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Many-body physics with ultracold atoms
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Quantum control at a single-particle level

Science 365, 1079 (2019)

a Hyperboloid (90 sites)

c Cg, fullere

ne-like (84 sites)

D Mobius strip (85 sites)

f Eiffel tower (126 sites)
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Replacing atoms with molecules

» |sotropic and short-range
Interactions

= Magnetic dipole moment

» Electronic structure, fine and
hyperfine structure

Anisotropic and long-range
interactions

Magnetic + electric dipole moment

Electronic, fine and hyperfine +
rotational, vibrational structure



I Molecular promises
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Molecular promises

Ultracold chemistry Quantum many-body physics Precision measurements
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Towards full control over molecules

* Bottom-up approach e \'/\/\/\’/
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Towards full control over molecules

* Laser cooling of molecules, |
then loading to traps
0

Doyle/Ketterle/Ni: CaF Phys. Rev. Lett. 119, 103201 (2017)
Science 365, 1156 (2019)



Replacing atoms
Bl with molecules

e Rotational structure
¢ Intermolecular interactions
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|sotropic
intermolecular
INnteraction

Results for two ultracold
atoms
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Molecular model

ﬁ — JEV;rtrzm + JET:A‘Tml:)l + ﬁﬁcld + I_:rint

Basis set:

(n) [J, My, gu, ga) [s1,ms, ) |82, M, ) = [)

Exact diagonalization!



Molecular model
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Molecular model

ﬁ — I;rtrap + JET:A‘Tml:)l + gﬁcld + I_:rint
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Molecular model

ﬁ — I;rtrap + JET:A‘Tml:)l + gﬁcld + I_:rint

, 2
.)’0’ TR o 1S
1=1

2
Hchma.n — 2.UfB Z g“i B

1=1



Molecular model

ﬁ — Jértrzm + JET:A‘Tml:)l + gﬁcld + I_:rint

ﬁiso = z 905(21 - 22)160 )
o

Haniso = Z g+16(z1 — 22) Py
aFo'

with Py = |J, M, j1, j2) {J, M, j1, ja|
Pyy =|J, M, ji £1,j5) (J, M, j1,j2 F 1| + Hee.



Choice of rotational constant determines the
importance of molecular structure in the problem
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Choice of rotational constant determines the
importance of molecular structure in the problem
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® Anisotropic interaction
* Magnetic properties
e Quench dynamics
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Ground state with J,_, # O!

Total rotational momentum
of the ground state
as a function of the isotropic (go)
and anisotropic (g=1)
interaction strength




Total rotational angular momentum can be pumped
into the system with external electric field!
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Magnetization can be controlled with external tields!

spin 1/2
(Mtot = 0)

spin 3/2
(Mtot = 2)

Electric E vs. magnetic field B strength magnetization diagrams
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How to extract molecular properties?

quench

amplitude
amplitude

time " frequency



—_

R 1 2 S

3h 0 2 4 6 8 10 12 14
Frequency / w

3F |
so- and O En L Nl o vl el
0 10

» " rjrf? 21 ? * Frgquencayfw b b
anisotropic S

INnteraction

4 110
< £ ﬂ/‘\L—-»L_M

< 10 , Lkl
3r 0 2 4 6 8 10 12 14
Frequency / w

0 25 50 75 100 125 150 175 200
Time / (2n/w)



Spin-rotation
coupling
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Summary

Molecular means: rotational structure, anisotropic interactions, and spin-rotation coupling
Anisotropic interaction brings down the states with high rotational angular momenta
We can control magnetic properties with external electric field

Quench dynamics can reveal the molecular properties of the system



Experimental
feasibility
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Plans and possible extensions
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Thank you for
your attention!

Code available at: http://doi.org/10.5281/zenod0.3985911
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