Title: Polyatomic ultralong range Rydberg molecules
Speakers. Rosario Gonzal ez-Ferez

Collection: Cold Atom Molecule Interactions (CATMIN)
Date: July 14, 2022 - 11:50 AM

URL.: https://pirsa.org/22070008

Abstract: In cold and ultracold mixtures of atoms and molecules, Rydberg interactions with surrounding atoms or molecules may, under certain
conditions, lead to the formation of special long-range Rydberg molecules [1,2,3]. These exotic molecules provide an excellent toolkit for
manipulation and control of interatomic and atom-molecule interactions, with applications in ultracold chemistry, quantum information processing
and many-body quantum physics.

In this talk, we will discuss ultralong-range polyatomic Rydberg molecules formed when a heteronuclear diatomic molecule is bound to a Rydberg
atom [3,4]. The binding mechanism appears due to anisotropic scattering of the Rydberg electron from the permanent electric dipole moment of the
polar molecule. We propose an experimentally realizable scheme to produce these triatomic ultralong-range Rydberg molecules in ultracold RbCs
traps, which might use the excitation of cesium or rubidium [5]. By exploiting the Rydberg electron-molecule anisotropic dipole interaction, we
induce a near resonant coupling of the non-zero quantum defect Rydberg levels with the RbCs molecule in an excited rotational level. This coupling
enhances the binding of the triatomic ultralong-range Rydberg molecule and produces favorable Franck-Condon factors.
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Rydberg states of molecule Heavy Rydberg states of molecules
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Ultralong-range Rydberg molecule Rydberg atom + ground-state atom

V. Bendkowsky et al, Nature 458, 1005 (2009)

C.H. Greene, A.S. Dickinson & H.R. Sadeghpour, PRL 85, 2458 (2000)
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Long-range ion-Rydberg atom molecule -

A. Duspayev et al, Phys. Rev. Research 3, 023114 (2021)
M Deif, et al, Atoms 9, 34 (2021)
N. Zuber et al, Nature 605, 453 (2022)
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Rydberg molecules: Rydberg atom + polar molecule

¢

Binding mechanism: anisotropic
scattering of the Rydberg electron
with the dipole moment of the dimer
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Rydberg atom + heteronuclear molecule

¢
Core & Rydberg electron electric fields:
R r—R
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Rydberg atom + heteronuclear molecule
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Core & Rydberg electron electric fields:
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Rydberg atom + heteronuclear molecule
§

Core & Rydberg electron electric fields:

R r— R
St = E r —RJ3

Orientation: the molecule-fixed axes
> are confined and the dipole moment
dc electric field has a well-defined direction

Aé é*
248
éé édcT

Field-free

-field

Pirsa: 22070008 Page 9/38



Our Rydberg molecule

The total Hamiltonian H = Ha + Hpo1 + Vi e

The Rydberg electron Hamiltonian

he e
HA :—zmcvr—{—‘ﬁ(?‘)

The Hamiltonian of the molecule R r—-R

Fr,R)=e—+e———=
H?ﬂ,ol — BN2 —d- F(I', R) ( ) R3 |I‘ — R|3

Fermi-Teller critical dipole: d<1.63D.

The electron-RbCS scattering V;, (r,R) = 21 A (k)é(r — R)
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Our Rydberg molecule

The total Hamiltonian H = Ha + Hpo1 + Vi e

The Rydberg electron Hamiltonian

A
H,—= " 92y
A 2. + Vi(r)
The Hamiltonian of the molecule R r— R
s et
H,., = BN? —d-F(r,R) Ir

Fermi-Teller critical dipole: d<1.63D.

The electron-RbCS scattering V;, o(r,R) = 21 A (k)é(r — R)

By a basis set expansion in terms of the coupled basis
mi=l Myny=N

TZ"'H—{NJA’!‘] (rs ‘Qd) S Z Z (‘/"nlm (I‘) YN My (Qd) (lmlNﬂfN IJAIJ)
mi=—l My=—N

e Ynar, (£24) the field-free rotational wave function of KRb

® Yn1m(r) the Rydberg electron wave function
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Experimental setup

Ultracold molecules:
KRb (K.K Ni, Harvard)
RbCs (S. Cornish, Durham)
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Experimental setup

RbCs rotational states

B=0.5 GHz
d=1.25D

Cesium Rydberg states

State E,; — Ex >4 |GHz
= e il Rydberg molecule: Cs-RbCs
Cs(n = 70,1 > 4) 0.000
Cs(70) -0.642 Energy limit for R>>1
Cs(74s) -0.948 En.l - BN(N AL 1)
Cs(72d) 9.124
Cs(73p) 111175
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Electronic structure of Cs(n=70)-RbCS
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Electronic structure of Cs(n=70)-RbCS
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(70,1=3;0)

Electronic structure of Cs(n=70)-RbCS
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Electronic structure of Cs(n=70)-RbCS
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Electronic structure of Cs(n=70)-RbCS
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Electronic structure of Cs(n=70)-RbCS
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Electronic structure of Cs(n=70)—RbCS
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Experimental setup

RbCs rotational states

B=0.5 GHz
d=1.25D

Cesium Rydberg states

State Eni — Eqo>4 [GHz)
Cs(n = 70,1 > 4) 0.000
Cs(70f) 10,642
Cs(74s) -0.948
Cs(72d) 9.124
Cs(73p) -11.175
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Cs(n = 31,1 > 4)
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Electronic structure of Cs(n=31,1>3)-RbCS
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Electronic structure of Cs(n=31,1>3)-RbCS
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Electronic structure of Cs(n=31,1>3)-RbCS
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Electronic structure of Cs(n=31,1>3)-RbCS_
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Electronic structure of Cs(n=31,1>3)-RbCS
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NO(ZH)- NO(nl) bi-molecule

In March 2020 (), we tried to find out if such
molecules could exist

Hossein R. Sadeghpog_[

Janine Shertzer
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NO( H) A simple (two-level) A-doublet molecule!

Doublet splitting
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Potential energy (electron volts)
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NO quantum defects
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We're interested in high-| (longer lifetimes),
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NO(X ZH) has electron affinity (EA) ﬁ

EA =NO~CZ,v=0,J =0) - NOCILv =0,J =0) = 33 meV

Potential energy (

as(0) = — tan(d4(k))/k  Scattering length

Lol L L 11

resonance in elastic channel el

ra

Internuclear distance (A)

{e~ + NO[X™I, (v = 0)] - NO[X°Z( = 1)]} 100 meV

a3(0) = — tan(p(k))/k> Scattering volume
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NO(nf, ng) — NO(X™1,,)
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NO(nf,ng) — NO(X*T1, ) @
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Conclusions

Rydberg molecules:
Rb-KRb (K.K Ni, Harvard)
Cs-RbCs (S. Cornish, Durham)

E |GHz]

RGF, et al JPB 53, 074002 (2020),

PRA 96, 052509 (2017),
New J. Phys. 17, 013021 (2015)
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