
Dipole-dipole interactions between atoms
for many-body physics and quantum information 

Lecture 1: Dipole-dipole interaction between atoms

Lecture 2: Basics of Rydberg physics. Arrays of cold 
atoms. Rydberg blockade & QIP

Lecture 3: Many-body physics with Rydberg atoms. 
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1. Quantum simulation and spin models

2. Simulation of Ising model using van der Waals 
interactions

3. Topological systems using resonant dipole interactions

Outline



Goal: Understand ensembles of interacting quantum particles

Exponential scaling of Hilbert space

Ex: N-spin ½  Þ Record ab-initio: N ~ 42dimH = 2N
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Careful: approximate methods (102 < N < 105) exist!!!!
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Many-body physics and quantum simulation
Goal: Understand ensembles of interacting quantum particles
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The original idea…

R.P. Feynman

Simulating Physics with Computers, Int. J. Theo. Phys. 21 (1982)

International Journal of Theoretical Physics, VoL 21, Nos. 6/7, 1982 

Simulating Physics with Computers 
Richard P. Feynman 

Department of Physics, California Institute of Technology, Pasadena, California 91107 

Received May 7, 1981 

1. INTRODUCTION 

On the program it says this is a keynote speech--and I don't  know 
what a keynote speech is. I do not intend in any way to suggest what should 
be in this meeting as a keynote of the subjects or anything like that. I have 
my own things to say and to talk about and there's no implication that 
anybody needs to talk about the same thing or anything like it. So what I 
want to talk about is what Mike Dertouzos suggested that nobody would 
talk about. I want to talk about the problem of simulating physics with 
computers and I mean that in a specific way which I am going to explain. 
The reason for doing this is something that I learned about from Ed 
Fredkin, and my entire interest in the subject has been inspired by him. It 
has to do with learning something about the possibilities of computers, and 
also something about possibilities in physics. If we suppose that we know all 
the physical laws perfectly, of course we don't  have to pay any attention to 
computers. It's interesting anyway to entertain oneself with the idea that 
we've got something to learn about physical laws; and if I take a relaxed 
view here (after all I 'm here and not at home) I'll admit that we don't  
understand everything. 

The first question is, What kind of computer are we going to use to 
simulate physics? Computer theory has been developed to a point where it 
realizes that it doesn't make any difference; when you get to a universal 
computer, it doesn't matter how it's manufactured, how it's actually made. 
Therefore my question is, Can physics be simulated by a universal com- 
puter? I would like to have the elements of this computer locally intercon- 
nected, and therefore sort of think about cellular automata as an example 
(but I don't  want to force it). But I do want something involved with the 
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when the neighbors have values s~, s;, . . . .  where j ,  k etc. are points in the 
neighborhood of i. As j moves far from i, m becomes ever less sensitive to 
s'j.  At each change the state at a particular point i will move from w h a t  it 
was to a state s with a probability m that depends only upon the s ta tes  of 
the neighborhood (which may be so defined as to include the point i itself). 
This gives the probability of mak ing  a transition. It 's  the same as i n  a 
cellular automaton; only, instead of its being definite, it 's a probability. Tell  
me the environment, and I'll tell you the probability after a next m o m e n t  of 
time that this point is at state s. And that's the way it's going to work, okay?  
So you get a mathematical equation of this kind of form. 

Now I explicitly go to the question of how we can simulate wi th  a 
c o m p u t e r - - a  universal automaton or something-- the  quantum-meclianJcal 
effects. (The usual formulation is that quantum mechanics has some so r t  of 
a differential equation for a function ~k.) If you have a single particle, q, is a 
function of x and t, and this differential equation could be simulated jus t  
like my probabilistic equation was before. That  would be all right and one 
has seen people make little computers which simulate the Schr6edinger 
equation for a single particle. But the full description of quantum mechanics  
for a large system with R particles is given by a function q~(x I, x 2 . . . . .  x n ,  t)  
which we call the amplitude to find the particles x I . . . . .  xR, and therefore,  
because it has too many variables, it cannot be simulated with a n o r m a l  
computer with a number of elements proportional to R or propor t ional  to 
N. We had the same troubles with the probability in classical physics. A n d  
therefore, the problem is, how can we simulate the quantum mechanics? 
There are two ways that we can go about it. We can give up on our rule 
about what the computer was, we can say: Let the computer itself be bui l t  
of quantum mechanical elements which obey quantum mechanical laws. Or 
we can turn the other way and say: Let the computer still be the same k ind  
that we thought of be fo re - - a  logical, universal automaton; can we imi ta te  
this situation? And I 'm going to separate my talk here, for it branches in to  
two parts. 

4. Q U A N T U M  C O M P U T E R S - - U N I V E R S A L  QUANTUM 
S I M U L A T O R S  

The first branch, one you might call a side-remark, is, Can you d o  it 
with a new kind of c o m p u t e r - - a  quantum computer? (I'11 come back to the 
other branch in a moment.) Now it turns out, as far as I can tell, that y o u  
can simulate this with a quantum system, with quantum computer elemexats. 
It 's  not a Turing machine, but a machine of a different kind. If  we disregard 
the continuity of space and make it discrete, and so on, as an approximat ion  
(the same way as we allowed ourselves in the classical case), it does seem to 
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be true that all the various field theories have the same kind of behavior, 
and can be simulated in every way, apparently, with little latticeworks of 
spins and other things. It's been noted time and time again that the 
phenomena of field theory (if the world is made in a discrete lattice) are well 
imitated by many phenomena in solid state theory (which is simply the 
analysis of a latticework of crystal atoms, and in the case of the kind of 
solid state I mean each atom is just a point which has numbers associated 
with it, with quantum-mechanical rules). For example, the spin waves in a 
spin lattice imitating Bose-particles in the field theory. I therefore believe 
it's true that with a suitable class of quantum machines you could imitate 
any quantum system, including the physical world. But I don' t  know 
whether the general theory of this intersimulation of quantum systems has 
ever been worked out, and so I present that as another interesting problem: 
to work out the classes of different kinds of quantum mechanical systems 
which are really intersimulatable--which are equivalent--as has been done 
in the case of classical computers. It has been found that there is a kind of 
universal computer that can do anything, and it doesn't make much 
difference specifically how it's designed. The same way we should try to find 
out what kinds of quantum mechanical systems are mutually intersimulata- 
ble, and try to find a specific class, or a character of that class which will 
simulate everything. What, in other words, is the universal quantum simula- 
tor? (assuming this discretization of space and time). If you had discrete 
quantum systems, what other discrete quantum systems are exact imitators 
of it, and is there a class against which everything can be matched? I believe 
it's rather simple to answer that question and to find the class, but I just 
haven't done it. 

Suppose that we try the following guess: that every finite quantum 
mechanical system can be described exactly, imitated exactly, by supposing 
that we have another system such that at each point in space-time this 
system has only two possible base states. Either that point is occupied, or 
unoccupied--those are the two states. The mathematics of the quantum 
mechanical operators associated with that point would be very simple. 

a ---- A N N I H I L A T E  ~ O C C  
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R.P. Feynman

Simulating Physics with Computers, Int. J. Theo. Phys. 21 (1982)

i.e. well-controlled quantum systems implementing
many-body Hamiltonians (including “mathematical” ones…)

Larger tunability than “real” systems (geometry, parameters…)
+

New types of probe & methods (e.g. out-of-equilibrium)
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Georgescu, Rev. Mod. Phys. (2014)

Many-body physics with synthetic matter



Ising

XY model

Interacting spin ½ particles on a lattice:
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photons
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Open questions: Dynamics (hard for N>30, long range…) 
Entanglement, disorder, topology…
Geometry (frustration: spin liquids?) …

Spin models: one of the “simplest” many-body problem 

Light scattering
(dissipative)
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R = 10 µm ) Vint/h ⇠ 1� 10 MHz

Þ timescales < μsec

Þ Large dipole-dipole interactions 

Lifetime > 100 μs
Transition dipole: d ⇠ n2ea0
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Browaeys, JPhysB 2016

5 μm

Arrays of atoms (~70 at.)

Addressable!!

Rydberg atoms
Arrays of interacting Rydberg atoms



1. Quantum simulation and spin models

2. Simulation of Ising model using van der Waals 
interactions

3. Topological systems using resonant dipole interactions

Outline
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From van der Waals interactions to Ising model…

Þ switchable interaction

Ĥint =
C6

R6
n̂1n̂2

Rydberg occupation
number

R
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From van der Waals interactions to Ising model…
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795 nm
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From van der Waals interactions to Ising model…
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dim H ~ 2N

Strongly correlated
many-body system!

Rb

a

dim H = 2

Two (collective) states

Rb
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Out-of-equilibrium: sudden variation (“quench”) of parameters
Equilibrium: preparation of ground states
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From blockade to many-body physics with “many” atoms
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Collective excitation of two interacting Rydberg atoms

Rb

If                : dynamics governed by       and~⌦ ⇡ UvdW ⌦ UvdW
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10 µm

Partially loaded 1D ring (30 traps, 20 atoms)

ground state atom |#i

Rb

Rydberg atom |"i

Rydberg fraction: fr =
hNri
N

~ magnetization

Labuhn et al., Nature 534, 667 (2016)

79D3/2

Switch on Ω

“Quench” in Ising Hamiltonian: 1D with periodic boundary



Spin ½ model (Schrödinger), no adjustable parameters…!
Includes detection efficiency (T. Macri)

10 µm
Rb

Rydberg fraction: fr =
hNri
N

~ magnetization

Labuhn et al., Nature 534, 667 (2016)

Partially loaded 1D ring (30 traps, 20 atoms)

79D3/2

“Quench” in Ising Hamiltonian: 1D with periodic boundary



10 µm
Rb

“Damping” = dephasing of 220 eigenenergies

Rydberg fraction: fr =
hNri
N

~ magnetization

Labuhn et al., Nature 534, 667 (2016)

Partially loaded 1D ring (30 traps, 20 atoms)

79D3/2

Closed systems!!

“Quench” in Ising Hamiltonian: 1D with periodic boundary



Rb

Partially loaded 1D ring (30 traps, 20 atoms)

10 µm
Rb

Pair correlation function: 

g(2)(k) =
1

Ntot
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i

hnini+ki
hniihni+ki

Labuhn et al., Nature 534, 667 (2016)

⌦⌧ = 0.3

Spin-spin correlation function

“Quench” in Ising Hamiltonian: 1D with periodic boundary



STRUCTURE FACTOR AND RADIAL DISTRIBUTION. . . 2137

FIG. 4. Radial distribu-
tion function g(g) for 36Ar at
85'K, This curve is the
Fourier transform of the
smoothed and extended S(Q)
shown as a solid line in Fig.
3.
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and is listed in Table II. The deviations of the data
from the smoothed S(Q) a,re indicated on an en-
larged scale in Fig. 5(a); the rms deviation is
computed to be 0.019, which is close to the statis-
tical spread in the data. The iterations may be
continued; but it is seen here that for the present
data, only one iteration is necessary to yield a
smoothed S(Q) which represents the experimental
values of S(Q) exceedingly well over the range of
Q for which they were measured, and which trans-
forms into a g(y) with satisfactory behavior at
small r and for which the spurious residual os-
cillations have a relatively small amplitude.

V. DISCUSSION

In Fig. 6 the fully corrected data points for
S(Q) and the results obtained from molecular-dy-
namics calculations by Verlet are compared. No
adjustments to the data have been made to improve
the fit: all corrections and refinements were com-
pleted before Verlet's results were received.
The agreement of the data and computations is

excellent. Except for a slight difference in the
heights of the first peak, where the molecular dy-
namics results are least accurate and where an
error in the calculations of 0. 05orpossibly 0. 1 is
not unreasonable, there is little if any systematic
difference between the data and the calculations,
as indicated on an enlarged scale in Fig. 5(b). The
rms deviation of the data points from the calcula-
tions is 0.022, only slightly larger than the rms
deviation from the smoothed S(Q), Fig. 5(a).
Verlet's calculation was for 864 classical point

particles in a box, with periodic boundary condi-
tions, interacting pair wise via a Lennard- Jones
potential with parameters chosen to give a best fit

to the thermodynamic data. of Levelt (o =8.405 A,
&/k~= 119.8 'K). To the extent that three-body
interactions and quantum corrections are impor-
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FIG. 5. (a) Deviation of the experimental data from the
smoothed and extended S(Q) discussed in the text. (b)
Deviation of the experimental data from S(Q) for a Len-
nard-Jones fluid obtained by Verlet using molecular dy-
namics. (c) Deviation of the experimental data from S(Q)
for a hard-sphere fluid obtained from the Wertheim-Thiele
solution of the Percus- Yevick equation. Calculated values
of S(Q) corresponding to experimental data points were
obtained from tabulated values by spline interpolation.

A 1D Ising chain (periodic cond.) = 1D liquid!

Also in Munich (2D),  Nature 491, 87 (2012)
Ates & Lesanovsky, PRA 86, 013408 (2012)

Petrosyan, PRA 87 053414 (2013)

Liquid argon (3D)

PRA 7, 2130 (1973)

Analogous to 1D liquid:

hard sphere Rb

Labuhn et al., Nature 534, 667 (2016)

⌦⌧ = 0.3

Spin-spin correlation function



Calculable (N<40) Þ test

Laser

“Magnetization”

0–20 mV=cm so as to maximize Prr. For θ ≈ 0 the system
is faithfully described by a spin-1=2 system. For increasing
θ, we identify the range of magnetic fields where Rydberg
blockade is maintained. In addition, we observe a breaking
of the Rydberg blockade for negative B as predicted in

Ref. [26]. A similar analysis for various principal quantum
numbers n indicates that the presence of a Förster reso-
nance at n ¼ 59 is responsible for this sensitivity to weak
electric fields [29,31].
Now that we have identified parameters allowing us to

map our two-atom system onto a spin-1=2 model, we
extend the study to larger systems. We first revisit the
experimental realization of an 8-atom ring, reported in
Ref. [10], where we observed a discrepancy with the spin-
1=2 model. We apply a Rydberg excitation pulse and
observe the ensuing dynamics by measuring the fraction fR
of atoms that are excited to Rydberg states. We also extract
the probability P5þ that more than five atoms are excited,
i.e., that the blockade condition is violated, as, for our
parameters, nearest-neighbor excitation is thwarted. Prior
to this experiment we compensated the stray electric field
better than 5 mV=cm. Figures 6(a)–6(c) show the results
for two values of the magnetic field. For B¼ 6.9 G, we
observe a slow rise of P5þ above the prediction of the spin-
1=2 model. Contrarily, for B¼ 3.5 G, we find a much
better agreement with the spin-1=2 model as expected
from above.
We then probe a square array of 7 × 7 atoms [Figs. 6(d)–

6(f)]. As an exact simulation of the dynamics of the
49-atom system is no longer possible, we use the fact that
two neighboring atoms cannot be excited due to the

(a)

(b)

FIG. 5. Influence of θ, B, E on the mapping onto a spin-1=2
system. Calculated probability of double excitations at long
times (see text) as a function of the magnetic field B and the
angle θ. The interatomic distance is fixed at R¼ 6.5 μm. The
electric field is E¼ 0 in (a) and chosen between 0 and
20 mV=cm such that the probability for two Rydberg excita-
tions is maximized in (b).

(b) (c)

(e) (f)

(a)

(d)

FIG. 6. Dynamics of an ensemble of atoms under Rydberg excitation. (a) 8-atom ring with a nearest neighbor spacing of 6.5 μm. The
shaded ellipse illustrates the range of the anisotropic blockaded regionU > ℏΩ. (b) Evolution of the Rydberg fraction fR with the pulse
area Ωτ for B¼ 6.9 G. The inset shows the probability P5þ to observe configurations with at least 5 excitations. At large times, the
experimental points systematically lie above the results of a simulation of the corresponding spin-1=2 model (solid line). (c) Same
parameters with B¼ 3.5 G. (d) Square lattice of 7 × 7 traps (lattice spacing 6.1 μm). The blockade extends over nearest and next-
nearest neighbors. (e) Evolution of the Rydberg fraction forB¼ 6.9 G. Here the data show a slow increase in fR at long times, while the
spin-1=2 model predicts a saturation. (f) For B¼ 3.5 G, the agreement with the spin-1=2 model becomes very good. All figures: error
bars depict the standard error of the mean and are often smaller than the symbol size.

PHYSICAL REVIEW LETTERS 120, 113602 (2018)

113602-4
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Adiabatic preparation of an Ising antiferromagnet

H =
X

i

✓
~⌦(t)
2

�
i
x � ~�(t)n̂i

◆
+
X

i<j

C6

R
6
ij

n̂in̂j

Vary slowly Rabi freq. and detuning
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V. Lienhard, PRX 8, 021070 (2018)



Adiabatic preparation of spatially-ordered 1D Rydberg chains

taking into account realistic relaxation processes affecting the
atoms. We find that, under typical experimental conditions, it
is not feasible to attain the perfectly-ordered ground state of
the Hamiltonian even for three or four Rydberg excitations in
a finite 1D lattice gas. This is because the atomic decay and
dephasing during the exceedingly long preparation time
required for the adiabatic evolution of the system spoil the
adiabaticity and significantly reduce the overlap of the final
state of the system with the target ground state of the
Hamiltonian. This overlap, or fidelity, is largest at some
intermediate value of the preparation time, and maximizing
the probability of the ordered state of Rydberg excitations
requires therefore a compromise between the adiabatic fol-
lowing and decoherence. Even though the perfectly-ordered
state cannot be obtained with high fidelity, good spatial
ordering of Rydberg excitations is still achieved.

2. The adiabatic preparation protocol

We consider a system of N atoms trapped in a 1D optical
lattice potential, with one atom per lattice site, assuming no
site-occupation defects. A spatially-uniform time-dependent
laser field couples the ground state ñg∣ of each atom to the
Rydberg state ñr∣ with the Rabi frequency W t( ) and detuning
d w wº -t rg( ) . In the frame rotating with the laser field
frequency ω, the system is described by the Ising-spin-1

2
-like

Hamiltonian

� å å åd s s s s s= - + D - W +
<

t t ,

1
j

N
j

i j

N

ij
i j

j

N
j j

rr rr rr rg gr( ) ˆ ˆ ˆ ( ) ( ˆ ˆ )

( )

where s m nº ñ ámn
j

jjˆ ∣ ∣ are the projection (m n= ) or transition
(m n¹ ) operators for atom j, while D = C rij ij6

6 is the
strength of the (repulsive, >C 06 ) van der Waals interaction
between the Rydberg-excited atoms i and j separated by
distance rij.

Our aim is to prepare the ground state of Hamiltonian(1)
in the classical limit ofW l 0. The complete basis consists of
states with = ¼n N0, 1, 2, , Rydberg excitations. On an N-

site lattice, n excitations can be arranged in ⎜ ⎟⎛
⎝

⎞
⎠

N
n

different

ways, which is the dimension of the corresponding subspace
�n of the total Hilbert space � �= å =n

N
n0 . In the absence of

interactions,D = " Îi j N0 , 1,ij [ ], all the states in each �n

are degenerate, having the energy d= -E nn . Interactions
D > 0ij between the atoms (partially) lift this degeneracy,
unless =n 0 with =E 00 for the zero-excitation state

ñ º ¼ ñR gg g0∣ ∣ , or =n 1 with d= -E1 for all N single-
excitation states and their symmetric superposition

ñ º å ¼ ¼ ñR gg r g
N j j1
1∣ ∣ . For .n 2, the lowest energy

states ñRn
min∣ are the states with the largest separation between

the Rydberg excitations: d= - +E 2 ,C
l2

min 6
6 =E3

min
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where = -l a N 1( ) is the length of the system, i.e., the
distance between the first and last atoms, with a the lattice
constant. The energy spectrum En{ } versus detuning d is
schematically shown in figure 1. For negative detunings
d d= 0, the ground state of the system corresponds to the
=n 0 excitation state ñR0∣ with =E 00 , while for positive

d d� n the ground state corresponds to the lowest-energy n
excitation state ñRn

min∣ , such that < oE En n
min

1
min which leads

to d �n
C n

l2
6

7

6 .
In the adiabatic preparation protocol [22–26],

we start with the state ñR0∣ and the laser detuning
having some negative value d < 0 which we then
slowly increase till reaching some positive final value d d� n.
As we vary the detuning, the energies ¼E n0,1, ,

min cross at

around d d=l l0,0 1 1 2 d= l,C
l 2 3

6
6 d¼ - l� , ,C

l n n
2

1
6

7

6 ( )
- - -� C n n

l
1 26

7 7

6

[( ) ( ) ] [22]. Of course, with vanishing field
amplitudeW l 0, there is no coupling and thereby transitions
between the energy levels En , and the system initially in state

ñ = ¼ ñR gg g0∣ ∣ will remain in that state irrespective of d .
Hence, as we change the detuning, the field W should be non-
zero when the energy levels ¼E n0,1, ,

min cross, which would lead
to avoided crossings and adiabatic following of the ground
state of the system. The initial state with zero Rydberg
excitations ñR0∣ is coupled by the field to the symmetric
single excitation state ñR1∣ with the collectively-enhanced rate

W = Wl N ,0 1

Figure 1. Diagram of energies En of Hamiltonian(1) in the limit of
W l 0 versus laser detuning d , for =n 0, 1, 2, 3, 4 Rydberg
excitations of atoms in a lattice. Thick lines correspond to the lowest
energy En

min within the n -excitation subspace, while thin dotted lines
with the same slope (and color) denote the excited state energies
with the same .n 2.

2

J. Phys. B: At. Mol. Opt. Phys. 49 (2016) 084003 D Petrosyan et al

Petrosyan et al., J. Phys. B 49, 084003 (2016)
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j↑i ¼ j64D3=2; m j ¼ 3=2i spin states are in fact attractive
(U < 0). Consequently, the antiferromagnetic state is never
the lowest energy configuration whatever the value of δ; see
Fig. 6(b). Nevertheless, starting from a detuning δ > 0 and
ramping it down to δ ≈U=ℏ, the system evolves from the
initial state to an antiferromagnetic state while following the
highest-energy level. In this case, preparing the antiferro-
magnetic state actually means obtaining the ground state of
−H and, hence, the change of sign of the detunings needed to
reach the correlated phase. For our parameters, the van der
Waals interaction is not only attractive, but also slightly
anisotropic [25,34,60], being about three times as small in
the horizontal direction as in the vertical one (along ẑ). We
compensated for this difference by slightly distorting the
arrays along ẑ by a factor of approximately 31=6.

APPENDIX B: FINITE-SIZE EFFECTS

The two-dimensional arrays used here present open
boundary conditions (OBC). The lattice sites along the
boundary have fewer neighbors than the sites in the
bulk and, therefore, experience fewer interactions. This
modifies the “phase diagram” with respect to the bulk
phase diagrams presented in Fig. 1. In Fig. 7, we show the
classical (i.e., Ω ¼ 0) ground-state configurations for the

N ¼ 36 square and triangular arrays used in the experiment
and compare them to the bulk phase diagrams. The sites at
the boundary are more easily excited to the Rydberg state
when δ increases, leading to a larger number of density
plateaus. We have checked that, for the parameters used in
this paper, the OBC and bulk phases feature the same
typical short-range correlations.
The Néel structure factor SNéel shows almost no

finite-size effects for short-range ordered systems as long
as the system sizes are larger than the correlation length.
For finite arrays, the number of pairs of sites with larger
distances jkjþ jlj is strongly reduced, leading to larger
errors for the connected correlations gð2Þðk; lÞ due to
reduced statistics. In order to keep reasonable values and
errors for the Néel structure factor, we have restricted the
summation to jkjþ jlj≤ 4 in the experimental evaluation
of SNéel.

APPENDIX C: NUMERICAL METHODS

We perform numerical simulations of the time evolution
on medium-size lattices for both Hamiltonian systems
without any decoherence and the same systems with
additional dephasing terms in the framework of a master
equation in Lindblad form. In both cases, we construct the
complete many-body Hilbert space of the system on the
finite lattice and do not perform any truncation to calculate
the time evolution. Therefore, during the time evolution,
the system can explore the entire Hilbert space and all
phases in the phase diagram can potentially be obtained.

1. Unitary time evolution

To simulate the unitary time evolution of a time-
dependent Hamiltonian HðtÞ, we approximate HðtÞ by a
piecewise constant Hamiltonian H approxðtÞ on nsteps inter-
vals of length Δt, such that

FIG. 6. Influence of the sign of C6 on the many-body spectrum.
Eigenenergies of a small 2 × 2 square system as a function of δ
for ℏΩ=U ≃ 0.5. (a) For a repulsive interaction C6 > 0, the
ground state of H is antiferromagnetic for 0 < ℏδ < 2U. It
can be reached from j↓i⊗4 by adiabatically following the ground
state starting from negative values of δ (trajectory in dashed
arrows). (b) For an attractive interaction C6 < 0, the antiferro-
magnetic state is the most excited state, and the sign of the
detuning needed to reach it from j↓i⊗4 is reversed.

FIG. 7. Classical (Ω ¼ 0) phase diagrams for arrays with open
boundary conditions, with Rydberg density n as a function of
x ¼ ℏδ=U for the N ¼ 36 square and triangular arrays used in the
experiment. Blue lines correspond to open boundary conditions,
while red dashed lines correspond to periodic boundary con-
ditions (bulk phase diagram). The numbers indicate the degen-
eracy of the classical configurations for the distinct plateaus.
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A 51-atom “quantum simulator” (Harvard-MIT)
H. Bernien, Nature (2017)Rb ⇠ a
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FIG. 2: Phase diagram and buildup of crystalline phases. a, The schematic ground-state phase diagram of Hamilto-
nian (1) displays phases with various broken symmetries depending on the interaction range Rb/a (Rb blockade radius, a trap
spacing) and detuning � (see main text). Shaded areas indicate potential incommensurate phases (diagram adapted from [29]).
b, The buildup of Rydberg crystals on a 13 atom array is observed by slowly changing the laser parameters as indicated by
the red arrows in a (see also Fig. 3a). The bottom panel shows a configuration where the atoms are a = 5.9µm apart which
results in a nearest neighbor interaction of Vi,i+1 = 2⇡ ⇥ 24MHz and leads to a Z2 order where every other atom is excited
to the Rydberg state |ri. The right bar plot displays the final, position-dependent Rydberg probability (error bars denote
68% CI). The configuration in the middle panel (a = 3.67µm, Vi,i+1 = 2⇡ ⇥ 414.3MHz) results in Z3 order and the top panel
(a = 2.95µm, Vi,i+1 = 2⇡⇥ 1536MHz) in a Z4 ordered phase. For each configuration, we show a single-shot fluorescence image
before (left) and after (right) the pulse. Red circles highlight missing atoms, which are attributed to Rydberg excitations.

can be understood intuitively by first considering the sit-
uation when Vi,i+1 � � � ⌦ � Vi,i+2, i.e. blockade
for neighboring atoms but negligible interaction between
next-nearest neighbors. In this case, the ground state
corresponds to a Rydberg crystal breaking Z2 transla-
tional symmetry that is analogous to antiferromagnetic
order in magnetic systems. Moreover, by tuning the pa-
rameters such that Vi,i+1, Vi,i+2 � � � ⌦ � Vi,i+3 and
Vi,i+1, Vi,i+2, Vi,i+3 � � � ⌦ � Vi,i+4, we obtain arrays
with broken Z3 and Z4 symmetries, respectively (Fig. 2).

To prepare the system in these phases, we dynamically
control the detuning �(t) of the driving lasers to adia-
batically transform the ground state of the Hamiltonian
from a product state of all atoms in |gi into crystalline
states [31, 32]. In the experiment, we first prepare
all atoms in state |gi =

��5S1/2, F = 2,mF = �2
↵

by
optical pumping. We then switch on the laser fields
and sweep the two-photon detuning from negative
to positive values using a functional form shown in
Fig. 3a. Fig. 2b displays the resulting single atom
trajectories in a group of 13 atoms for three di↵erent
interaction strengths as we vary the detuning �. In
each of these instances, we observe a clear transition
from the initial state |g1, ..., g13i to an ordered state of
di↵erent broken symmetry. The distance between the
atoms determines the interaction strength which leads
to di↵erent crystalline orders for a given final detuning.
To achieve a Z2 order, we arrange the atoms with a
spacing of 5.9µm, which results in a nearest neighbor
interaction of Vi,i+1 = 2⇡ ⇥ 24MHz � ⌦ = 2⇡ ⇥ 2MHz,

while the next-nearest neighbor interaction is small
(2⇡ ⇥ 0.38MHz). This results in a buildup of antiferro-
magnetic order where every other trap site is occupied
by a Rydberg atom (Z2 order). By reducing the spacing
between the atoms to 3.67µm and 2.95µm, Z3- and Z4-
orders are respectively observed (Fig. 2b).

We benchmark the performance of the quantum simu-
lator by comparing the measured Z2 order buildup with
theoretical predictions for a N = 7 atom system, ob-
tained via exact numerical simulations. As shown in
Fig. 3, this fully coherent simulation without free pa-
rameters yields excellent agreement with the observed
data when the finite detection fidelity is accounted for.
The evolution of the many-body states in Fig. 3c shows
that we measure the perfect antiferromagnetic state with
54(4)% probability. When corrected for the known detec-
tion infidelity, we find that the desired many-body state
is reached with a probability of p = 77(6)%.

To investigate how the preparation fidelity depends on
system size, we perform detuning sweeps on arrays of
various sizes (Fig. 4a). We find that the probability of
observing the system in the many-body ground state at
the end of the sweep decreases as the the system size
is increased. However, even at system sizes as large as
51 atoms, the perfectly ordered crystalline many-body
state is obtained with p = 0.11(2)% (p = 0.9(2)% when
corrected for detection fidelity), which is remarkable in
view of the exponentially large 251-dimensional Hilbert
space of the system. Furthermore, we find that this state
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Solitons in Polyaeetylene
W. P. Su, J. R. Schrieffer, and A. J. Heeger

DePartment of $%ysicsU, niversity of Pennsylvania, PhiladelPhia, Pennsylvania 19104
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%e present a theoretical study of soliton formation in long-chain polyenes, including the
energy of formation, length, mass, and activation energy for motion. The results provide
an explanation of the mobile neutral defect observed in undoped (CH)„. Since the soliton
formation energy is less than that needed to create band excitation, solitons play a funda-
mental role in the charge-transfer doping mechanism.

(a)
H H H H H
t I i

I
H H H I H H

4t -7T/a
4t 7t/2a- 7T/2a

F1G. l. {a) Trans configuration of (CH)„. a=1.2 L.
(b) x-band structure of perfectly dimerized (CH}„.

Polyacetylene, (CH)„is the simplest linear
conjugated polymer. The thermodynamically
stable trans configuration is sketched in Fig. 1(a)
illustrating the a bonding (sp' hybrids) and the v
bonding (p, ) in the x-y plane. This dimerized
pattern (A) of alternating "single" and "double"
bonds forms one of two degenerate structures;
the other structure (B) is given by interchanging
the "single" and "double" bonds. As a conse-
quence of these degenerate ground states one ex-
pects excitations to exist in the form of a topo-
logical soliton, or moving domain wall, separat-
ing A and 8 domains.
Early calculations' 3 indicate that a (charge)

neutral soliton in a long-chain polyene would have
a single unpaired spin localized in the wall. In
that work, ' the wall width was assumed to be of
order one bond length, leading to a large activa-
tion energy for motion and localization of the
wall. Electron spin resonance studies" of (CH)„
have revealed a narrow line (g= 2.002 63) result-
ing from a dilute concentration of neutral defects
(of order a few hundred ppm in the trans isomer).
The narrow width (~= 1.650e at room tempera-
ture) and Lorentzian line shape are indicative of
motional narrowing and imply that the resonance
results from a highly mobile unpaired electron
species, even down to 10'K. Goldberg et al. '
suggested that this spin resonance line might
arise from bond-alternation domain walls quenched
into the undoped polymer during the egs-trans
isomerization.
Recent interest in this semiconducting polymer

has been stimulated by the successful demonstra-
tion of doping with associated control of electri-
cal properties over a wide range. ' " Analysis
of the anomalously small Curie-law contribution
to the magnetic susceptibility, "the details of the
infrared absorption, "and the magnitude and
temperature dependence of the thermopower" in
lightly doped samples led to the suggestion that
doping may proceed through formation of charged
domain walls.
To gain a detailed understanding of solitons in

(CH)„we have studied a model in which the v
electrons are treated in a tight-binding approxi-
mation" and the v electrons are assumed to
move adiabatically with the nuclei. We present
in this paper initial results on the energy of
formation, length, mass, and activation energy
of the neutral and ionized domain walls. The re-
sults are discussed briefly in the context of ex-
perimental observations.
Let u„be a configuration coordinate for dis-

placement of the nth CH group along the molecu-
lar symmetry axis (z), ,where u„= 0 for the un-
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• Introduced to explain conductivity in polymers

• Goal: build an artificial SSH system to explore role     
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• …

• Now, considered as simplest example of topological model
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%e present a theoretical study of soliton formation in long-chain polyenes, including the
energy of formation, length, mass, and activation energy for motion. The results provide
an explanation of the mobile neutral defect observed in undoped (CH)„. Since the soliton
formation energy is less than that needed to create band excitation, solitons play a funda-
mental role in the charge-transfer doping mechanism.
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neutral soliton in a long-chain polyene would have
a single unpaired spin localized in the wall. In
that work, ' the wall width was assumed to be of
order one bond length, leading to a large activa-
tion energy for motion and localization of the
wall. Electron spin resonance studies" of (CH)„
have revealed a narrow line (g= 2.002 63) result-
ing from a dilute concentration of neutral defects
(of order a few hundred ppm in the trans isomer).
The narrow width (~= 1.650e at room tempera-
ture) and Lorentzian line shape are indicative of
motional narrowing and imply that the resonance
results from a highly mobile unpaired electron
species, even down to 10'K. Goldberg et al. '
suggested that this spin resonance line might
arise from bond-alternation domain walls quenched
into the undoped polymer during the egs-trans
isomerization.
Recent interest in this semiconducting polymer

has been stimulated by the successful demonstra-
tion of doping with associated control of electri-
cal properties over a wide range. ' " Analysis
of the anomalously small Curie-law contribution
to the magnetic susceptibility, "the details of the
infrared absorption, "and the magnitude and
temperature dependence of the thermopower" in
lightly doped samples led to the suggestion that
doping may proceed through formation of charged
domain walls.
To gain a detailed understanding of solitons in

(CH)„we have studied a model in which the v
electrons are treated in a tight-binding approxi-
mation" and the v electrons are assumed to
move adiabatically with the nuclei. We present
in this paper initial results on the energy of
formation, length, mass, and activation energy
of the neutral and ionized domain walls. The re-
sults are discussed briefly in the context of ex-
perimental observations.
Let u„be a configuration coordinate for dis-

placement of the nth CH group along the molecu-
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Implementation of SSH spin chain with Rydberg atoms

Couplings : resonant dipole-dipole interactionJij
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“Normal”

Quantization axis

Implementation of SSH spin chain with Rydberg atoms
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“Topological”

Couplings : resonant dipole-dipole interaction
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Implementation of SSH spin chain with Rydberg atoms

Chain at magic angle Þ chiral symmetry (no A-A or B-B hopping)

Quantization axis

J
<latexit sha1_base64="QGdiDLhiUCh0ECRClFJfMlqvX8E="></latexit><latexit sha1_base64="QGdiDLhiUCh0ECRClFJfMlqvX8E="></latexit><latexit sha1_base64="QGdiDLhiUCh0ECRClFJfMlqvX8E="></latexit><latexit sha1_base64="QGdiDLhiUCh0ECRClFJfMlqvX8E="></latexit>

J 0
<latexit sha1_base64="J0v/RTfIbiklo4K75PeIgQMEvzY="></latexit><latexit sha1_base64="J0v/RTfIbiklo4K75PeIgQMEvzY="></latexit><latexit sha1_base64="J0v/RTfIbiklo4K75PeIgQMEvzY="></latexit><latexit sha1_base64="J0v/RTfIbiklo4K75PeIgQMEvzY="></latexit>

J
<latexit sha1_base64="5RIivomUfFvkXmN+2yvNGK8OPpo="></latexit><latexit sha1_base64="5RIivomUfFvkXmN+2yvNGK8OPpo="></latexit><latexit sha1_base64="5RIivomUfFvkXmN+2yvNGK8OPpo="></latexit><latexit sha1_base64="5RIivomUfFvkXmN+2yvNGK8OPpo="></latexit>

A B
A B



Conclusion

Rydberg interactions are strong & controllable
1. Resonant interaction 
2. Van der Waals

Rydberg blockade useful for quantum information & 
quantum optics

Control over interaction useful for many-body physics & 
quantum simulation

R = 10 µm ) Vint/h ⇠ 1� 10 MHz

Þ timescales < μsec



New / other directions: tailored interactions
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We discuss techniques to generate long-range interactions in a gas of ground state alkali atoms, by

weakly admixing excited Rydberg states with laser light. This provides a tool to engineer strongly

correlated phases with reduced decoherence from inelastic collisions and spontaneous emission. As an

illustration, we discuss the quantum phases of dressed atoms with dipole-dipole interactions confined in a

harmonic potential, as relevant to experiments. We show that residual spontaneous emission from the

Rydberg state acts as a heating mechanism, leading to a quantum-classical crossover.

DOI: 10.1103/PhysRevLett.104.223002 PACS numbers: 32.80.Ee, 03.75.!b, 34.20.Cf

There is currently significant interest in the physics of
dipolar quantum degenerate gases [1]. Strong long-range
dipole-dipole interactions promise the realization of novel
many-body phases in neutral gases, such as self-assembled
crystals [2], topological superfluids and quantum phases
with hidden topological order [3]. The regime of strong
dipolar couplings is easily accessible with interacting elec-
tric dipole moments, as realized, in particular, in quantum
gases with polar molecules prepared in their rovibrational
ground state [4]. In contrast, quantum gases of ground state
atoms typically interact via the much smaller magnetic
interactions [5]. The question, therefore, is to what extent
this regime of strong dipolar interactions can also be
realized with present atomic gases experiments with alkali
atoms. Here we propose and investigate a setup where the
huge electric dipole moments d" n2 [6– 8] of atomic
Rydberg states with principal quantum number n are
weakly admixed to the atomic ground state, thus providing
an atomic gas of interacting effective electric dipoles com-
parable to the case of polar molecules. A central question,
and the main difference to the molecular case, is decoher-
ence and heating mechanisms associated with spontaneous
emission from Rydberg states, and possible inelastic colli-
sions. Below we show that (i) dipolar crystals can be
realized with Rydberg-dressed atoms confined to two di-
mensions, with negligible collisional losses, and
(ii) spontaneous emission !r provides an intrinsic heating
mechanism, allowing the study of thermalization phe-
nomena with full tunability of system parameters. We
study the associated crystal melting with molecular dy-
namics calculations.

The setup we have in mind is illustrated in Fig. 1: we
propose to weakly couple with laser light the ground state
jgiof each atom to a Stark-split Rydberg state jriwith
large dipole moment d0 in the kilodebye range. For large
enough detuning ! from resonance and interparticle dis-
tances, interactions are of the dipole-dipole type V3D

int /
ð"=!Þ4d20=r3, with" the Rabi frequency. By confining the

particles to a 2D plane using an optical field, the effective
in-plane interactions V2D

int are then purely repulsive, with
negligible collisional losses. This opens the way to the
study of the many-body phases of 2D dipoles in these
systems. As an illustration, we show the existence of
mesoscopic supersolids and crystals with Rydberg-dressed
bosonic atoms under realistic conditions of in-plane har-
monic confinement, using exact quantum Monte Carlo
simulations. Residual spontaneous emission !eff "
ð"=!Þ2!r from the Rydberg state introduces an intrinsic
heating mechanism, driving the quantum phases into the
classical regime. We study the quantum-classical crossover
by means of molecular dynamics simulations, and show
the emergence of a dynamical thermalization time scale in
these systems.

FIG. 1 (color online). (a) Sketch of the energy levels constitut-
ing the Stark fan of an alkali metal atom exposed to an electric
field. jgiand jriare coupled by a laser with Rabi frequency "
and (blue) detuning !. !r is the spontaneous emission from jri,
with momentum @kR of the photon recoil. (b) Born-
Oppenheimer potentials in the x-y-plane in the dressed picture.
R0 is the resonant Condon point. The effective interaction
potenti.al V3D

int ðrÞis the higher-energy curve (thick line). Level
crossings occur for Rn < R0. Inset: blowup of V

3D
int ðrÞ(solid line)

compared to 1=r3 (dashed line).
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Figure 1 | Experiment sequence. To achieve both a strong ground-state
atom–atom interaction and high-fidelity signal detection we perform the
following steps at di�erent interatomic spacings. In the experimental
procedure, two Cs atoms are initially 6.6 µm apart, and held by optical
tweezers. After qubit-state preparation, the two trapped atoms translate
towards each other with an average speed of 9 mm s�1 (18 nm step every
2 µs) by ramping the modulation frequencies of the AOM. At the target
distance, the Rydberg-dressing laser at 319 nm turns on to illuminate the
two atoms simultaneously with a Raman laser. The tweezers are
extinguished during this step to eliminate optical perturbation. The two
atoms then translate back to the original positions for state detection.

of the dressed state, the light shift on the Rydberg-dressed state
is insensitive to thermal motion that gives rises to a fluctuation
in the di�erence in the optical phase seen at the relative positions
between the two atoms. Such thermal noise was a limiting factor in
the generation of spin entanglement in previouswork10. The thermal
atomic motion in the Rydberg-dressed interactions, however, does
lead to a Doppler shift, and thus noise in the optical detuning �L.

The key mechanism that determines the interaction strength, J ,
depends on the EDDI and the optical Rabi frequency ⌦L. Thus,
the distance between the two Rydberg-dressed atoms and the
choice of the principal quantum number are crucial experimental

parameters. Ideally, we would like the atoms to be located far apart
for individual addressing, and conversely, in close proximity to
maximize J . Our particular implementation of an acousto-optic
modulator (AOM) allows us to create two optical tweezers that
trap each atom from the same laser by simultaneously driving
the AOM at two frequencies (see Supplementary Methods). We
achieve this goal by independently sweeping the values of these
frequencies and dynamically translating the traps. The capability
of producing su�ciently strong J at shorter interatomic distance
allows us to reduce the principal quantum number of the Rydberg
level. Thus, the sensitivity to external fields, which rapidly increases
for high-lying Rydberg levels and is a common challenge in these
experiments, is reduced.

Results
We directly measure J as a function of the interatomic distance.
Our experiment is illustrated in Fig. 1. The two trapped 133Cs
atoms are initially prepared in state |1, 1i and we dynamically
translate them to be in close proximity at a targeted distance R.
We then extinguish the tweezers for a short time to eliminate
light shifts from the dipole-trap laser, and immediately apply a
short pulse of the Raman and Rydberg-dressing lasers concur-
rently. Afterwards, the optical tweezers are restored to recapture
the falling atoms and translate them back to the original positions
for independent state detection, which is accomplished by using
the |6S1/2,F =4i! |6P3/2,F 0 =5iD2 cycling transition to determine
whether each atom is in state |0i (bright to this excitation) or |1i
(dark to this excitation).We use a 319-nm laser for dressing the 133Cs
atom, which couples atoms directly from the ground state to the
Rydberg level, 6S1/2,F =4!64P3/2, in a single-photon transition23.
This avoids unwanted population in an intermediate, short-lived
excited state that arises in the typical two-photon Rydberg excita-
tion method, which causes additional ground-state decoherence30.
We choose a detuning that is small compared with the ground-
state hyperfine splitting so that the dressing of |1, 1i in the F = 3
manifold is negligible, but all other ground states in the logical
basis, {|0, 0i, |0, 1i, |1, 0i}, are now well described in the dressed
basis. To drive spin flips, we apply the Raman laser fields to the
two Rydberg-dressed atoms when they are at a desired separation.
By sweeping the Raman (microwave) frequency and measuring the
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New / other directions: 2-e atoms (Sr, Yb, Ba…)

“Recent advances in Rydberg physics using 
alkaline-earth atoms ”, Dunning, Killian, 

Yoshida, Burgdörfer, J. Phys. B 49, 112003 
(2016)

Two electrons = two “handles”:
• One e- to Rydberg states
• One e- for laser trapping, or imaging 
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to 3P1 and eventually 1S0 (a similar mechanism is pre-
sumably responsible for populating the metastable state
in the first place). An alternative interpretation, loading
of new atoms from the background vapor, is ruled out
by the fact that these events are nearly always preceded
by a b ! d transition. From the rate of these events, we
infer that the average fraction of atoms in the involved
metastable states is Pm = 4⇥ 10�3. Determining which
state(s) are involved and how they are populated will be
the subject of future work.

These quantum jump events are readily classified by
the appearance of more than one bright image following
more than one dark image. By excluding these events
(which are not imaging errors per se) from Pd!b, we
compute a new error rate describing statistical uncer-
tainty of the image assignment, shown in red in Fig. 3b.
Our dataset of 1.8⇥105 images with 30 ms exposure time
contains only two such events; since atoms are present in
30% of all images in this dataset, this is equivalent to a
statistical atom detection uncertainty of 1� 3(3)⇥ 10�5.
This extremely high fidelity is crucial for observing the
quantum jump events shown in Fig. 3c, which occur in
fewer than 1 in 104 images at this exposure time.

The quantity Pb!d is important because it sets an up-
per bound on the size of the atom array that can be filled
without defects (Nmax ⇡ 1/Pb!d), since atoms must sur-
vive the initial image (additional contributions arise from
the rearrangement process itself [12, 14]). Our value,
Pb!d = 4.5(3) ⇥ 10�3 (Nmax ⇡ 220), is comparable to
the lowest directly measured quantity reported in the lit-
erature, despite our use of a narrow transition for imaging
(previously, values around 0.006-0.01 have been reported
[12, 37]). Two factors may contribute to this surprising
result. First, the intrinsic low Doppler temperature al-
lows imaging close to saturation, so the count rates we
observe are only a factor of 2-4 lower than those obtained
with polarization gradient cooling in Rb in similar traps
[12]. Second, our sCMOS camera is nearly shot-noise
limited even for small photon numbers, and should the-
oretically have lower noise than an EMCCD when the
photon number per pixel is greater than ⇡ 5 [37].

As an outlook, we demonstrate stochastic loading of a
144-site (12x12) array of optical tweezers (Fig. 4). Auto-
fluorescence from the trap light (proportional to the total
number of tweezers) prevents us from imaging this array
at 556 nm using the techniques described above. How-
ever, there is very little trap-induced fluorescence at 399
nm (higher in energy than 532 nm), which enables us
to image scattered light from the 1P1 transition while si-
multaneously cooling on the 3P1 transition, following Ref.
[27]. Modifying the optical setup to reduce the overlap
of the trapping and imaging paths, and improving spa-
tial and spectral filtering, will enable imaging large-scale
arrays with 556 nm light.

The narrow-line imaging demonstrated here indicates
that narrow lines with � ⇡ 200 kHz are a “sweet spot” for
single-atom fluorescence imaging in optical traps, o↵ering
a balance between photon detection rate and low temper-

(a) (b)

FIG. 4. (a) Average and (b) single-shot images of a
12x12 tweezer array using simultaneous 1P1 imaging and
3P1 cooling. The detected photon rate is much lower for this
imaging method, so the exposure time is 500 ms. Over re-
peated single-shot images, the average (worst) site has loading
probability p = 0.49 (p = 0.35).

atures during imaging. This may be applied to optical
tweezer arrays and quantum gas microscopes based on
other atomic species with similar transitions, including
Er [38] and Dy [39].
Ytterbium optical tweezer arrays create several new

opportunities for quantum simulation and quantum com-
puting. In particular, 171Yb is a promising qubit as its
I = 1/2 nuclear spin should have exceptional coher-
ence, with low sensitivity to magnetic field noise and
di↵erential light shifts in deep optical traps. Further-
more, mI -selective shelving in the metastable 3P0 or 3P2

states will allow the demonstrated high-fidelity atom de-
tection to be translated into high-fidelity state detection.
The 3P0 state may also be used as a starting point for
single-photon excitation to the Rydberg states (� = 302
nm). Interestingly, storing quantum states in 3P0 may
also allow site-selective non-destructive measurement by
transferring individual atoms to 1S0 : repeated driving
on the 1P1 and 3P1 transitions will not perturb the nu-
clear spin states of atoms remaining in 3P0. Similarly,
these states would be protected from fluorescence from a
nearby MOT used to continuously replace lost atoms.
The level structure of the 171Yb Rydberg states also

o↵ers several interesting properties for quantum informa-
tion and simulation. Strong hyperfine coupling emerges
between the nuclear spin and the Rydberg electron in
the 6snl Rydberg states, mediated by the hyperfine cou-
pling to the core electron and the singlet-triplet splitting
energy [19]. This coupling can be utilized to directly
realize two-qubit entanglement and gates involving the
nuclear spin, and will also create new possibilities for im-
plementing interacting spin models using Rydberg dress-
ing [40]. A complete characterization of the Yb Rydberg
series is the subject of ongoing work [41]. We have re-
cently observed the 6sns 3S1 series for the first time using
MOT depletion spectroscopy, via two-photon excitation
through the 3P1 state.

Lastly, tweezer arrays may prove beneficial for im-
proving the performance of neutral Yb optical lattice
clocks [42], for example by generating squeezed states

χ−1 provides a lower bound for the branching ratio between
decaying back into 1S0 compared to decaying into 1D2.
We find χ−1 to be in the range from 17ð3Þ × 103 to
24ð4Þ × 103, depending on our assumption on the blue
emission pattern (Appendix E). This lower bound is con-
sistent with an ab initio prediction for the branching ratio of
20.5ð9Þ × 103 (Appendix A). Note in comparison the com-
monly quoted branching ratio of 50 × 103 [55]. We discuss
strategies for mitigating this depopulation loss in Sec. VII.
We find the lowest loss coefficients χ in two distinct red

cooling regimes, attributed to sideband and Sisyphus
cooling [Fig. 2(c)]. We cool atoms with the 689-nm light
simultaneously while driving the blue transition. On the
red-detuned side of the 689-nm free-space resonance, we
observe a narrow cooling feature, which we interpret as
sideband cooling on the magic-tuned transition to jϕAi.
On the blue-detuned side, where we excite a nonmagic
transition, there is a much broader feature, which we
interpret as Sisyphus cooling (Sec. V). For detunings away
from the cooling features, the loss coefficient increases as
heating losses become dominant. The cooling light is
provided by three counterpropagating red MOT beams,
although we have observed that a single noncounterpro-
pagating beam achieves similar fidelity in the Sisyphus
regime, compatible with the interpretation that cooling in
this regime is not provided by photon recoil but rather
by differential potential energy between ground and
excited state.

IV. TWEEZER ARRAYS

We now generalize this imaging strategy to two-
dimensional arrays of tweezers. At the same time, this
serves as a proof of principle for larger-scale two-
dimensional tweezer array generation with acousto-optic
deflectors (AODs), which have previously been employed
for one-dimensional arrays of up to 100 sites [19] and

two-dimensional arrays of four [56] or 16 sites [57]. To this
end, we generate a square array of 11 × 11 ¼ 121 tweezers
using two AODs oriented perpendicularly to one another
[Figs. 3(a)–3(c)], each driven by a polychromatic radio
frequency (rf) signal (Appendix C). Having shown effective
cooling in a magic-tuned tweezer, we choose linear tweezer
polarization here instead. This choice aides in maintaining
polarization uniformity across the array and lets us explore
how cooling features change with modified differential
polarizabilities.
We achieve homogeneous trap depths across the array

with a peak-to-peak variation of < 5% and a standard
deviation of 2% [Fig. 3(d)]. To obtain this level of
uniformity, we start by coarsely uniformizing the trap
depths by imaging the trapping light onto a CMOS camera
and feeding back to the amplitudes of the rf tones. Fine
uniformization is achieved by spectroscopy on the 1S0 ↔
3P1jϕCi transition, which offers a precise measure of trap
depth due to its large differential polarizability and narrow
linewidth. We ultimately use this signal as feedback to
calibrate out imperfections in our imaging onto the CMOS,
and to measure uniformity after the iteration is complete.
Our measured trap depth and radial trap frequency (see

Sec. VI) are consistent with a nearly-diffraction-limited
tweezer waist of ∼500 nm. We additionally confirm this
value by imaging the focal plane of the trap light with an
ultrahigh resolution objective. However, the observed size
of our single-atom point spread function [Figs. 2(a) and
3(b)] is larger than the theoretical diffraction-limited value.
We suspect thermal spatial broadening, pixelation effects,
chromatic shifts between the green trap and blue fluores-
cence, and/or aberrations in the imaging system to be
responsible for this. We leave this for further investigation
as this does not directly impact the results presented here.
We observe cooling features across the linearly polarized

array similar to those of a single tweezer with magic
polarization [Fig. 3(e)]. We again find a narrow red-detuned
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FIG. 3. Tweezer arrays. (a) We create two-dimensional arrays of tweezers with two perpendicular acousto-optic deflectors (AODs). A
4f telescope (not shown) maps the light between the two AODs. Each AOD is driven by a polychromatic rf waveform with tones
uniformly spaced in frequency. (b) Average fluorescence image (of 6000 experimental runs) of single strontium atoms in a square array
of 11 × 11 tweezers. The interatomic distance is ∼9μm. (c) Single-shot image of single strontium atoms in a square array of 11 × 11
tweezers. The filling fraction is close to 0.5. (d) Trap depth for all 121 tweezers, as measured by spectroscopy on the 1S0 ↔ 3P1jϕCi
transition. Inset: Histogram of trap depths across the array. The standard deviation of relative trap depths is 2%, demonstrating
homogeneity. (e) The loss coefficient χ as a function of cooling frequency, averaged over an 11 × 11 linearly polarized array. Features
are similar to those seen in a single magic tweezer, but pushed farther away from the free-space resonance due to larger differential
polarizability in linear light. Inset: χ versus blue scattering rate under Sisyphus cooling, averaged over the array.
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excited-state potentials. By contrast, the 1S0 ↔ 3P 1 inter-
combination line of strontium represents a nearly ideal two-
level system, with a 7.5-kHz linewidth amenable to fast but
high-fidelity cooling given our degree of confinement [54].
Such narrow-linewidth optical transitions demand careful
control of light shifts that can spoil the spectral resolution
required for cooling. To this end, we characterize a wave-
length-flexible mechanism to significantly suppress these
shifts in deep tweezers compatible with ground-state cool-
ing [38,55]. On its own, this tweezer-based ground-state
cooling may be used to reduce motional dephasing effects
present in Rydberg-based two-qubit gates [56,57], and can
aid new directions in metrology, such as tweezer-based
optical atomic clocks.
When combined with a wavelength-scale optical

lattice, the full set of capabilities demonstrated here may
enable a new path to microsopic preparation and control
of low-entropy many-body systems. In this approach,
tweezers may be used to rapidly assemble arbitrary initial

conditions with vanishing entropy through lossless imag-
ing, rearrangement, and ground-state laser cooling [13–15].
Subwavelength optical tweezers will allow state-preserving
transfer into an optical lattice potential, which provides a
highly coherent Hubbard-type system typically accessed
through evaporative cooling. This new approach would
prove advantageous for studies of many-body phenomena
at low-energy scales—such as magnetism—for which
tailored state preparation can be useful [58,59], for scaling
of protocols to measure and quantify entanglement
[9,18,60], as well as for novel directions like atom-based
studies of sampling problems [61,62].

II. MAGIC-FIELD SPECTROSCOPY IN
OPTICAL TWEEZERS

To begin our experiments, we load strontium atoms from
a magneto-optical trap (MOT) formed by sawtooth-wave
adiabatic passage cooling [63,64] on the 7.5-kHz linewidth
1S0 ↔ 3P 1 transition into a two-dimensional array of tweez-
ers. Typically, we use either 3 × 3 or 4 × 4 arrays spaced by
roughly 3 μm, so the atoms in individual tweezer spots
behave independently from one another. Light-assisted
collisions between atoms that occupy the same tweezer lead
to pairwise loss, which results in either nonoccupied or
singly occupied tweezers with roughly equal probability [5].
In order to harness the narrow-linewidth 3P 1 excited

state for effective cooling, it is critical that the tweezer
potential experienced by the ground and excited states be
equal, so that the frequency of the transition does not
depend on the depth of the tweezer or the location of the
atom within the tweezer. In optical lattice clocks, a
specific wavelength of trapping light (known as a “magic”
wavelength) is used to generate such equal shifts on an
ultranarrow “clock” transition [65].
Once the atoms are loaded, we create a similar magic

trapping condition on the 1S0 ↔ 3P 1 transition by applying
a magnetic bias field at a specific (wavelength-dependent)
angle from the tweezer polarization. This concept has been
previously used to realize state-insensitive trapping in
strontium [55] and ytterbium [38] in optical lattice poten-
tials. The potentials that we use in our tweezer system are
necessarily deep in order to provide tight three-dimensional
confinement, so care must be taken to maintain state-
insensitive trapping in the presence of these large shifts.
Here, we systematically characterize the application of these
techniques to deep tweezers, which can lead to a departure
from the perturbative regime previously considered.
The 3P 1 state has a total spin of J ¼ 1, and thus three

Zeeman sublevels [Fig. 2(a)]. In the absence of a magnetic
field or a circularly polarized component of the tweezer
light, two of these sublevels (which we label j−1Ei and
j1Ei, expressed with respect to a quantization axis q̂
oriented along the tweezer polarization E⃗t) shift by the
same amount, E1, relative to the ground state 1S0. The third
state j0Ei shifts by a different amount, E0, relative to 1S0.

(a) (b)

(c)

FIG. 1. (a) Apparatus for microscopic control of arrays of
strontium atoms. We use a high numerical aperture (NA > 0.65)
objective to focus 515-nm light into arrays of optical tweezers
in which we trap and manipulate individual strontium atoms.
(b) Strontium atoms have transitions with a wide range of
linewidths, which are useful for imaging (1S0 to 1P 1), cooling
(1S0 to 3P 1), and for optical frequency metrology (1S0 to 3P 0). In
this work we probe the cooling transition in the axial direction
with beam Ωa and in two near-orthogonal radial directions with
beams Ωr1;r2. (c) Point spread function (PSF) from single atoms
in our optical tweezers, corresponding to an effective Gaussian
waist of 0.44ð2Þ μm (black points). In (a) and (c) averaged atom
array images are displayed in the dashed boxes. In this work, we
use 3 × 3 or 4 × 4 arrays with a lattice constant of ∼3 μm to
ensure that our atoms behave independently. However, our
optical system is compatible with substantially larger arrays with
tighter spacings (see Appendix A).
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New / other directions: Rydberg molecules

LETTERS

Observation of ultralong-range Rydberg molecules
Vera Bendkowsky1, Björn Butscher1, Johannes Nipper1, James P. Shaffer1,2, Robert Löw1 & Tilman Pfau1

Rydberg atoms have an electron in a state with a very high principal
quantum number, and as a result can exhibit unusually long-range
interactions. One example is the bonding of two such atoms by
multipole forces to form Rydberg–Rydberg molecules with very
large internuclear distances1–3. Notably, bonding interactions can
also arise from the low-energy scattering of aRydberg electronwith
negative scattering length from a ground-state atom4,5. In this case,
the scattering-induced attractive interaction binds the ground-
state atom to the Rydberg atom at a well-localized position within
the Rydberg electron wavefunction and thereby yields giant mole-
cules that can have internuclear separations of several thousand
Bohr radii6–8. Here we report the spectroscopic characterization
of such exoticmolecular states formedby rubidiumRydberg atoms
that are in the spherically symmetric s state and have principal
quantum numbers, n, between 34 and 40. We find that the spectra
of the vibrational ground state and of the first excited state of the
Rydberg molecule, the rubidium dimer Rb(5s)–Rb(ns), agree well
with simple model predictions. The data allow us to extract the
s-wave scattering length for scattering between the Rydberg elec-
tron and the ground-state atom, Rb(5s), in the low-energy regime
(kinetic energy,,100meV), and to determine the lifetimes and the
polarizabilities of the Rydberg molecules. Given our successful
characterization of s-wave boundRydberg states,we anticipate that
p-wave bound states9, trimer states10 and bound states involving
a Rydberg electron with large angular momentum—so-called
trilobite molecules5—will also be realized and directly probed in
the near future.

In 1934, Fermi introduced the ideas of scattering length and pseu-
dopotential to describe the scattering of a low-energy electron from a
neutral atom4. Although the polarization potential for electron–atom
interaction is always attractive, he realized that quantum mechanical
s-wave scattering can give rise to either a positive or a negative scatter-
ing lengthdepending on the relative phase between the ingoing and the
scattered electron waves. Taking this idea farther, Greene et al.5

predicted a novel molecular binding mechanism arising from a low-
energyRydberg electron scattering froman atomwith negative scatter-
ing length.

Fermi’s approach to characterizing the binding interaction that
arises from scattering of a Rydberg electron from a ground-state
atom requires that the binding energy (in frequency units) be smaller
than the Kepler frequency of the Rydberg electron, and that the size of
the electron wavefunction, / n2, be much larger than the range of
interaction, r (which in units of the Bohr radius (a0< 0.529 Å) is
given by r5

ffiffiffi
a

p
(ref. 11), where a is the polarizability of the

ground-state atom). Averaged over many scattering events and
weighted with the local electron density, jYn,l,mj2, the approach effec-
tively leads to a mean-field potential, VMF, between the scattering
partners. If R is the position of the ground-state atom relative to the
ionic core of the Rydberg atom, then the potential is given by

VMF(R)~2pa(k(R))jYn,l,m(R)j2 ð1Þ

and can, depending on the scattering length, a(k(R)), be repulsive
(a. 0) or attractive (a, 0)12. Evidence for these molecular potential
curves was found in theoretical work on alkali/rare-gas scattering13,14

as well as in spectroscopic data of rubidium at high temperatures,
where inhomogeneous line broadenings were observed for low prin-
cipal quantum numbers15.

In a semi-classical approximation, the scattering length is a func-
tion of the relative momentum, k(R), of the two scattering partners.
This k dependence can be expressed as

a(k)~aatomz
p

3
akzO(k2) ð2Þ

where aatom is the zero-energy scattering length12,16. The scattering
length depends on R because the momentum, k, of the Rydberg
electron changes with its position in the Coulomb potential of the
nucleus. Owing to the correspondence principle for large principal
quantum numbers, n, a reasonable ansatz for k(R) (whereR5 jRj) is
the classical equation given in ref. 5:

k2(R)

2
~{

1

2n2
z

1

R
ð3Þ

Our focus in this study is on rubidium in its simplest Rydberg state, the
s state (angular quantum number, l5 0). Figure 1 shows the mean-
field potential given by equation (1) and the electron probability
density calculated for the 87Rb(35s) state. (The densities were calcu-
lated using Numerov’s method, including quantum defect correc-
tions17,18. Energy levels and wavefunctions of the molecular potential
were computed using a numerical solver19.) The molecular potential,

15. Physikalisches Institut, Universität Stuttgart, Pfaffenwaldring 57, 70569 Stuttgart, Germany. 2University of Oklahoma, Homer L. Dodge Department of Physics and Astronomy,
Norman, Oklahoma 73072, USA.
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Figure 1 | Electron probability density and molecular potential for the 35s
state. The surface plot shows the spherically symmetric density distribution
of the Rydberg electron in theR–Q plane, (R/2p) |Y35,0,0(R) | 2. Themolecular
potential for the state 3S(5s–35s) (green) is modelled for a polarizability
a5 319 a.u. and a scattering length aRb5218.5a0. Not shown is the
repulsive part of the potential forR, 500a0 that results from a zero crossing
in the scattering length a(k(R)) at approximately 500a0. The potential
supports two vibrational bound states (wavefunctions given in blue) in the
outermost potential wells atR5 1,900a0 with binding energies (in frequency
units) of EB(v5 0)5223.4MHz and EB(v5 1)5210.6MHz.
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