Taming Atomic Giants

How Rydberg atoms became veritable quantum simulators
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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 Hansch and Wolfgang Ketterle)
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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




fundamental laws of nature ©f ‘

. SEIT 1386
Quantum Dynamics N

5 <= &l 100.000.000.000.000 synapsis
e ,
THE

COMPLEX

Structure within
the Atom

O
4

0.000000000000000001 meter js=2% 100.000.000.000.000.000.000.000 stars




Department of Physics and Astronomy

¢

FAKULTAT FUR
PHYSIK UND
ASTRONOMIE

@Center for

Quantum Dynamics

UNIVERSITAT
HEIDELBERG
ZUKUNFT
SEIT 1386




Atomic and Molecular Quantum Dynamics @f ‘

. SEIT 1386
Quantum Dynamics

Network Y
Science/ $54 °

Bose-Fermi (Cs-Li) Mixture
) 3
HQA e e ]

0.-,\. ’.

.'.. .‘.
2
° L ]
e O3
.
LA ‘
A M e

Bing Zhu, Binh Tran, Manuel Gerken, S
Eleonora Lippi, Lauritz Klaus,
Michael Rautenberg

Marcel Neugebauer, Alexander Jager,

# Laurin Fischer, Julius Vernie, Selim Jochim,
= David Wellnitz, Julian Heiss, Armin Kekig,
Benjamin Clal3en, Kathinka Gerlinger
UHeidelberg Computer Science:

Andreas Spitz, Sebastian Lackner,

Michael Gertz

Ultracold lon-Atom Interactions Quantum Simulation
(OH- + Rb) with Rydberg Atoms
» -

S—— U Heidelberg Team:

Gerhard Ziirn, Clément Hainaut, Nithiwadee Thaicharoen,
Titus Franz, Andre Salzinger, Annika Tebben, Sebastian Geier,

i1l David Grimshandl, Shannon Whitlock, Adrien Signoles,
Miguel Ferrera Cao, Renato Ferracini Alves, Henrik Zahn
Eric Endres, Jonas Tauch, Saba Zia Hassan, Henry Lopez USTC Team:
(University of Innsbruck: Roland Wester, Markus No6tzold) Zhu Bing, Jiang Yuhai, Chen Peng, Luc Couturier, Qiao Chang,

Ingo Nosske, Hu Fachao, Tan Canzhu, Julia Sieg|



@ UNIVERSITAT
HEIDELBERG
Center for ZUKUNFT

. SEIT 1386
Quantum Dynamics

\ %“\;
.\\

The Earth’s Magnetic Fleld

North Geographic

North Pole

Magnetic

Pole*

\
m\‘
\\“ ./// //«'l. ~“x"

https.//www.tes.com/Iessons/JIprS49feNIOQ/2 -5-2015- magnet|sm

/ . South
Geographic Magnetic
South Pole Pole*

discove

SMARTMAX

v
-
L
c
]
o
E



3 - 39
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Interaction with magnetic fields

Lorentz atom

magnetic moment
through orbital momentum

Vs
- e =g Zorb
M= _mLorbit
+ o
_)\b\_;

D—n

interaction energy t
— — Horb
Enag = —1i- B T
« magnetic dipole moment
through ring current Bohr—van Leeuwen theorem

* no electric dipole moment
through symmetry

In a classical system there is no
magnetization in thermal equilibrium
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Interaction with magnetic fields

Lorentz atom

D—n

magnetic moment
through orbital momentum

vV
- e =g Zorb
Hn = _mLorbit
Ao

interaction energy S —

—

Emag — —H-

el
_<

* magnetic dipole moment electron spin

through ring current

* no electric dipole moment
through symmetry

pBohr = 9.72 x 10724 J/T




magnetic spin-spin interactions

Interaction Hamiltonian

H=—> Ji;S:S;
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qguantum magnetism in a disordered system @f ‘
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disordered system iInteraction Hamiltonian
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competition between ferromagnetic and
antiferromagnetic interaction (frustration)
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disordered system spin glass
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J. Bouchaud, Journal de Physique | 2, 1705-1713 (1992)
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disﬁjnrnd cvetam enin alace
How does an isolated system

~ reach equilibrium?

~ How dorcorrelations (classical/q ntum)
influence the dynamlcs of the system?

How does the dynamlcs depend on thed or |

\dlsorder nature of interactions, synﬂnétrles oD 0 oo 100
J. T , 1705-1713 (1992)

A. Hamman et al., J. Appl. Phys. 61 (1987) 3683
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“To describe what a quantum simulator is, | 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 Ilimited 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)
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Introduction

Rydberg atoms and spin models

Universal glassy dynamics in a frozen Rydberg gas

Floquet Spin Hamiltonian Engineering
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rubidium
S P D F G+ hydrogen | Rydberg states:
Highly excited (n > 10)
hydrogen-like electronic states
0
g 7 4 4 nt — s 2
S-10 5 (n — dy)
2. 15 ° 4 ’
= Oo=1.348
@ - 20 0, =0.855
g . 5 8,=0.015
5 ) D1/ D2 lines 83 =0.011
5 - 30 (780 nm) 2

large angular momentum  small angular momentum
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discovery of the Rydberg formula ©f
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Living, G. D. & Dewar, J. On the Spectra of Sodium and Potassium. Proc. R. Soc. London 29, 398-402 (1879).

Speetrim of fodium in the are in a lime erucible.

Diagram 1
A\O A

Speetrum of Potassium in the are in a lime erucible, exclusive of red and violet lines,
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F1a. 1.4.—Schematic representation of the sodium and potassium series. (After Liveing

and Dewar.)
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Fra. 1.7.—Schemaetic plot of the four chief series of sodium doublets showing the Rydberg-

Schuster and" Runge laws,
go ls IB-LE Whiter: Introduction to Atomic Spectra (McGraw-Hill, New York, 1934)



Bohr's explanation @
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= k272%e*m
; R=
L 2h2
k = 1/47‘1’60
Bohr 1913

Fig. 1.1 Energy level diagram for Na showing the sharp 3p-ns, principal 3s-np, and diffuse
3p—nd series.

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



classical vs. quantum world ©f

. SEIT 1386
Quantum Dynamics

|
I
| P — |
| n=8,/=5 !
> i
Ty |
ELECTRON—* g ] E
3 APHELION g 1 i
/ \\v (o)) [ :
| - 1 |
// | © 1 |
z i , 5 ;
= g |
C \ : |
8 \Ip \PROTON /// | I
% / \\; ////
PERIHELION et
= 150
_C N
(@)
!
|
n =100, /=50 !
> i
‘»n
C
0 r, 25 50 t78 100 (£ 125 Q@ |
0 distance (Bohr radii) 125 | i
2> ! |
5 | |
[&) | |
| |
I I !
VT 1 A [
0 ., 5,000 . 1nann 2,000 I} 20,000
Kleppner, D., Littman, M. G., & Zimmerman, M. L. (1981). 0 distance (Bohr radii) 20.000

Highly Excited Atoms. Scientific American, 244, 108-122.



Rydberg wavefunction @f
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» Hydrogen-like wavefunction

» Small binding energy oc n -2 (10 cm™'@ n=100 )
» Long radiative lifetimes oc n 3 (1 ms@ n=100)
’ n s (circular states)
. o 2 )
» Orbital radius ocn (0.5 um@ n=100)
» Transition dipole moment o n 2 ( 10% ea,@ n=100 )
» Frequency n — n+1 cn -3 (10 GHz@ n=100)
» Polarizability cn’”  (103..10% ea, @ n=100)

T. F. Gallagher, Rydberg Afoms (Cambridge university Press, Cambridge, 1994)
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van der Waals (dipolar)

large polarizability interactions
Y »
(B __- Cs/ RE o< n'! (B~
interatomic distance R
<+«—  Rydberg state > . : : :
1011\ Coulomb~1/R 1
n=55Wq%%%QvngvZ\A/\/\/ 107 k d-d~1/R3 e
— radial wavefunctions g
— 5
. - N 10° f g
n= \I/ s
3 | mag, d-d 8
D01 L =
. Coulomb potential %‘i 3
n=1 10°F 1
— WT /RO
-9 1 1 1 1 1
1074 2 5 10 20 50 100
R (um)

Saffman/Walker/Mglmer, Rev. Mod. Phys 82, 2313-2363 (2010)



Rydberg blockade @Merfor ‘

. SEIT 1386
Quantum Dynamics

Lukin, Fleischhauer, C6té, Duan, Jaksch, Cirac, Zoller, PRL 2001
Pair excitation probability

A blockade radius Ry,

E \ line width w Pise

. v 1.0

|RR> —— 0.8

. excitation i

g) blockade %4

T 0.2
$| 88 > 0.0~

interatomic distance

Lo )

Tong et al., PRL 2004, Singer et al., PRL 2004
For a review see: Comparat & Pillet, JOSA B (2010)
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Lukin, Fleischhauer, C6té, Duan, Jaksch, Cirac, Zoller, PRL 2001

blockade radius Ry, . .
)

line width w ’

v
|RR> —— ’
oy ©Xcitation o
8) blockade &.
T Tong et al., PRL 2004, Singer eAtaI., PRL 2004
|gg> For a review see: Comparat & Pillet, JOSA B (2010)

—p

interatomic distance

excitation spreads coherently over many atoms:

|R)= =3 l91) | Ry}~ lgw)

excitation with many-body Rabi frequency:

QN — \/N Qatom




ultracold Rydberg gases
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T. Pohl et al., PRL 104, 043002 (2010)
P. Schaul} et al., Science 347, 1455 (2015)

V. Bendkowsky et al., quantum simulation
Nature 458, 1005 (2009) \
A

‘

1 ’
’
L ’
’
’
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’
’

0 - critical o

region ()

PM

H. Weimer et al., PRL 101, 250601 (2008)

T. Peyronel et al., Nature 488, 57 (2012) H. Labuhn et al., Nature 534, 7609 (2016)
H. Bernien et al., Nature 551, 7682 (2017)
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detection dipole coupling P§
<« a

: IR I e excitation
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R[pm]

S. Waster et al. PRL 105, 053005 (2010)
G. Gunter et al., Science 342, 954 (2013)
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L. Isenhower et al., PRL 104, 010503 (2010)



spin Hamiltonian zoo
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Ly

0pm 400"

Labuhn et al., (Browaeys groups),
Nature 2016

see also reccent work by
Lukin/Greiner/Vuletic collaboration
and Bloch/Gross group
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f dynamics in an ultracold Rydberg gas

0 Nobuyuki Takei"2*, Christian Sommer2*, Claudiu Genes3, Guido PupiI|o4, Haruka Goto',
Kuniaki Koyasu1'2, Hisashi Chiba"®, Matthias Weidemiiller®’:8 & Kenji Ohmori2
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Direct observation of ultrafast many-body electron

o
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spin Hamiltonian zoo
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[n'S) 1)
nP) 1 I
Q,A MW ’ > Q7A (ZPI:(‘)AtIon)
) gm===I1) nS>—Z|¢> n.5) | )
I
Q
IR
)| 1) 9 ) e
Quantum Dipolar XY XXZ
Ising
Cs o S
— NN + o— — &+
T?jnmg Vaa(S;S; +5; S") JL(Sfo:F»S,?S?>
iy L= 3cosdy +J.5757
r

©J

+ driving field: 2 Z S*f + A Z S’f
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disordered system iInteraction Hamiltonian
H=—> J;SiS,
]
+ 0 Z S.B
i

Heisenberg model

competition between ferromagnetic and
antiferromagnetic interaction (frustration)
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disordered system spin glass
0.6
Q Q ‘9 . \g\ ot :
£t 1
- - 99 _'

Q Q ‘ ° 0 ;
Q Q Q 0 L
Q Q Q o | CdCr, 7Ing 5S4 spin glass o

0.3 R RITT BN AR RTITY BT AT RTTT TS R ITT MR ATTIT RS ST
competition between ferromagnetic and 001 01 1 log(t%z?n inleoo 1000 100C
antiferromagnetic interaction (frustration) . Bouchaus, Jouml do Pycicve 2. 17051713 (1652

A. Hamman et al., J. Appl. Phys. 61 (1987) 3683
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Heidelberg Rydberg lab Rydberg detector

HV feedthroughs

\ Science:

| Chamber,

'_;‘ ’ i ' h “ (.r = ‘“:
"\WE: SExcitationlight ' =
Sl

480 nm)
[ <V s
\'= Atom Segmented
cloud ring electrodes
. . —
BEC density profile 30 mm
0.2} ]
N=11000
T=130nK
0.1

| f=0.2
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Position um
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* Introduction

* Rydberg atoms and spin models

« Universal glassy dynamics in a frozen Rydberg gas

* Floquet Spin Hamiltonian Engineering




experiment on spin relaxation @f ‘ oy
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Ultracold atomic gas:
10% rubidium atoms in an optical dipole at T ~ 50 uK

Laser excitation:
Preparation of 50 ... 1500 spins
Initial state [{444 ... 1) (no entropy)

Q.
Qp
. 5.5)
Excitation
1485)



experiment on spin relaxation @f ‘
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Excitation = Prepation

s




experiment on spin relaxation ©f ‘
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1 o o e
Hxx7z = 5 Z Jij (SQ(CZ)Sg(c]) i S;SZ)SQSJ) iy 55§z)5£3))

2]

1495)

1485)

Excitation Prepation Evolution

e — |5P>

1485)
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Tomographic

Excitation Prepation Evolution
readout

1485)




mean-field prediction

Hxxz = = ZJW S(’)S”JrW ,si)—s(f
!

Precession around x

Excitation Prepation
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Tomographic
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mean-field prediction ©f ‘
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Tomographic

Excitation Prepation Evolution
readout

1485)

04 F B W mean field
0.3 F

;}S

02}

5

-~ 0.1

0.0




glassy dynamics

Excitation Prepation

1485)

0.4

0.3
C\/Q/S
. 0.2
%
~ 0.1
0.0
—0.1
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Tomographic

Evolution readout

B W mean field

’ measurement

time [pus]

A. Signoles, T. Franz et al., Phys. Rev. X, in press; arXiv:1909.11959
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Discrete Truncated Wigner Approximation @f ‘
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Map density matrix of spin-1/2

Yy 05 | 05 system on Wigner distribution
0 0 (quasiprobability distribution in
@ phase-space)

Random configuration

Sl L e e o |
A A nxEEEEEEE. Sample phase points of each

spin according to the Wigner

™ istribution

initial state @

t=20 t>0 _ _ _
Compute classical time evolution
Average over the different
classical evolution samples

J. Schachenmayer, A. Pikovski, A. M. Rey, PRX 5, 11022 (2015)
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slow relaxation of the magnetization @f ‘
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(from spin glass physics)

B —0 t
MB (t) X eXp(—(t/T)’B) exp(—(t/7)%) = 1 _ Plog(y) + 08

(&}
logarithmic decay

0.5

0.4 r

0.3

0.2

(Sx), (Sy)

0.1r

(Sy> | iR

OO 1 ] 0O A 1
b @ & g @ w = o

0 2 4 6 8 10
time [us]

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



slow relaxation of the magnetization @f ‘
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(from spin glass physics)

Mj(t) o exp(—(t/7)")

0.5
0.4 f B =0.38(5)
- 0.3 non-exponential decay
91 02} - glassy behavior
==
%2
~ 01}
Sy
0.0 n n - NS A 1
- R - T = B R -
-0.1 1 L 1 1 1
0 2 4 6 8 10

time [us]

A. Signoles, T. Franz et al., Phys. Rev. X, in press; arXiv:1909.11959
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1 N Ny .
Hxxz = 5 > Ji (S 8Y) + S SsU) + 550 50

1,7 ‘\\\ (jé

J(R) = Z2

t
Change density = rescale time: t' = Co/ab with  a = +/3/4mn

0.5

0.4r

0.3F

~

[N
\\
o\
~

s

© 9 o

0.0 -4 : — . — ]
102 101 10°
time x Cg/a®

(Sx)

0.2

0.1

A. Signoles, T. Franz et al., Phys. Rev. X, in press; arXiv:1909.11959
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1,7 \ CG

J(R)=

Change density = rescale time: t' = CGjGG with  a= {/3/4nn
0.5
04r

- ~..¢. ¢..
0.1} g o%% '¢Q§>

O-O . L 1 L o ol \ , , o

1 6
time X CG/GO A. Signoles, T. Franz et al., Phys. Rev. X, in press; arXiv:1909.11959



density rescaling

o Yy o
I - I| — —r |_$
0 T i 0 x rij 0 x Tij
T~ | ™~ _—
1 | L e i
0 0.3 0.64 09 1 (ao/Rbl)_2
0.5
0.4F

0.2

0.1F

0.0 | 1 1 1

107" 10°
time x Cs/af

102
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©Center for

Quantum Dynamics

blockade cutoff

/

probability density

1072 107" 10° 10’

A. Signoles, T. Franz et al., Phys. Rev. X, in press; arXiv:1909.11959
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1.0
0.4 - 0.8 -
0.6 -
X Sal
n
~ 0.2 4 small density 0.41¢
(disordered gas)
0.2 -
O.O_ —TTTTTTT —TTT T —T—TTTTT . 0.0 T T T T T
10-2 10-1 100 101 02 04 06 08 1.0
~ -3
time x Cg/4° (a/F)
Strongly disordered Weakly disordered
* Universal f = 0.36 * f,y;and A depend on
* Relaxation rate y; = % microscopic parameters
« Amplitude A = 0.5

A. Signoles, T. Franz et al., Phys. Rev. X, in press; arXiv:1909.11959
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* Non-equilibrium dynamics
with external field

* Dynamics of the susceptibility
("Aging’)

. Transport across spin boundary canannna s IOTRY

(domain wall)
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* Introduction

* Rydberg atoms and spin models

* Universal glassy dynamics in a frozen Rydberg gas

* Floguet Spin Hamiltonian Engineering




Floquet Engineering via periodic driving @f ‘
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Control the dynamics of a many-body spin system by periodic driving

TLLLLL LTI I CCLLLLTLLLITTT
RTTLLLLL LLLLTTTT gt gy,
"y ““.u ty,,
(\

nt
R e "l',' K3 lnu
o e, rive o 4,
o e, o e,

3 *, J— &) ’,
‘ L o, O ~L¢a~ "sxto o

" ~

<

~

e ’,
o ‘%,
» ?,
O s,
o %,
o 70,
o

4 ) e, R
"y, ! 'l:,,"

)
(i
' w
ll.,,,' “"‘||\

ot

Time-periodic Hamiltonian Evolution over one cycle T

H(t)=H(t+T)| - Effective Hamiltonian description U(T,0) = e~ 7 THrlog

= Engineer target Hamiltonian with programmable interactions
that are naturally not accessible



Floquet Engineering via periodic driving @f
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 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).

Single ion magnetizations

- : % N
. ) ' ﬁ ! (b ®
* NV centers (quantum sensing, ...) NEREEW
J. R. Maze et al., Nanoscale magnetic sensing with an individual electronic spin in 2 . 1”)" ?_"3 }'?. ;ﬁ A } g{ ;,
H & So F $ogd Lorf doslil e "f';‘ﬂr i
diamond, Nature 455, 644-647(2008) 3 20 AL LR fé v;;s,.,, ’&w
0 01 0 0.3 0.4 0.6

« Atoms in optical lattices (band-structure
engineering, ...)

N. Flaschner 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)
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Basic principle : Spin-echo like sequence to reverse single-spin dephasing

Lab frame:
" 1
e AN »H=0 _ &
=5 pulse effectively swaps the states =25
), = & (14) + €47 [1)) [0, = I (11) + €47 1))

Effective Hamiltonian over the cycle :

i

U(T,0) = erfrieaT = giflom e 17 o o (Hot H)T

Average Hamiltonian Theory

(Interaction frame) Hrpioq = Ho + Hq

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

Ao, 7+ A(—o,)T=0

-> Periodic sequences to engineer spin-spin interactions!
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. @/ 9 Y g Ryberg system offers a few different Hamiltonians
© Y © @9 < . depending on the choice of states.
P @ °©
F() n /{5 ~\{ ;\‘ (/ A A A A
© & _ i &G 4 Qi Qg
~ ) N —_— . . S A
Q@ Y [1) = [48s) Hxx Z%#J ‘]"73( w0z T Yy y)

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

Hxyz

Changing the pulse sequence allows for tuning of the Heisenberg Hamiltonian



Average Hamiltonian theory @f
Quantum Dynam|cs SEIT1386

- System Hamiltonian H

v
- Drive Floquet cycle: sequence of 9" pulses. -> rotations Pk around x and y

7QXY T Hxz T2 2 7:'[YZ T3 ﬁxz T2 Hyy Tt = tHyyz

X Y Y X n
( Ty g Ty g 273 % T2 g T1 )
<”m tc — >
- Average Hamiltonian (leading order)
1 n
Havg:_E :Tka Hy=(Py...P) Hy(Py...P)
T —1 Hamiltonian in the rotated frame: ,toggling frame*

1
- Conditions: 7T <« T pulselength < 7

S

- Stroboscopic observation of the system at multiples of T’
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Spin-system: Microwave drive: 7 =7(1—2v+2w)
7o = 7(1 + 2u — 2w)

T3 = 7(1 — 2u + 2v)

18P = 1) xo Yy
T z T 3 2T g T
+ 1 72‘ 2 —i 3 S 2
= 3
485 = ||)
11) 1) 1t) 1)
&l N A AL
=3 Jij(SL8% + S}87 ), (8 )
HXX 2 ZZ#J 5(52:5% Y y) I~ L\Y ) =1 AR AN
14 [4) L) TS
Jijtc <<1

Ulte,0) = e rioate — g Hom i Him2 o Ho27s o HiTa o HoT2 o o

- Averaging can be chosen by the delay!

Hxyy = X D iz Jig(L—v+ u)S:SI
_ v QJ
+(1+w U)SZ{SQ Naturally given XX-model > Floquet XYZ-modeI]
+(1 —w+v)SL57)

Jm /27 = 0.2MHz, Q /27 = 20MHz, t. ~ 1us



Floquet cycles for Rydberg system

v High Rabi frequencies (up to 100 MHz)

v ns-pulse and phase control - AWG (5
GSPS)

v" Polarization control and Power stability
(minimize rotation angle error)

60 cm

%\/) LO: 35 GHz

@ UNIVERSITAT
EEEEEEEEE G
Center for ZUKUNFT
Quantum Dynamics

Arbitrary
waveform generator

horn antenna
a

vacuum chamber

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

- Freeze far-from equilibrium dynamics

x Y Ra X n
n n n n
( T1 2 T 2 2713 2 T 2 T )
te

Uu=v9v=w — HXXX = %Zz’;éj sz(S;ng —|—S;SZ +S;S§)

—> conservation of the total magnetization

Experimental protocol:

Unitary dynamics

Initialization lw(t)) = e™=|yo) Readout
Hxx (no driv.)
wod = 11N | Ha€ ) (with driv.) »Heyy | @OMIBE)
- >

Evolution time = nt.



stalling demagnetization @f ‘ i
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Unitary dynamics

Initialization lp(t)) = e |yo) Readout
Hxx (no driv.)
lwo) = |- )®" Ho € H)(<€() (with driv.) - Hyyz (w()IM]y(t))
- >

Evolution time = nt.

I8P = |1)

IRS =

v/

Magnetization (M)

’:I‘ "X — .1 >‘ J,')[b'}s'}_ 4 S., S'J )

2 &g y“uy

0 2 4 6 8 10
Evolution time t (us)

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



stalling demagnetization @f ‘
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Unitary dynamics

Initialization ly(t)) = e™="|yo) Readout

Hxx (nO driv.)
H(t) (with driv.) - Hyyz {p(®)M]p(t)
- >

Evolution time = nt.

lpo) = |- )N Ha €

Floquet cycle (n)

0 4 8 12 16 20

0.5 ' ' ' ' '
- 04l \‘*+-__~+ H(t) = Hxxx
g 1 o . .
5 03} Hxxx =545 Jij (5355 + 5,57 + 5.57)
L]
N
°© 0.2
(@)]
©
= 01}

0.0 , , . . .

0 2 4 6 8 10

Evolution time t (us)

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



stalling demagnetization @f ‘
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Unitary dynamics

Initialization lp(t)) = e |yo) Readout
Hxx (no driv.)
lwo) = |- )®" Ho € H)(<E() (with driv.) - Hyyz (w()IM]y(t))

-€
Evolution time = nt.

Floquet cycle (n) Floquet cycle (n)

o 4 8 12 16 20 5 4 6 8

0-5 T L} L} T L} T T T T T
\\"‘+-_ H(t) = Hxxx

04} ~-¢

<

,.§ 03 B H(t)—’Hxxx

g O, S, S

g 02f

(@)]

s
0.1}
0.0 R \ 1 ! ! L [, 1 ! ! 1 L ]

0 2 4 6 8 10 0 2 4 6 8 10

Evolution time t (us) Evolution time t (us)

- Magnetization dynamics slow drastically down

S. Geier, N. Thaicharoen et al., submitted
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Application to Quantum Simulation:
How does the relaxation dynamic depend on the anisotropy of the Hamiltonian?

- Change relative delay times between pulses (£ averaging in the field frame)

w=185-A=0.1
T Ty |2T3| T2 T1

> Hxxz = 5% 3, (Jij/rd;) (8584 4 Sy S + ASLSI)

W=067 >A=16 3

rﬂ T2 H 273 H T2 Hl'l

SU(2) symmetry for A = 1

fe=61 U(1) symmetry for A # 1
0.5
S 04 (L9 g
~ \.\ "¢‘~~-*w— 1 : : :
S o3 \# | » Drastic change in the dynamics!
© ‘ S +L - 0.67,
'J: i _ . . . '
Qé 0.2 { ‘f “§<<bw=16 1 » Non-monotonic in the tuning parameter w!
g 0 1 *" ~~~~~ ,W = 1 85
. _____ .
. dTWA H() o) .no driv
O’O -l L L L L L L ]

0 2 4 6 8 10 12
Evolution time ¢ ([.lS) S. Geier, N. Thaicharoen et al., submitted
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Application to Quantum Simulation:

How does the relaxation dynamic depend on the anisotropy of the Hamiltonian?

Engineered many-body dynamics

- Change relative delay times between pulses (&

w=185-A=0.1

averaging in the field frame)

T Ty |2T3| T2 T
' — 1fw /3 i Qj i Qj i Qj
w=0.67 >A=1.6 2 HXXZ 3 Zi;ﬁj (Jlj/rz’j) (stx + SySy + ASZSZ>
Tﬂ T2 H 273 H T, HIl
t.=61 SU(2) symmetry for A =1
‘ U(1) symmetry for A # 1

E ‘.“-h ) E
‘C’ ¢‘~~-*w: 1 ‘C’
S A O o + 1 S
© - w=0.67 ©
N ‘ N
2 0.2 ‘\ r 2
B “O=-$w=1. 6 | =
© 0.1 '.~ ~~~~~ ,W: 1.85 © 0.1F - '
= [ - = Y - dTWA H(t) ~~====-_. A=0
o) no driv
~ =« dTWA H(t) —— dTWA Hxxz
000 -1 n L L L L OIO I-l 1 1 1 L L L .

0 2 4 6 8 10
Evolution time t (us)

O 2 4 6 8 10 12
Evolution time t (us)
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Application to Quantum Simulation:
How does the relaxation dynamic depend on the anisotropy of the Hamiltonian?

- Subsequently break the symmetry of the Hamiltonian

XXZ-Hamiltonian XYZ-Hamiltonian
(M, conserved) (no conserved component)
A B C
0.50 F ! ! T T J FT .
arbitrary initial state & 6,/6x=0.1 ¢ My ¢ My
N ’\ ’ My .’\\ ¢ My
£ 0251 & M, 1r Qg é M,
; \\. ‘—..___
= = e | SEEFE
§ 0ol e e e ETE a0 o, o g
.E; __--.—"".__
N ——
E ¢ o 6x=1.45
-0.25} o © - . =1.45 -
= «__o__°% _ o’ 6;=0.55
s 6,=1
~0.50 9

0 1 2 3 4 5 0 1 2 3 4 5
Evolution time t (us) Evolution time t (us)
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* 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
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