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T. Esslinger: "optical lattices as the Swiss army knife for AMO"
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dark states in A-systems

‘Dark State’ Optical Lattice
single particle physics

e near-resonant / dissipation-less optical
lattice
e AMO

v Alkali / Alkaline Earth (magnetic)
v polar molecules (electric dipoles)

e sub-wavelength structures

- ‘Kronig-Penney’ box-like lattices
- sub-wavelength spin structures

quantum many-body physics AR\
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Coherent Quantum Optical Control with Subwavelength Resolution

Alexey V. Gorshkov,' Liang Jiang,' Markus Greiner,' Peter Zoller,” and Mikhail D. Lukin’

'Physics Department, Harvard University, Cambridge, Massachusetts 02138, USA
*Institute for Quantum Optics and Quantum Information of the Austrian Academy of Sciences, A-6020 Innsbruck, Austria
(Received 11 December 2007; published 7 March 2008)
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vs. incoherent sub-wavelength microscopy: S. Hell
PRL 95, 010404 (2005) PHYSICAL REVIEW LETTERS Week cnding

Non-Abelian Gauge Potentials for Ultracold Atoms with Degenerate Dark States

2

J. Ruseckas,'? G. Juzeliinas,' P. Ohberg,” and M,

lln.s‘mute of Theoretical Physics and Astronomy of Vilnius University, A. G Geometric Manipulation of
Fachbemch Physik, Technische Universitat Kaiserslautern, D-676
*Department of Physics, University of Strathclyde, Glasgow G TfaPPed lons for Quantum

(Received 8 March 2005; published 28 June computation

We show that the adiabatic motion of ultracold, multilevel atoms in

give rise to effective non-Abelian gauge fields if degenerate adiabat Wwwsciencemagorg SCIENCE VOL 292 1 JUNE 2001



'Off-Resonant' Optical Lattices [vs. ‘Dark State']

o far off-resonant optical lattice

Al2
il —
— |e) laser /\ /N /\ /M\ /N
0 r mwvws N SN NN e
standing —\/——\S——\S—\/
wave
18)
n° 0°
H=-———+ Vo sin® (kx)
- Bloch bands 2m 0x \J\
optical potential (1D)
€qpa
wt 4J!
/\' v AC-Stark shift as optical potential v off-resonant laser
of———4J° ALg ~1(x) @
- 0 T qd
band structure (1D) Q? 1 lattice spacing / small dissipation

. 1 energy scale
PAThRD



'Off-Resonant' Optical Lattices: Hubbard Models

o far off-resonant optical lattice

-
T \@/\ M /
standing
T % wave
—_—8)
- Bloch bands - many particle physics: Bose / Fermi Hubbard

[ =—J Y b'b; +UZbT2b2

UJ"/\'4J1 <l ]>

¥ Hubbard toolbox, ... ~A
0 _———#4J" v energy scales | < Ep = TN
- 0 mqd 2m
band structure (1D) sub-wavelength lattices:

Wi, AJ Daley, G Pupillo, P Zoller - NJP 2008
S Nascimbene, N Goldman, NR Cooper, J Dalibard - PRL 2015


https://scholar.google.at/citations?user=iKB_xp0AAAAJ&hl=de&oi=sra

Atom in A-Configuration: 1D Quantum Motion

e atomic configuration

Q. (x) =Q,sin(kx) % T Q,
DY VY.V,

WAVAVAY, 2
1) —Q— I w'i 0

Raman detuning
e quantum motion of atom in 1D

transverse confinement: ¢
(optical lattice)

atom
AN o— WV V.V
Q. (x) = Q,sin(kx) % a X
p

strong ‘coherent drive'
weak ‘probe' laser



Atom in A-Configuration: 1D Quantum Motion

e atomic configuration

Q. (x) =Q,sin(kx)
strong

1g1)

* Rabi frequencies in space

atom Q —

QC,p(x) A

aVadl

e
\/|

weak probe
|82)
c(x) = Qsin(kx) regions:
A Qc(x) >Q,
\—/ X
Q¢ (x) <Qy
! Q

. p
~ 2 = — <1
/¢ ~ell2 with € R

Cc



Atom in A-Configuration: 1D Quantum Motion

e Hamiltonian

--K---r\ |e>
g1 ) 182)
QC %F ‘QP hz 02 | 0 %Qc(-xl:) 10
H=—omam | 2@ -a-il 3%
1g2) 0 2(p L
|g1> kinetic energy internal

* Rabi frequencies in space

Qe p(x) , C(x) = Q¢ sin(kx) regions:
N\ /\ % 20 >0,
S e -
Q¢ (x) <Qy
| Q,
< > ¢ ~ell2 with EEQ—<<1

A c



Born-Oppenheimer (Adiabatic) Approximation

e Hamiltonian

N
H =
182)

 Born-Oppenheimer (adiabatic) approximation

181)

dark state bright states

1
Ey=0 E+:iE(x)Ei§\/Q%+QC(x)2

_ _ 1
|0) Qp|g1>TQc(x)|g2> +)  ~ m [Qc(x)|g1) +Qp | g2)]

no excited state admixed: here: 0y >T and A=0




Born-Oppenheimer (Adiabatic) Approximation

e Hamiltonian

N
182)

181)

 Born-Oppenheimer (adiabatic) approximation

dark state
Ey=0
0) = cosa(x)|g1) —sina(x) |g2)

Q¢ (x)

tan a(x) =
(x) Q,

bright states

E, = \/QZ +Qc(x)2
‘i [sma(x) |g1) +cosa(x)|g2)]}

we will expand the atomic wave
function in these BO states




Expanding in Adiabatic Channels: Version 1

e We expand in (adiabatic) Born-Oppenheimer channels
[w(x, D) =wo(x, 1) [0)x + W (X, 0) |+)x + Y- (X, 1) |—)x

‘dark' BO channel ‘bright' BO channels \r\

spin/x-dependent

‘approximate decoupling’ dressed states

Rem.: compare
Sisyphus laser cooling

* Expansion in bare atomic states

|1~//(x, t)> — fgl (x) t)|g1> + fe(x) t)|e> + fg2 (x) t)|82>

\N\

- see below - bare atomic states



Expanding in Adiabatic Channels: Version 1

o ... to obtain the Hamiltonian for wave functions (vo, v+, w_)

2

2|5 o' o 1 -1 0O 0 O
H = - + -1 0 O +Ex)] 0O 1 O
2|0 o 0 0 -1
/ vector potential potential
(non-adiabatic coupling)
a'=@—k5 cos(kx)
T dx €2 +sin?(kx)

validity of adiabatic approximation: E() /\/\/\/\

nek° 9 91 92 G1 G 91 ¢
2m <<Qc,Qp E:O 2 1 2 1 2 1 2
’ E<x)V\/\/v
e~—<1
A




Expanding in Adiabatic Channels: Version 2

o ... to obtain the Hamiltonian for wave functions (vo, v+, w_)

2 5 0 0 0
H = —+Ex)| 0 1 0 <«— adiabatic
2m 0x?2 0 0
’ ) 2 0

—1
hZ (a/)z ( 0 )
+ — 0O 1 —1
2m 2

0O -1 1

3y first order correction

92 91 g2 g1 g2 g1 92




‘Dark State’ Optical Lattice

e ... including the first order non-adiabatic correction

0 h? 0° ‘ ,
lhal[/o (x,1) = —% @ + VOpt(x) Yo (x, 1) dark state’ channel
= T = E £2 cos? (kx)
X) = X) = R -
oL na (2 + sin? (kx)]2
energy
4 +FE(x) VIER
25| 0,/Q,=0.2
0,/0,=0.25
Qe,p 0,/0,=0.3
W OF
—FE(r)

v conservative
v sub-wavelength structures



E/ER

100

-100

Visualizing Adiabatic Potentials (1)

small to make effects visible

Q,=64ERr Q.=256EF

e=o.25

[=25.6Ex

E.(X) bright

7N — 7 N N na(x) dark
E_(x) bright

|e)

Q, Q,

on resonance

181)

|82)



100

-100

Visualizing Adiabatic Potentials (1)

Q,=64ER Q,=256E

ER €=0.25

[=25.6ER
E..(x)
/A\ IA\ /A\
S == == Vha(X)
E_(x)

Q. Q,
red detuning

|g2)



Visualizing Adiabatic Potentials (2)

100

-100

blue detuning

Q,=64Er Q,=256ER

R €=0.25

[=25.6ER
E..(x)
Vha(X)
E_(x)

181)

|g2)



Visualizing Adiabatic Potentials (2)

100

-100

Q,=64Er Q,=256ER

I R €=0.25

[=25.6ER
E..(x)
-2 22 225 Voa(x)
E_(x)

| A .

2 WY & NN & B \Qp

blue detuning

181)

|g2)



Visualizing Adiabatic Potentials (3)

100+

-100+

ﬂ Q,=50 Q=500
Ca=De=0.
E+ (X) small
Viha(X)

WA

|g2)




Visualizing Adiabatic Potentials (3)

100+

-100+

|

|

|

0,=250 Q,=2500
A=0. €=0.1

E..(x)
Vha(X)
E_(x)

|g2)




Visualizing Adiabatic Potentials (3)

100

-100

0,=1000 Q,=10000

A=0. €=0.1
E..(x)
Vha(X)
E_(x)
)
Q. Q,

|g2)




Discussion

1.Zero order adiabatic approximation

92 91 g2 g1 92 g1 Q92

v no optical potential

v sub-wavelength structure in
internal state / interaction

£ cos? (kx)
[£2 + sin? (kx)]?

Vopt(X) = Via(x) = ER

V /Eg
25+ 0Q,/Q.=0.2
n 0,/Q.=0.25
0,/Q.=0.3

16

O_ 1
-7T 0 7T

kx

3.Exact bandstructure: lifetime due to channel couplings




1. Zero order adiabatic approximation

free particle
Y AVAVAVAN /
| 2 A2
Mg—zég—zﬁﬂéﬁ inl Yo, 1) = o wolx, )

—————+0
\/ \/ \/ \/ while internal state changes

2m 0x?2
0) = cosa(x)|g1)—sina(x) |g2)

THE JOURNAL OF CHEMICAL PHYSICS 142, 170901 (2015)

Perspective: Stimulated Raman adiabatic passage: The status f\
after 25 years le)
Klaas Beramann.' Nikolav V. Vitanov.? and Bruce W. Shore®
e T — QC Q p

Q, (1) Qc(1)
182)
alum > |g1>
classical trajectory counter intuitive
pulse sequence |g1> | 0> |g2>




1. Zero order adiabatic approximation

RTAYAYAYA

£_0 g2 é_$ 91 92 91 Q2

spatial variation of dipole moment
€=0.3

v dipole moment can be any angle
\ m ﬂ / v limit to spatial structure:
ik 0> 0,

(at least in our 1D model)

‘ ‘ w . QP
A2 0 A2 /~ell2 with e= — x1
X QC



Quantum Many-Body Physics
e Two-particles

adl
¢
'domain wall molecule’ as bound state

v molecule sees a lattice

Hamiltonian

3 ne o 3 ne o _|_.U(X1),U(x2)
2m x5 2moxs  |x1—xof

!

spatial variation of dipole moment

v sub-wavelength
v+ cutoff for |x; —x»| < €



Quantum Many-Body Physics

ad

e Two-particles

'domain wall molecule’ as bound state

v molecule sees a lattice

Hamiltonian
ne ¢ n° 0o p(x) p(x2)
H=- — + Vha(x1) + Vha(xo) +
2m fo 2m Oxg na(¥1) + Vna(x2) | X1 — X2 |3
‘o“’\O\N
62?

* Three-particles



Quantum Many-Body Physics

e Sub-wavelength bilayer e polar molecules in bilayer
from standing light wave




2. First order adiabatic approximation

V/Eg

25| 0,/Q,=0.2 g2

cos? (kx)

0,/Q,=0.25 Vopt (X) = Vya(x) = ER

16

hz 02 JTAER
Hs = -
2m 0x? 4e =
O B | | 1
A2 0 Y7 el
properties:

v immune against laser noise
- intensity noise
- laser bandwidth ~ dephasing
for Q. and Q, derived from same laser

(€2 + sin? (kx)]?

Mapping to a Kronig-Penney potential:



Band Structure

e Bloch ansatz o Band structure

V(z)/Er

) ¢ I in(k 2
g () = €% uy (x) dark state sin(kx)
25 =
UgX)=Ug X+ a
A X
n \n\ s " M
T T
qel=—,+—) a=1/2 A2 0 M2 -\2 9 A2
Brillouin zone  lattice spacing /N / \

NS

Y

band spacing: - -
n® vs. n = =
' L T T~ &
0 : 0 :
2/ 0 27/ 2n/A 0 27/
q q

same Bloch bandwidth J



3. Band Structure for Coupled Channels

e Hamiltonian

T

181)

e Band structure

(16x+q)2

2m

|

0

%Qc(x)

0

e Multichannel Bloch ansatz

bare channel functions

, Ug (x)
Ya(xX)=e' T u(x) |, urlx+a)=uy(x)
12 ) M)
qgel-n/AmlA) lattice spacing

quasi-momentum

%QC(X) 0 | Ug, Ug,
—A—i%l“ %Qp ue |=E(q@| ue
%QP 0 : Ug, Ug,

complex / lossy band structure




3. Band Structure for Coupled Channels

e Hamiltonian e Multichannel: adiabatic potential

L
e) bright
/N S,
channel
) dark > mixing
82
181) /\
bright \—— 7
e Band structure dISSIpatlve
0 100 0 \]( u u
(L0 g2 784 g1 g
T3t +( 2Qc(x) —-A-i3T %Qp) ( e ):E(q)( 1, )
0

2m 1
0 2 QP Ug, /‘/ Ug,

complex / lossy band structure




Remark: Brillouin zones

so far

A/2 unit cell

nNo

A unit cell




adiabatic channels (realistic energy ranges)

1500 — s ql - | 400
oy R
&) 0.9
-/ A 0 qmn/A RV 0 qmn/A

E/Ep
WVARVIRVERVERY

v

VAVAN

- kx
-400 '
-1/ \ 0 qn/.

(2. = 20000F,



Lowest Blochband: Non-adiabatic Losses

1
E(q)=€(q)—i EW’)

large T’ §
9-1 dissipation (engineering)
| |
ol The faster the atom, the
higher the losses
LE | |
=) | |
l L
<« stable
|
.|
-7l A 0 wl A



Lowest Blochband: Non-adiabatic Losses

1
E(q)=€¢(q)—i=y(q)

2
sme}ll T
I
I

<«—t+—— eSoNnances

_E/Eg

-7l A 0 7wl A\



A few more topics & Outlook

1. Bound States - Domain Wall Molecules

<« -o» .. Jpole

orientation
Iz

h® 0°  h* 06° p(xy) pxz)
H = —2m ax% — o axg + Vha(x1) + Vha(x2) +

| X1 — X213




The bound states are symmetric and antisymmetric
combination of pairs of particles bound at each interface

62 62 anz Z(Zl — 25) ) (QPQ/C)Z h2
B B i F + (k¢ — —(E/
GZ% azg lg\/zf(zl)f(ZZ) ( lo\/i ) (kf) (Q%-FQC(Z)Z)Z W(Zl,ZQ) ( zng)W(Zl’ZZ)
2
‘wQ (3717 x2)|
A
= "¢
2T
binding energy
- 20
0 - odd - - - - . 0
ES { —20
' ~
{-40 =
—0.5 | R
{ —60
{ —80
-1 ~100

6 8

05 02wy /X0
dipole length



2. Other atomic configurations

‘atomic quantum dots'

e Zig-Zag atomic configuration

500 €=0.1 é
&
&) Jg=1, Jo=1
\ AR Tg=6, Je=6
100 +
81 52 . — /10 | /10 > X
8182 &m
e spin-orbit coupling patch-work lattice
Q. (x) = Q,sin(kx) \ Qpeik'x1
—_— compare: Spielman et al.
atom
M o— W We get sub-wavelength

Q. (x) = Q,sin(kx) f o spin-orbit structures
pe



