Synthetic electromagnetism with neutral atoms
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Ultracold neutral atoms as a material system

+4

Cold atoms are good “materials”

Numerous properties can
be controlled and measured
on all relevant timescales and

in any lab

Very simple Hamiltonians

Cold atoms are bad “materials”

Short lived, and do so 1n vacuum

Interesting features all added . @ .
by hand (complex experiments).




Starts hke this Ends here every 15 s
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Anatomy of an experiment
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Laser cooling

Evaporation

Experiment
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Measurement

Total cycle time 1s about 15 seconds

We make a new BEC,

measure 1t,
destroy it,
and repeat.



How to engineer atomic quantum (and photonic) systems

Bottom-up engineering (Micromanaging quantum systems)
Build the system up from well controlled quantum building blocks, e.g., gbits.

1cm

Martinis group / google; Science (2017) Monroe group; Nature (2017)

Hamiltonian engineering (Coaching quantum systems)
Build the Hamiltonian up with well calibrated control techniques

Bloch group; Nature (2002) Jin group; Nature (2003) Lin et al; Nature (2011)



Our tools

Optical lattices
e.g., adding potentials

k> V
= | 5 cos(2k,x) + ...

H

2m

Interaction tuning
e.g., Feshbach resonances

H=.... +93D5(r,- — rj) -+ ...

(really a reqularized delta function...)

Gauge fields / SOC
e.g., laser induced motion

b k= A"

2m




Lattice and gauge fields: why?

Fundamental physics of novel matter

Quantum Hall (bosons or fermions, magnetic field),

Quantum magnets (spin-spin interactions, non-zero range)

p-wave superconductors (fermions, spin polarized p-wave interactions)
Topological insulators (generally with spin-orbit coupling)

(almost!) chaos

FQHE Systems
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R. B. Laughlin. PRL (1983); A. Y. Kitaev, Ann. Phys. (2006); Hassan and Kane, RMP (2010)



Outline

Fields in free space Fields in synthetic dimensions
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electromagnetis

In this talk we will study the

behavior of quantum matter in the

presence of sfatic magnetic fields




Frequency [GHz] )

What do magnetic fields do?

To spins

Zeeman effect, example of 8’Rb
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To charges

s :
1. Freshman mechanics
Mechanical variables and forces
g F=qgvxDB )
4 )

2. Junior mechanics
Canonical variables and vector potential
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H=— |k, + ( &,

What we want to create for neutral atoms

Single particle hamiltonian

5 _ qA; i qu g
h

+ V(%)

- 29m h

How to control the kinetic energy term coupling
between internal, spin, degrees of freedom.

Here I will be interested in a synthetic field normal to a 2D plane.
Some common gauge choices are:

4 — _By,Ba:,O} A = {0, Bz,0}
2 2 Landau gauge: relevant here
Symmetric gauge: natural for rotating
systems
Expect the usual relations for fields
0A
E=-Vo g B=VxA

References
J. C. Maxwell (1873)




But wait our neutral atoms are

charge neutral!




How to “charge” neutral particles

Rotation How to simulate magnetic fields

(1) Rotation: the Hamiltonian in the rotating frame has
an effective field. For high fields fine tuning is required.

References: V. Schweikhard et al PRL 92 040404 (2004),
J. R. Abo-Shaeer, C. Raman, and W. Ketterle PRL 88 070409
(2002), K.W. Madison et al PRL 84 806 (2000)

(2) Stroboscopic proposals.

(3) Immersions and others

References: A. Sgrensen, et al PRL 94 p086803 (2005), A.
Klein and D. Jaksch EPL, 85 13001 (2009)

Our approach
(4) Raman techniques.

Raman Dressing B
Syn

Reference: G. Juzelifiuas et al PRA 73 p025602 (2006)



Today's outline

~

(A synthetic vector potential, created
Generate a synthetic vector potential

- h? qA 2 qA °
H=—"— ||k, — == k, — —2
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+ V(%)

Vector potential, eA/hk;
o —
T
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\_ Detuning 8, in units of E;

A electric and magnetic fields, revealed

Spatial variation of A gives rise to a magnetic field




Rubidium 87
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For a description of the data, visit physics.nist.gov/data

NIST SP 966 (September 2003)
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Rubidium 87: Level structure

Electronic ground state
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Rubidium 87: 5S12 ground state




All the atomic physics you need to know

Schematic Graphic result

Two levels coupled together Avoided crossings
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Atom light interaction: pictures

Atom light interaction

Given the following geometry and levels

A = =

guBB[:% } Fo1)

—1) 0) |+1)
3 9 Bphysical
i pes

s %6‘53{0&
Dimensions
27.2
kr = 2—7T, Er = i
A 2m

EFr~h x3kHz = kg x 140 nK

Coupled States

Energy [£R]

ﬂ1F=O

-3 -2 -1 0 1 2 3
Wave vector [kg]

References
[1] Juzelitinas, et al., PRA 025602 73 (2006), + earlier pubs
[2] S.-L. Zhu, et al., PRL 240401 97 (2006)
[3] Giinter et al, PRA 79 011604 (2009)
[4] IBS, PRA 063613 79 (2009)
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Atom light interaction
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Atom light interaction: pictures

Atom light interaction

Given the following geometry and levels

A = =
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Atom light interaction: pictures

Atom light interaction

Given the following geometry and levels

A = =

l
s | }‘F: >

—1) 0) |+1)
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s %6‘53{0&
Dimensions
27.2
kr = 2—7T, Er = i
A 2m

EFr~h x3kHz = kg x 140 nK

Coupled States

Energy [£R]

ﬂ1F=O mF= +1
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References
[1] Juzelitinas, et al., PRA 025602 73 (2006), + earlier pubs
[2] S.-L. Zhu, et al., PRL 240401 97 (2006)
[3] Giinter et al, PRA 79 011604 (2009)
[4] IBS, PRA 063613 79 (2009)




Atom light interaction: pictures

Atom light interaction

Given the following geometry and levels

A = =

l
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s %6‘53{0&
Dimensions
27.2
kr = 2—7T, Er = i
A 2m

EFr~h x3kHz = kg x 140 nK

Coupled States

Energy [£R]
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References
[1] Juzelitinas, et al., PRA 025602 73 (2006), + earlier pubs
[2] S.-L. Zhu, et al., PRL 240401 97 (2006)
[3] Giinter et al, PRA 79 011604 (2009)
[4] IBS, PRA 063613 79 (2009)




Atom light interaction: pictures

Atom light interaction

Given the following geometry and levels

A -_ =

guBB[:%y }‘F: >

—1) 0) |+1)
3 9 Bphysical
i pes

s ge‘&‘“x
Dimensions
27.2
kr = Q—W, Er = i
A 2m

EFr~h x3kHz = kg x 140 nK

Coupled States

States will be labeled by:
(1) the “band index” and by

(2) a quasi-momentum &

Energy [£R]

Wavenumber [kg]

References
[1] Juzelitinas, et al., PRA 025602 73 (2006), + earlier pubs
[2] S.-L. Zhu, et al., PRL 240401 97 (2006)
[3] Giinter et al, PRA 79 011604 (2009)
[4] IBS, PRA 063613 79 (2009)




Fraction

Atom light interaction: pictures

Time evolution Coupled States
In the sudden limit (Raman-Nath)
Population oscillations yield coupling States will be labeled by:

(1) a “band index” and by

(2) a momentum £

Energy [£Rr]

Raman Pulse Time [ps] Wavenumber [kg]

Y.-J. Lin et al, PRL 102 130401 (2009)



Energy [FR]

Energy [FR]

Atom light interaction: vector potential

Atom light interaction

Given the following geometry and levels

grpB - y
cl L) he-y
2 0 2 4
—=1) [0)  |+1)
Wavenumber [£g]
P 9 Bphysical
B >
\
T ge‘&“\
Dimensions
. 27 5 hzk%{
9 0 9 4 R= " ZR= 9

Wavenumber [£g] E R

Q

h x 3 kHz = kg x 140 nK



Energy [FR]

Energy [ER]

) > --2 (') é 4 A h2 qAa: 2 2
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Atom light interaction: vector potential

Coupling Hamiltonian

(kx —2)%+06 Q)2 0
H(k) = |¥(k)) ( Q/2 (k)? Q)2 ) (W (k)|
0 /2 (ky+2)2-3

Engineered vector potential

+ V(%)

Pk
L]

-

Vector potential, gA/bk

_2 ] ]
-10 -5 0 5 10

Wavenumber [£g] Detuning, O/E R




Measurement: Time-of-flight and Stern-Gerlach

Camera’s point of view Field gradient along the y direction

Before TOF

o e R ST *n
» ;

T < o ey

After TOF

\\.
fz

Magnetic held gradient B,=8"y

W. Gerlach and O. Stern Zeitschrift fiir Physik A (1922)



Measurement: Time-of-flight and Stern-Gerlach

Camera’s point of view Field gradient along the y direction

Before TOF

After TOF

\X
f’z

Spin projection, m,,

4 ) 0 2 4

Magnetic held gradient B,=8"y

Wave vector [k]



Spin projection, m,,

In the lab

Adiabatic manipulation of atoms Zeeman shift
Initial state |F'=1,mp = —1) ‘1 1>
Suddenly turn off dipole trap, then TOF
T
=
2
=
. 1,0)
B held gradient =
0 ) y 6 s 10 11, 1)
Field [G]
B
=1) 10)  [+1)
Bphysical

Wave vector [£]



Spin projection, m,,

Loading: momentum

Adiabatic manipulation of atoms
Initial state |F'=1,mp = —1)

RF dressed state (RF on, ramp B to resonance)
Raman + RF dressed state (Ramp Raman on)
Raman only dressed state (Ramp RF off)

Suddenly turn off Raman + dipole trap, TOF

Wave vector [£]

Raman Dressed

Energy [Fg]

Wavenumber [£]

g1 [l Y /

=1) 0) [+1)

3 9 B physical
R
T ge‘&‘“ >



Spin projection, m,,

Displaced momentum distribution

Conserved

Abrupt turnoff conserves mechanical velocity

Mechanical Velocity 1S averaged over all orders and is
zero 1n equilibrium (of course).

4 -9 0 9 4

Wave vector [£]

Raman Dressed

%

Energy [£Rr]

Wavenumber [£g]

1. Junior mechanics

Canonical variables and vector potential

B 2
o (P—dA)
2m
o, o,
=——H .= —H
bs ox; K Op;
. P— 44
Ly = V5 = m



A laboratory tunable vector potential

Idea

We can control the engineered vector potential
in time and space giving synthetic E and B fields.

Bias and quadrupole B fields = offset and gradient

in detuning.

z .

Z
/_\/
dwing o7,

I9MO]S O,
/_\/

References

[1] Y.-J. Lin et al, PRA 79 063631 (2009)

Transfer function

_ {[kx - qA“”((S’Q)r +k§} +V(x)

~\

h
where 0(z,y,t) and Q(z,y,t)

2m

J

The detuning and coupling specify the local

synthetic vector potential

2f

E‘

5

ST

]

g 9 2
o

o

S -1}

S
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-2_ 1 1 1

-10 5 O 5 10
Detuning 9, in units of E;



Electric fields: time dependence

Complete disclosure

Our beams now intersect at 90°
Not for physics reasons.

Zorr

[ N

Transfer function

2
h_ { [kx _
2m

where 0(z,y,t) and Q(z,y,t)

qA (9,

h

)r+k

2
Y

} + V(x)

J

The detuning and coupling specify the local

synthetic vector potential

Vector potential, eA/hk;

—h

o

1
—h

I
N

@

-10 -5

0

5

10

Detuning 9, in units of E;



Synthetic Electric Field

A uniform vector potential: forces

Time dependence gives electric fields and forces
Usual “quasi-static assumptions”

. )
1. Freshman version
O0A
E— Vo 2o
v ot
mAX e e
; -—ﬁJ/EW@——ﬁAAL
Y,
: : ~
2. Junior version
=k ——, ki=———H=0
h J h J h Ox;
W,

Geometric example

0]0]0]0]0
QR

Realization with dressed states

Yes! Atoms acquire expected -2 kr mechanical
momentum kick.

Momentum imparted, hk;

Vector potential change, eA/hk;

Our synthetic vector potential behaves just like the real thing

References

Y.-J. Lin et al Nat. Phys. (2011)



Synthetic magnetic field

Outcome

Loading procedure
Initial state
RF dressed state (RF on, ramp B to resonance)
Raman + RF dressed state (Ramp Raman on)

Raman only dressed state (Ramp RF off) -1
Ramp field gradient on (from 0 to 500 Hz/um)
0
Equilibrate for 500 ms
TOF imaging & 1
C
0
©
2,
o
Bsyn S
c
£
N
)
I
I
Sp #£ 5 0
/ £ /
L} ¥ 1
-2 0 2
References Momentum kK /k,

Y.-J. Lin et al Nature (2009)



But that not what happened...

Vortex number Critical field for vortex formation
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Large magnetic fields i
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Large magnetic fields in a 2D lattice

d~1/3

phases such that the
acquired phase gives
an effective Aharonov-
Bohm phase
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Light assisted hopping I: Munich
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Light assisted hopping II: MIT
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Basic idea: laser induced hopping
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Lattice laser geometry
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Usual level diagram

t(S)

Reference
Celi, A. et al. Phys. Rev. Lett. (2014).




Lattice laser geometry €y
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Single-particle eigenstate structure: Landau gauge
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Edge states in QHE systems
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Edge excitations in QHE systems
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Other recent work

Rashba SOC
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Fancy image processing
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Theory: effective interactions
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