretched exponent
of 0.4, independent of the strength of interactions and
disorder. Our simulations confirm that the stretched ex-
ponent acquires a universal value if the disorder strength
exceeds a critical value. This might indicate that slow
dynamics described by stretched exponential decay is a
generic feature of disordered quantum spin systems hint-
ing towards a unifying e↵ective theory description.

The Heisenberg XXZ-Hamiltonian is a paradigmatic
model for studying many-body physics as it displays a
rich ground-state phase diagram as well as dynamical
properties [9]. By introducing spatial disorder, the prop-
erties of the Hamiltonian change which gives rise to new
exotic phases and collective phenomena like many-body
localization, the random singlet and the spin-glass phase
[10, 11]. While only little is known about the equilibrium
properties of the quantum Heisenberg Hamiltonian with
long-range interactions in three dimensions, the far-from
equilibrium properties are even less understood. This is
due to the fact, that solid-state systems are not isolated
and hence always relax to the thermal equilibrium that is
imposed by the bath [12]. It is an open question whether
the slowdown of the dynamics that is known from clas-

sical disordered systems like spin glasses, continues to
persist in the quantum realm. A quantitative descrip-
tion of the relaxation is an extremely di�cult problem,
especially in systems that don’t undergo classical dynam-
ics where the depolarization is intrinsically linked to the
build up of entanglement (see Figure 1).
We study a three dimensional gas of frozen spin-1/2

particles with interactions described by the Heisenberg
XXZ-Hamiltonian (~ = 1)
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Here, � is the anisotropy parameter of the Hamiltonian
and Jij are the interaction couplings between the spins i
and j . We focus on on spin-spin interactions that decay
as a power law Jij = C6

r
6
ij

with the interparticle distance
rij .
We experimentally implement this spin model by us-

ing an ensemble of ultracold atoms with two Rydberg
states encoding the pseudo-spin-1/2 degree of freedom,
as schematically shown in Fig.1 a (see Methods [13]).
A laser pulse at variable duration first prepares a con-
trollable number of spins in the |#i = |48si state. A
microwave ⇡/2 pulse then initializes the system in the
fully-magnetized state |!i

x
· · · |!i

x
with all spins point-

ing along the x-direction on the Bloch sphere. This
choice of initial state is advantageous since it would not
undergo classical equations of motion. The time evolu-
tion is governed by the Hamiltonian of equation (1) with
C6/(2⇡) = 64GHz µm6 characterizing the strength of the
interaction which arise from dipole-dipole couplings be-
tween pairs of atoms. After a time evolution t� t0 a sec-
ond microwave ⇡/2 pulse with adjustable phase �readout

is applied to readout the magnetization components hSxi

and hSyi in the equatorial plane (Fig. 2). The latter is
inferred from population measurements of the two spin
states |#i and |"i using electric field ionization (see Meth-
ods [13]).
To check the assumption of unitary Hamiltonian evo-

lution with negligible e↵ects of decoherence, we have
performed a Ramsey measurement at low spin densities
where interactions are negligible (Fig. 2 a, methods [13]).
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A. Signoles*,1, 2 T. Franz*,1 R. Ferracini Alves,1 M. Gärttner,3 S. Whitlock,1, 4 G. Zürn,1 and M. Weidemüller1, 5

1Physikalisches Institut, Universität Heidelberg, Im Neuenheimer Feld 226, 69120 Heidelberg, Germany.
2Present address: Institut d’Optique, 2 avenue Augustin Fresnel, 91127 Palaiseau, France

3Kirchhof Institut für Physik, Universität Heidelberg,
Im Neuenheimer Feld 227, 69120 Heidelberg, Germany

4Present address: IPCMS (UMR 7504) and ISIS (UMR 7006),
University of Strasbourg and CNRS, 67000 Strasbourg, France

5Hefei National Laboratory for Physical Sciences at the Microscale and Department of Modern Physics,
and CAS Center for Excellence and Synergetic Innovation Center in Quantum Information and Quantum Physics,

University of Science and Technology of China, Hefei, Anhui 230026, China.

The out-of-equilibrium dynamics of strongly interact-
ing system of many particles constitutes one of the most
challenging problems in modern science, touching the
basic concepts of statistical physics, thermodynamics,
quantum physics and even cosmology. Particularly in-
triguing behavior is encountered in disordered system as
they feature anomalously slow relaxation [1, 2] referred
to as aging in the context of amorphous solids. An almost
unifying phenomenological feature of this kind of dynam-
ics is that the relaxation of a thermodynamical variable,
such as magnetization, can be heuristically described
through a stretched exponential function [3], as encoun-
tered in e.g., spin glasses [4], quasi crystals [5], organic
superconductors [6], and diamond color centers [7, 8]. In
systems where genuine quantum features such as inter-
ference and entanglement are relevant, deriving this kind
of dynamics from microscopic principles has remained
a challenge. Using a frozen gas of Rydberg atoms, we
observe that the magnetization of a disordered, isolated
Heisenberg spin system relaxes as a stretched exponential
function characterized by a universal stretched exponent
of 0.4, independent of the strength of interactions and
disorder. Our simulations confirm that the stretched ex-
ponent acquires a universal value if the disorder strength
exceeds a critical value. This might indicate that slow
dynamics described by stretched exponential decay is a
generic feature of disordered quantum spin systems hint-
ing towards a unifying e↵ective theory description.

The Heisenberg XXZ-Hamiltonian is a paradigmatic
model for studying many-body physics as it displays a
rich ground-state phase diagram as well as dynamical
properties [9]. By introducing spatial disorder, the prop-
erties of the Hamiltonian change which gives rise to new
exotic phases and collective phenomena like many-body
localization, the random singlet and the spin-glass phase
[10, 11]. While only little is known about the equilibrium
properties of the quantum Heisenberg Hamiltonian with
long-range interactions in three dimensions, the far-from
equilibrium properties are even less understood. This is
due to the fact, that solid-state systems are not isolated
and hence always relax to the thermal equilibrium that is
imposed by the bath [12]. It is an open question whether
the slowdown of the dynamics that is known from clas-

sical disordered systems like spin glasses, continues to
persist in the quantum realm. A quantitative descrip-
tion of the relaxation is an extremely di�cult problem,
especially in systems that don’t undergo classical dynam-
ics where the depolarization is intrinsically linked to the
build up of entanglement (see Figure 1).
We study a three dimensional gas of frozen spin-1/2

particles with interactions described by the Heisenberg
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Here, � is the anisotropy parameter of the Hamiltonian
and Jij are the interaction couplings between the spins i
and j . We focus on on spin-spin interactions that decay
as a power law Jij = C6

r
6
ij

with the interparticle distance
rij .
We experimentally implement this spin model by us-

ing an ensemble of ultracold atoms with two Rydberg
states encoding the pseudo-spin-1/2 degree of freedom,
as schematically shown in Fig.1 a (see Methods [13]).
A laser pulse at variable duration first prepares a con-
trollable number of spins in the |#i = |48si state. A
microwave ⇡/2 pulse then initializes the system in the
fully-magnetized state |!i

x
· · · |!i

x
with all spins point-

ing along the x-direction on the Bloch sphere. This
choice of initial state is advantageous since it would not
undergo classical equations of motion. The time evolu-
tion is governed by the Hamiltonian of equation (1) with
C6/(2⇡) = 64GHz µm6 characterizing the strength of the
interaction which arise from dipole-dipole couplings be-
tween pairs of atoms. After a time evolution t� t0 a sec-
ond microwave ⇡/2 pulse with adjustable phase �readout

is applied to readout the magnetization components hSxi

and hSyi in the equatorial plane (Fig. 2). The latter is
inferred from population measurements of the two spin
states |#i and |"i using electric field ionization (see Meth-
ods [13]).
To check the assumption of unitary Hamiltonian evo-

lution with negligible e↵ects of decoherence, we have
performed a Ramsey measurement at low spin densities
where interactions are negligible (Fig. 2 a, methods [13]).
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as a power law Jij = C6

r
6
ij

with the interparticle distance
rij .
We experimentally implement this spin model by us-

ing an ensemble of ultracold atoms with two Rydberg
states encoding the pseudo-spin-1/2 degree of freedom,
as schematically shown in Fig.1 a (see Methods [13]).
A laser pulse at variable duration first prepares a con-
trollable number of spins in the |#i = |48si state. A
microwave ⇡/2 pulse then initializes the system in the
fully-magnetized state |!i
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· · · |!i

x
with all spins point-

ing along the x-direction on the Bloch sphere. This
choice of initial state is advantageous since it would not
undergo classical equations of motion. The time evolu-
tion is governed by the Hamiltonian of equation (1) with
C6/(2⇡) = 64GHz µm6 characterizing the strength of the
interaction which arise from dipole-dipole couplings be-
tween pairs of atoms. After a time evolution t� t0 a sec-
ond microwave ⇡/2 pulse with adjustable phase �readout

is applied to readout the magnetization components hSxi

and hSyi in the equatorial plane (Fig. 2). The latter is
inferred from population measurements of the two spin
states |#i and |"i using electric field ionization (see Meth-
ods [13]).
To check the assumption of unitary Hamiltonian evo-

lution with negligible e↵ects of decoherence, we have
performed a Ramsey measurement at low spin densities
where interactions are negligible (Fig. 2 a, methods [13]).
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universal aging dynamics

small density
(disordered gas)

high density
(order through blockade)

Strongly disordered

• Universal 𝛽 = 0.36
• Relaxation rate 𝛾! =

"!
#$!

• Amplitude 𝐴 = 0.5

Weakly disordered

• 𝛽, γ! and A depend on 
microscopic parameters

A. Signoles, T. Franz et al., Phys. Rev. X, in press; arXiv:1909.11959 



next steps

• Non-equilibrium dynamics
with external field

• Dynamics of the susceptibility
(“Aging“)

• Transport across spin boundary
(domain wall)



outline

• Introduction

• Rydberg atoms and spin models

• Universal glassy dynamics in a frozen Rydberg gas

• Floquet Spin Hamiltonian Engineering



Floquet Engineering via periodic driving

Time-periodic Hamiltonian Evolution over one cycle T

à Effective Hamiltonian description

Control the dynamics of a many-body spin system by periodic driving 

Engineer target Hamiltonian with programmable interactions
that are naturally not accessible



Floquet Engineering via periodic driving

• NMR (decoupling of spins, …)
E. L. Hahn, Spin Echoes, Phys. Rev. 80, 580 (1950).
J. S. Waugh et al., Approach to High-Resolution NMR in Solids, PRL 20, 180 (1968).
K. X. Wei et al., Exploring Localization in Nuclear Spin Chains, PRL 120, 070501 (2018).

• Trapped ions (non-equilibrium physics, …)
J. Zhang et al., Observation of a discrete time crystal, Nature 543, 217 (2017).
P. Jurcevic et al., Direct Observation of Dynamical Quantum Phase Transitions in an 
Interacting Many-Body System, Phys. Rev. Lett. 119, 080501 (2017).

• NV centers (quantum sensing, …)
J. R. Maze et al., Nanoscale magnetic sensing with an individual electronic spin in 
diamond, Nature 455, 644–647(2008)

• Atoms in optical lattices (band-structure 
engineering, …)
N. Fläschner et al., Experimental reconstruction of the Berry curvature in a Floquet Bloch 
band, Science 352, 1091 (2016)
C. Schweizer et al., Floquet approach to Z2 lattice gauge theories with ultracold atoms in 
optical lattices, Nature Physics 15, 1168–1173 (2019)



basic idea

Basic principle :  Spin-echo like sequence to reverse single-spin dephasing

Lab frame:

+

Effective Hamiltonian over the cycle :

Average Hamiltonian Theory
(Interaction frame)

à Periodic sequences to engineer spin-spin interactions!

pulse effectively swaps the states

U. Haeberlen, J. S.Waugh, Coherent Averaging Effects 
in Magnetic Resonance, Phys. Rev.175, 453 (1968).



- Ryberg system offers a few different Hamiltonians
depending on the choice of states.

- By applying Hamiltonian Engineering (Floquet driving) 
we want to tune the system Hamiltonian into an 
arbitrary XYZ Heisenberg Hamiltonian

Changing the pulse sequence allows for tuning of the Heisenberg Hamiltonian

tunable Hamiltonians



Average Hamiltonian theory

- Drive Floquet cycle: sequence of - pulses.   à rotations around x and y

- System Hamiltonian

J. Choi et al., arXiv:1907.03771

- Conditions:

- Stroboscopic observation of the system at multiples of

Hamiltonian in the rotated frame: „toggling frame“ 

- Average Hamiltonian (leading order)
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FIG. 1. Hamiltonian Engineering of an isolated spin system (A) A periodically applied Hamiltonian Hdrive(t) is used
to transform the natural Hamiltonian HNat of the system into a time-independent Floquet Hamiltonian HFloq. In this work
we have chosen HNat to be represented by a Heisenberg XX Hamiltonian HXX. (B) Experimental protocol for measuring the
total magnetization of the system under periodic driving composed by n repetitions of four ⇡/2 pulses in di↵erent directions
(x,�y, y,�x) with adjustable delay time. The spheres indicate the spin-frame transformations with the resulting piece-wise

constant rotated-frame Hamiltonians H̃↵� =
P

i,j Jij/~
⇣
S̃

i
↵S̃

j
↵ + S̃

i
�S̃

j
�

⌘
below. (C) Magnetization dynamics obtained by the

natural Hamiltonian HXX (red points) and by the driven Hamiltonian H(t) for tc = 0.5 µs (blue points) and Jm/2⇡ = 0.2 MHz.
(D) Magnetization dynamics when the Floquet cycles start after 2 µs for tc = 1 µs and Jm/2⇡ = 0.2 MHz. Lines are dTWA
simulations of the respective dynamics under HXX (solid) and H(t) (dashed) including uncertainties of the Rydberg density
(shaded area). Error bars are the statistical errors resulting from 100 repetitions of the experiment.

Average Hamiltonian Theory (AHT) [23]. Each ith

pulse is rotating the spin-frame such that the system
evolves under the action of a rotated-frame Hamiltonian
H̃i during the propagation time ⌧i (Fig. 1B top) [14];
a thorough derivation can be found in the supplemen-
tary material [23]. After an integer number of Floquet
cycles, the resulting zeroth order Floquet Hamiltonian is
HFloq = 1

tc

P5
i=1 H̃i⌧i and, for our specific implementa-

tion, reads
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(2)
where �x = 1� v + u, �y = 1 + w � u and �z = 1� w +
v are the control parameters allowing one to transform
the natural XX Hamiltonian into an e↵ective XYZ form.
According to AHT, this description is valid as long as



engineering interactions

+

Spin-system:                                         Microwave drive:

à Averaging can be chosen by the delay!

Naturally given XX-model à Floquet XYZ-model



Floquet cycles for Rydberg system

ü High Rabi frequencies (up to 100 MHz)

ü ns-pulse and phase control – AWG (5 
GSPS)

ü Polarization control and Power stability
(minimize rotation angle error)

Arbitrary
waveform generator

IQ mixer

LO: 35 GHz

horn antenna

vacuum chamber



benchmarking

How to verify that many-body dynamics are driven by the effective Hamiltonian?

à Freeze far-from equilibrium dynamics

à conservation of the total magnetization

Experimental protocol:



stalling demagnetization

S. Geier, N. Thaicharoen et al., submitted



stalling demagnetization

S. Geier, N. Thaicharoen et al., submitted



stalling demagnetization

à Magnetization dynamics slow drastically down
S. Geier, N. Thaicharoen et al., submitted



engineered many-body dynamics

à Change relative delay times between pulses (≙	averaging in the field frame)

à

Ø Drastic change in the dynamics!

Ø Non-monotonic in the tuning parameter w!

SU(2) symmetry for
U(1)   symmetry for 

Application to Quantum Simulation:
How does the relaxation dynamic depend on the anisotropy of the Hamiltonian?

S. Geier, N. Thaicharoen et al., submitted



Engineered many-body dynamics

à Change relative delay times between pulses (≙	averaging in the field frame)

à

SU(2) symmetry for
U(1)   symmetry for 

Application to Quantum Simulation:
How does the relaxation dynamic depend on the anisotropy of the Hamiltonian?



Engineered many-body dynamics

à Subsequently break the symmetry of the Hamiltonian

Application to Quantum Simulation:
How does the relaxation dynamic depend on the anisotropy of the Hamiltonian?
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FIG. 4. Consecutive symmetry breaking for a dual component initial state (A) Representation of the state initialized
with a ⇡/4 pulse on the Bloch sphere. (B) Dynamics of the magnetization components for a XXZ Hamiltonian. (C) Dynamics
of the magnetization component for a fully anisotropic XYZ Hamiltonian. Parameters are tc = 0.5 µs, t⇡/2 = 10.7 ns,
Jm/2⇡ = 0.4 MHz and the shaded area corresponds to the density uncertainty of dTWA simulations of H(t) (dashed lines).

equilibrium systems [30, 31] as well as the existence of
non ergodic many-body localized states [32] in various
spin Hamiltonians. The approach can directly be com-
bined with current developments, e.g. in preparing Ryd-
berg atom arrays [17], thus combining e�cient engineer-
ing of the Hamiltonian with precise control over the spa-
tial arrangement provides a viable scenario for the real-
ization of fully programmable quantum spin simulators.
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next steps

• Engineer time-reversed Hamiltonians (giving access to Out-of-
Time Order Correlators)
(collaboration with Antoine Browaeys & Co. @ Institut d‘Optique)

• Fluctuation-dissipation theorem beyond equilibrium

• Prethermalization dynamics

• Phase-diagram of Heisenberg Hamiltonians for ordered systems



summary

• Rydberg atoms provide an excellent
platform for implementing Ising and
Heisenberg Hamiltonians

• Discovery of universal dynamics driven
by quantum fluctuations beyond mean-
field description

• Hamiltonian Engineering using Floquet
driving

A.Orioli et al., PRL 120, 63601 (2018)
A. Signoles, T. Franz et al., PRX (2021)

N. Takei et al., Nat. Comm. 7, 13449 (2016)
see also: M. Mizoguchi et al., PRL 124, 253201 (2020)
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