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Spin-orbit-coupled Bose-Einstein Condensate as
playeround to explore guantum collision and chemistry
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Spin-orpit-coupled Bose-tinstein Condensate as playground to explore

quantum collision and chemistry

Outline

* Intro. to experimental platform: “spin-orbit-coupled (SOC) BEC”
[“spin-helical atoms”] (by optical dressing)
* (Spin) transport & Spinor BEC collider [how is it affected by SOC?]
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* Quantum Synthesis: Interferometry in quantum (photo)chemistry
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« Light can probe, control & create new matter (coherent light-matter interaction)

Quantum optics (broadly defined):
Light (radiation) & light-matter interaction

where quantum physics matters X (light or other particles)

[further generalization: extend from light to
other waves (including matter/particle waves)]

Light (in)

Y (light or other particles)

(from Y.Chen, Purdue PHYS 522 “Introduction to Quantum Optics and Quantum Photonics”)



Example: Raman process as light-matter interaction
--- from optical scattering (incoherent) to optical dressing (coherent)
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R.He, T. F. Chung et al., Nano Lett. 13, 3594 (2013)

Can generalize to/realize 3x3, 4x4 .. NxN matrix Hamitonian...
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-=> Synthetic “bandstructure” /spin-orbit coupling
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Eigenvalues E((1,p,) and
Eigenstate (“dressed state”):
a(Lp,) |4, p,+k>+B(2p) | T,p, K, >
dep on parameters (p, (1)




cold atoms/BEC --- “seeing” quantum mechanics & dynamics!

4513 PR ey L Demo with our Bose-Einstein Condensation (BEC)

Purdue QMD’s “all-optical” Rb87 BEC apparatus
with synthetic gauge fields and spin-orbit coupling
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coherent oscillation of BEC BEC (matter wave) diffraction from
between 3 spin states laser standing wave (optical grating)

“discrete spots” = ” synthetic dimension/lattice!

Based on several

Nobel-prize o)
technologies: 7.,
* Chu/Phillips

/Cohen-Tannoudji’97;
* Cornell/Wieman
/Ketterle’01;

* Ashkin’18

1550nm cross-beam optical trap
(optical tweezer)

A.J. Olson et al., PRA87, 053613 (2013)
(exp. & modeling of efficient
evaporative cooling in optical trap)



Synthetic Spin Orbit Coupling (SOC) by optical Raman coupling

(spin-momentum)
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Synthetic Spin Orbit Coupling (SOC) by optical Raman coupling

(spin-momentum)
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“spin drag”

a Geometry and Raman coupling

(AC) spin current [spin-dipole mode] in trap
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SDM previous studied in non SOC quantum gases,

eg. fermigas: Sommer [Zwierlein] et al’11 by magnetic gradient

bosons: Koller et al’12; Maddaloni et al’00
theory (fermi gas): Stringari’99, etc.

What is the effect of SOC?

[“spin drag”]

Spin Dipole Mode

(SDM) --- AC spin current

c Band diagrams
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Spin Dipole Mode (AC Spin Current): no SOC vs SOC
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Moment um Space

Bare case
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GPE Simulation of SDM:
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GPE simulation qualitatively explains damping
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Observation of BEC Shape Oscillations (Quadrupole Modes)

a

We also study shape oscillations, which

is an example of the kinetic energy
that does not contribute to the global

BEC motion.
a Bare case
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Oscillations have a well-defined average frequency of 58 Hz,
consistent with the predicted frequency of the
m=0 quadrupole mode: fm—0 = Vv2.5w; /(27) ~ 59 Hz

for a cigar shape BEC.



Understanding the SDM damping

Initial state

thold =1.5ms

thold =1.5ms thold =1.5ms

thold — 15 ms

MR

When two dressed spins collide: increased interaction energy, formation of density modulation,
excitation of other collective modes (eg. quadrupole mode)
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2m Y
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a,
Eigenstate (“dressed state”): o(q,)| i,qy+kr>+[3(py) | T,qy—kr >

Acknowledge discussion with Hui Zhai et al.
At Q>0 (dressed), spin part no longer orthogonal, the wavefunction
interference leads to enhanced interaction, which excites breathing
mode (decay channel of SDM) and leads to strong damping of SDM; this
strong damping gives less oscillation thus less heating

GPE Simulation of SDM:
In-situ images

GPE done by Chunlei Qu

& Chuanwei Zhang (UT Dallas)
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Thermalization and Spin Current Relaxation
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AMO Research in Quantum Matter and Device (QMD) Laboratory

P e T

Bose-Einstein Condensate .~ (Cold/Polar) LiRD Molecules
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Joint experiment with Dan Elliott (Purdue)

V Photoassociation First LiRb cold molecules
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Effects of quantum superposition and interference in spin-dependent
photoassociation of 3’Rb Bose-Einstein condensates

PHYSICAL REVIEW LETTERS 121, 073202 (2018)

Observation of Quantum Interference and Coherent Control in a Photochemical Reaction

David Basing David B. Blasing, ' Jests Perez Rios,” Ymuql an Yan,' Sourav Dutta,""

(> Crane) Chuan-Hsun L1 Q1 Zhou ~ and Yong P. Chen 1457
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Photoassociation (PA) — loss of atoms from trap

(excited molecule) Note: PA can measure
B cened AVpy “Tan’s contact”
12 “Vo,mol
ﬁ | | | ! | | I
\n
= 81 6f X T 2
&) = = . ) ]
P decay a [@ extracting PAJrate ki,
— 4 Z 40 ‘ 1. Fit PA spectra and
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o~ = ‘
— () — = 2. pgand and t,, known
— < 2f (b) O .
g E ! 3. Calculate kpy=n/pot,,
4 < 0 '
: I 0 | | 1 | | 1
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R(aO) PA detuning: Av,, = Vp, - v, (MHz)

- _ 15 1
dp(t,7)/dt = —keap?(t,7) N () =Nogn™**In'/% + g

(1+m)"*tanh ™" (v/5/(1 + n))).

C. McKenzie et al., Phys. Rev. Lett. 88, 120403 (2002).

8/Rb potentials from Allouche, et al., J. Chem. Phys.136, 114302 (2012).



Photoassociation can be spin-dependent

Remaining atoms (arb. units)
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Key point: choose PA line that require
colliding atoms (reactants)
must have m;, + m;, =0

|f=1,m¢> pairs:

Relative Frequency (MHz)

Remaining atoms (arb. units)

—o-m;=-1
—4-m.=0
— m; = +1

(c) (d)

C. Hamley [M.Chapman], et al., Phys. Rev. A 79, 23401 (2009).
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“spin-dependent” Photoassociation

Key point: for our PA line, colliding atoms must
have m;, + m;,=0

Question: atoms in spin superpositions simultaneously
access multiple spin-pathways, what is PA process like?

()

-0 @@ | @0 <@ -

20
D. Blasing et al., “Observation of Quantum Interference and Coherent Control in a Photo-Chemical Reaction”, Phys. Rev. Lett. 121, 073202 (2018)



Spin(-momentum) superposition states

Rep. bandstructures at 6=0

5P3/2 1B T ]
0_1 BEG
W

1/2

1
—

1
w

Dressed Energy/E,

1
Ul

[
N

—_
Do

5 g: quasimomentum H’g’ ]
9o (@ + 2Kk) =0 e 0 k:recoil momenta 0
2 : o

o g2 — ¢, L &: Raman detuning = 4
2 . . ~

0 L (g —2k,)2 + 6 Q.: Raman coupling 2 o

g,: quadratic shift

Lin/Spielman[NIST], PRL'09

1
S
T

Creates spin-momentum superpositions : 10 20 30

3
> Cilmyg,p), = C_1|=1,h(q+2k,)) + Co |0, hq) + Cy1 |41, h(q — 2k;.))
i=1

Note: momentum part of the superposition do not affect PA (length scale << 1/k.) 21



PA on spin(-momentum) superpositions

Evidence for superposition state (all components undergo PA together!)

Spin Statistical Spin Momentum
Mixtures Superpositions NOD
PA off-resonance
PA (iff-resori_ar_l_ce_ +2k. /@ | 1.0
P o s
T a : 4;;& ok, ™ - 0
) Fo s r— 0.8
ms = -1 0 +1 '2kr ) n 0 6
ms = -1 0 +1 .
PA on-resonance
PA on-resonance +2k (9 | 0.4
o E__'__-_] ; 't-"‘-w-.- :: g : '
el e I
m; = -1 0 +1 -2k, i @ 0.0
ms = -1 0 +1

22
D. Blasing et al., “Observation of Quantum Interference and Coherent Control in a Photo-Chemical Reaction”, Phys. Rev. Lett. 121, 073202 (2018)



PA on spin(-momentum) superpositions with increasing Qg

-, . ; +C., " = O =0E, 6=0E .\ | " Q. =LIE,5=0E
1@ - |@><|@> Q). -{(a) R S () ISR
m o - r I'_
(a) > (d): turningon g 10 -hgﬂii Eiﬁﬂi_ ]
the spin-momentum 2 [ ﬁ I 1 '
superpositions = 0.8 ] 1 i
2 ol i " '
® 0.6} : 1 :

[ L oy e

(a) > (d): control, no o / \ | = Q =32E 8=0F / I\ | ® Q.=119E 5=0E
spin-momentum > 121 (c) o O.=32E ,5>100E,| (d) |, Q. =119E 5> 100E,
superpositions [bare é’ 1.0 ' 1 R
BEC of m.=0] g | 1 ]
o | |
0.6} 1 |

D. Blasing et al 20 10 0 10 20 -20 10 O 10 20
Phys. Rev. Lett. 121, 073202 (2018) PA detuning from resonance (MHz)

- red and black curves diverge: PA significantly modified for dressed BEC (superposition),
even ~ completely “turned off” at large €2, !



PA on spin(-momentum) superpositions

(@ -<I@><I@><| @) |@> < I@><|@>< @) ) | - TR
+1 41 kine X I <r{,+""-mof.| d-FE |"*‘+"»"5cat> |
Yscat E E CiCilf =1my=4), ® [f=1ms=j),

___________________________________________

o fm 5 opposite CG \‘.

i 11,0 >& [1,0 >= /5[2.0) 0,0) coefficient! ! R 2
| ToigLF. me |20 Chy HCE
1,1 >@ [1,—1 >= |/[2.0) - \@w 0.0) | |

___________________________________________

—
(N}

f=lﬂ mf f_

PA oc [2C,C,,-Cy2? @ &
«/oo

@o)

Prediction: PA rate for spin
superpositions modified
over bare rate
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PA on spin(-momentum) superpositions

ksup = ko,0(|cp]? + 4le—1c41[* — 4R(coe=1¢51))

Various Q, at 6 =0 Rep. bandstructures
1.0 S , ; . . T . , . llﬂ TEN— ; N/
[N N = Experiment I R r
N A Theory:
0.8} N\ No Interference -
\\\\\ Destructive Interference ot
\\\ ~
Ay >
206 . . 4 @
\‘\_\\ \\ m
a E \\\N |.|=.|
x” o
0.4 — (7,
(7]
o
i [a)
0.2} '_{_‘ ‘ : [ |
0.0 '
0
°a (E)

D. Blasing et al., 1 . 1
Phys. Rev. Lett. 121, 073202 (2018) atlarge (x> Co=7:C1=Cy=71 k20!
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PA on spin(-momentum) superpositions

ksup = ko,0(lcg|? + 4le-1c41]* — 4R(c5e=1¢41))

Variousd=0at Q; =5.4 E,

1.0 S
< = Experiment 1
& Theory:
0.8(2 No Interference i
- Destructive Interference

D. Blasing et al.,
Phys. Rev. Lett. 121, 073202 (2018)
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“using chemistry to probe physics?”
(quantum condensed matter)

Summary & Outlook

D. Blasing et al.,
Phys. Rev. Lett. 121, 073202 (2018)

Novel “light-dressed” >
reactants
(in superposition state)

)

|® <@ I@>-

Observations indicate
destructive interference

Agrees with theoretical model >

k:sup = k0,0

1.25
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= Experiment
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Scattering Scattering
/Reactio /Reaction
pathl path2

Two-pathway
interference in
Chemical space
(reaction paths)

I 7—
\ Control reactants’ quantum

<>

(superposition) states
[high-dim Hilbert space]

New approach for

“coherent photochemistry”
(not using pulsed/interfering lasers)

Tannor-Rice

P

3

~

Fatantal Enengy

Moshe Shapiro, Paul Brumer FWILEY-VCH

Quantum Control of
Molecular Processes

Second, Revised and Enlarged Edition

Brumer-Shapiro
B
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Spin-orpit-coupled Bose-tinstein Condensate as playground to explore

quantum collision and chemistry

Outline

* Intro. to experimental platform: “spin-orbit-coupled (SOC) BEC”

”2)(2”

* Quantum Synthesis: Interferometry in quantum (photo)chemistry

\ h '.('_Fi_ =1, m; my |
L\ PAc[2C,C. -2 &&_
[ I

*- .00
I\ A A — —
I\ s

\a’s IF=0,m=0> 77—

ANy

\ o *7

Vs

II3X3H

U(R) (10° cm™)
A2 o &

—_
W]

[“spin-helical atoms”] (by optical dressing)
* (Spin) transport & Spinor BEC collider [how is it affected by SOC?]

tlme—O Oms
,ML‘
: ?
g 0
£ -l s
&

-1 0

spin [mf]

- l‘.\x /'/’X ' .\__& N
10 20 30 40 o;&o

C. Lietal.,
Nature Comm.
10, 375 (2019)

Chuan-Hsun Li

D.Blasing et al.
mmm PRL 121, 073202
(2018)
David Blasing
(= Crane)
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(move onto 4x4 matrices..) (proposal/prediction: “emergent” lattice

A Bose-Einstein Condensate on a Synthetic Hall Qi Zhou: (no external optical lattice)
Cylinder arXiv:1810.12331) e AR BN i‘ﬂ“ﬁﬁi
arXiv:1809.02122, under review (2018) A ALAUVUL A ARA L,

B Chuan-Hsun Li.! Yanggian Yan.? Sayan Choudhury?, David B. Blasing?,
(experiment) Qi Zhou?**, and Yong P. Chen?!31

5P, Hall ribbon (periodic boundary condition):
_ . Real spatial  Hall cylinder
R Las ? 5P, :
amiﬁlR aser Y 1/2 Synthet.lc / Y dimension A p
. | . L. 122) magnetic flux
z x £ 1) {} [L}

BEC @~ Microwaves 0 Q0
|[F, my) Q
— AL
B field ® ® O @
) R
Synthetic dimension

[—@2

wr + Awg 6 .1 [Lewenstein et al’14; Spielman’15; Fallani’15...]

g 4 S , _ |4)
Raman Laser 8 peEEe e 2 Synthetic magnetic flux s qf o cyclic coupled spin
g i = PRASE = ) w . .
A~ 790 nm £ 0_ ooy 2 net phase factor LR, (“synthetic circle”)
2 c e—in
g -2 B L iky) ~iK(y+d) 2K
;'_‘ _4; (I_:_mf)_ __________________ _g ¢ @ € magnetic flux ® = Jﬁ . d§ sy Phase accumulated
k, =2m/A S S o 13)
a0 2 1 _ (ﬁg. dl = ES‘( ey Net momentum
K =2k gD = y y+d -/ PR
- anr 000 005 010 015 020 > v ey W (q = —e) transfer=2K=4k,
Magnetic field (T) Real spatial dimension ¥ D, - 2nh/e o q= |2)



Hall cylinder = emergent lattice & band structure
nonsymmorphic symmetry = topological protected bandcrossing

d=2n/K
n o B4 N
—op %ei(K'y) 0 % 1) (Hamiltonian’s period)
i & o—i(Ky) £o ] 0 12) H is invariant under
H=""1+]"7 O* : QO (K t lation d /2
Im 0 e £o 563( ) |3) ranslation d /
% 0 e AT + a discrete unitary

transformation (“rotation”)
(|2>,]3> flip signs)
Plane waves {|(qy + nK);m)} = {ei(@r k) |my)

nonsymmorphic symmetry

A —— Microwave coupling . )
——— Raman coupling Symmetry protected band crossings

2B w2

<
<

g g, ,  mMomentum space 14
BN,

VVVVY

h(q, + K
h(qy + nkK) o+ 1) 0 1
~ ha, pological <
- It semimetal”

(g, — K)

ﬁ , N/ <

~ o .o"\ o —2. . . : - : ; '
y =0 hlay—2K) D @ B N 0 | 2 <

Quasimomentum hg, (A1)
BEC density develops a crystalline order with a periodicity of d /2,
% half on the lattice period d (phase’s period = d or d/2). C. Li et al. arXiv:1809.02122



Quantum Transport in Emergent Lattice/Band > Bloch oscillations

Raman Laser 0

guantum transport in each band:
analogous to (momentum space) Mobius-strip!

? E £
BEC @ Microwaves EB
O
B field 5

1

wpr + AOJB

|9 (transport
under gravity)

Raman Laser Quasimornentum ﬁqy (FLK )
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C. Liet al. arXiv:1809.02122

\\/Band 2 offset from band 1 by K (half period of tr

rt)



Breaking the nonsymmorphic symmetry = open gaps @ the crossings

a topological change

D Period = hK or ~ 1.3 ms
In the band structure B
thold = 0ms 04 06
C qy, = 0(K) qy = —0.3 qy = —0.4
i ° "
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Analysis of Bloch oscillations -> mapping band structure

Consistent with the (topologically protected) band crossings!

Similar observation under
different parameters
(crossing protected by
nonsymmorphic symmetry)

Total mechanical momentum
of the BEC

Energy (E,)

Quasimomentum hg, (hK)

A “symmetry protected topological phase”
(for bosons)

C. Li et al. arXiv:1809.02122, under review (2018)
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Unzipped cylinder: Emergent lattice and Bloch oscillations disappear
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Summary: Emergent symmetry-protected (bosonic) topological states
arXiv:1809.02122

Energy (E,)

NANANANA
AN

1 1

Energy (E,)
S

[
-2 -1 0
Quasimomentum hg, (hK)

Symmetry-Protected Topological
Orders in Interacting Bosonic Systems

Xie Chen,™? Zheng-Cheng Gu,? Zheng-Xin Liu,*? Xiao-Gang Wen*%% 10.1126/science.1227224

Next:Can particle-particle interactions change the topology?

35
https://physics.aps.org/articles/v1/6



Outlook: Quantum science & technologies based on a) @
“Spin-helical” particles

* Novel (Topological) Quantum Matter & Quantum simulation

(& in high dim/curved space)

* (spin-based) quantum control/chemistry fﬁiff&?? \jgzgtftri?f
=C +C, +C,, =C, +C, +C,) pathl path2
1@>-<1@><I@>-|@2(@> 1@ <I@><I@) e — —
00 /00
New playground/platforms/toolsets for:

“guantum transport/interferometry/measurement/manipulation (even chemistry)” of
quantum condensed matter



“Spintronic” Quantum Transport, Chemistry and Interferometry in an atomic BEC

Summary
Introduction to experimental platform: “spin-orbit-coupled” (SOC) BEC

Transport & Interferometry in energy-momentum (E-k) space
* Quantum Transport in synthetic (“dressed”) bandstructure
* Landau-Zener transition: beam-splitter
* Landau-Zener-Stuckelberg interferometer (via “Fluoquet” engineering)

(b)

Energy/h (kHz)

ANV omvmro e
[ ]
m

O]

E.

Spinor BEC collider: (Spin) transport & interferometry in real-space’
* Spin dipole mode (AC spin current) induce by quantum quench in spin-orbit-coupled BEC
* How does such (spin) collective excitation decay?

* How does spin-orbit-coupling affect spin transport (spin current relaxation)?
* Interplay between SOC, interference, interaction

A.Olson et al.
PRA 90, 013616 (2014);
PRA 95, 043623 (2017)

C. Lietal.,
Nature Comm.
10, 375 (2019)

Interferometry in quantum (photo)chemistry /\ D.Blasing et al.
_

* What happens when reactants are in quantum superposition states?
* (spin-sensitive) photoassociation (PA): interference b/t 2 PA reaction pathways

PRL 121, 073202 (2018)

BEC on a synthetic “Hall” cylinder (a symmetry-protected bosonic topologlcal state)

* (circular) synthetic “dimension” 2 “emergent” crystalline order
* Quantum transport on a Mobius strip (E-k space)
* Topological band-crossing (protected by nonsymmorphic symmetry)
* Breaking symmetry/unzipping cylinder = topological transition

C. Lietal.,
arXiv: 1809.02122



thotg~ -1 ms

Q. =0FE
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Bare case

F2r

Momentum space

Lh Ulilrj_r:']_ .0 II].H
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Real space

5.0E,,Qp =0.0E,,tg = 1.0ms
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Dressed case

Momentum space

Lh (_;lilrir:-]. .0 II].H

i 0
spin. [m ]

Real space
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Dressed case

Momentum space

tJh UlfrI:-]_ .0 I:[lbl

spin [m ]

Real space
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Dressed case

Momentum space Real space
| thota=-1.0 IIlE;I Qp =5.0E,,0r =13E,,lp = 1.0ms
B!
1 ]
2470
1 L
|

1 0 5 0 )
spin [m ] X [micron]



Dressed case

Momentum space

tJh UlrfI:-l oO I]‘.‘].bI

spin. [m ]

Real space

Q =5.0E,.Qp =2.1F,.lp = 1.0ms

5 0
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