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Ultracold AMO Physics has developed quantum physics
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Recent Ultracold AMO Physics

AMO

Various trap configurations

3D box potential

B. Mukherjee, PRL. 118, 123401 (2017)

２D sheet potential

K. Hueck, Phys. Rev. 

Lett. 120, 060402 (2018)

I. Bloch Nature Physics 1, 23 (2005) 

Periodic potential 2D shell structure

Marvin Holten, arXiv:2005.03929

AMO

L. R. Liu, Science 360, 900 (2018)

Optical tweezer

Chemical reaction

J. Kobayashi, S. Inouye

Nature communications 10, 3771 (2019)

AMO

Coherent transfer and 
precision measurement

Electron-to-proton mass ratio



Munekazu Horikoshi, Science 327, 442 (2010)

Munekazu Horikoshi, PRX 7, 041004 (2017)

• How physical properties of the many-body 
system change depending on the size of 
molecule?

• What is the interactions between clusters?

Our interest in Ultracold AMO Physics

𝑇/𝑇𝐹

BCS regime
(Weak-coupling)

BEC regime
(Strong-couping)

1

𝑘𝐹𝑎

BCS superfluid

𝑇𝑐

Unitarity limit

Fermi gas

Molecular BEC

Molecular (Cluster) gas

Next target 

AMO

Phase diagram of spin-1/2 fermions

Repulsive

Attractive?



Our interest in Ultracold AMO Physics

Quantum simulationAMO
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Spin-imbalanced fermions in a harmonic potential

Janek Fleper, Kohei Kato, Shin Inouye, 

JPS autumn meeting 13aK14-4 (2019)

Rb BEC in a 2D box potential @ OCU

Spin-imbalanced fermions 
in a box potential

Fermi system with a negative sign problem 
for Quantum Monte Carlo Calculation

Published in: Carlos A. R. Sá de Melo; Physics Today 2008, 61, 45-51.

Copyright © 2008 American Institute of Physics

Development of improved algorithm 
(complex Langevin method)

sign problem 



Our interest in Ultracold AMO Physics

Optical upgrade of magnetic 
Feshbach resonance

Quantum simulationAMO

N. Arunkumar, PRL 122, 040405 (2019)

Haibin Wu, Phys. Rev. A 86, 063625 (2012)

Independent tuning of scattering length 
and effective range

Hiroyuki Tajima and Pascal Naidon, 

New J. Phys. 21 07305 (2019)

Phase diagram under 1/𝑎 = 0Internal energy per neutron Pressure Superfluid gap

Zero range
S-wave

Zero range
S-wave

Zero range
S-wave

Ideal Fermi gas
Ideal Fermi gas

Munekazu Horikoshi, IJMPE 28 (2019)

Neutron matter EOS Three-component fermi system

Quantum circuitThermal bath Superfluid
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6Li atoms

Atomic species we have used

Electron spin：𝑆 = 1/2

Nuclear spin：𝐼 = 1

S-orbit：𝐿 = 0

P-orbit：𝐿 = 1

Fine structure
(Spin-Orbit coupling)

Fermion

Hyperfine structure
(Electron angular momentum 

- nuclear spin coupling)



Magneto-optical trapping

Velocity and position dependent force given by 
momentum of photons
Doppler effect + Zeeman effect

Cooling transition lines

Laser cooling of 6Li atom

𝑁~108, 𝑇~1mK

Cooling laser

Repumping laser



𝑇~100nK

Trap cold atoms in an optical trap

Realization of ultracold atomic gas

Evaporative cooling

Remove energetic atoms selectivity



Atomic species we have used

6Li atoms in magnetic field

Lowest three hyperfine states

ቚ𝑚𝐽 , 𝑚𝐼



Interacting Fermi system under Ultracold temperature

𝑈12(𝑅12) : detail of particles
ۧȁ1 = ඁቤ−

1

2
, +1

ۧȁ2 = ඁቤ−
1

2
, 0

ۧȁ3 = ඁቤ−
1

2
, −1

ቚ𝑚𝐽 = 𝑚𝑆 , 𝑚𝐼

How can we enjoy universal physics using such atomic interaction !?



Interaction between two Li atoms : molecular potential

Calculation of the real Li2 potential is challenging problem

J. Chem. Theory Comput. (2014), 10, 1200−1211

Calculation of the real Li3 potential is 
more challenging problem



Interaction between two Li atoms : molecular potential

Calculation of the real Li2 potential is challenging problem

J. Chem. Theory Comput. (2014), 10, 1200−1211

Calculation of the real Li3 potential is 
more challenging problem
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Interaction between two Li atoms : molecular potential

Li2 molecular potential without considering atomic fine structure
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Interaction between two Li atoms : molecular potential

Fine structure (It is for K2, not Li2)

When we include interactions up to 
hyperfine interactions, 
the interaction potentials become 
quite complex

Li2 molecular potential without considering atomic fine structure

Don't worry !



a3Σ𝑢
+

旅の最後の準備：フェッシュバッハ共鳴による散乱長の制御

ۧȁ1 = ඁቤ−
1

2
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1

2
, 0

ۧȁ3 = ඁቤ−
1

2
, −1

ቚ𝑚𝐽 = 𝑚𝑆 , 𝑚𝐼

Electric ground state
Combination of them is spin triplet

2S+2S

𝑈(𝑟) They interact with this triplet potential



Length scales

𝑈 𝑅 = −
𝐶6
𝑅6

~500K(~40meV)

• Van der Waals length : 𝑅vdw =
1

2

2𝜇𝐶6

ℏ2

1/4
= 1.7nm

• Thermal length : 𝛬T =
ℏ

2𝜋𝑚𝑘B𝑇
~100nm@1μK

interaction range

𝐸(𝑅)

𝑅

• Mean distance : 𝑛−1/3~𝑘F
−1~100nm

<
<

Short range potential

Dilute and low energy limit



Principle of universal physics

𝑈12(𝑅12)
detail of particles

Incident wave ：𝑒𝑖𝑘∙𝑟

Scattering wave ：𝜓 𝑟
ȁ𝑟↑−𝑟↓ȁ≫𝑟0 𝐶

𝑘𝑟
sin 𝑘𝑟 + 𝛿0

𝑈(𝑟)

Phase shift：cot 𝛿0 = −
1

𝑎𝑘
+

1

2
𝑟e𝑘

• Short-range potential
• Dilute
• Low energy

Quantum systems show the exactly same 
physics when particles have same 𝑎, 𝑟𝑒 even if 
they have different 𝑈(𝑟)

ℋ − 𝜇 𝒩 =

𝜎

න
ℏ2

2𝑚
𝛻 𝛹𝜎

† 𝑟 𝛻 𝛹𝜎 𝑟 − 𝜇 𝑑𝑟 −
ℏ2

𝑚
𝑔(𝑎, 𝑟𝑒)න 𝛹↑

† 𝑟 𝛹↓
† 𝑟 𝛹↓ 𝑟 𝛹↑ 𝑟 𝑑𝑟

Origin of universality：

Grand-canonical many-body Hamiltonian : 



X1Σ𝑔
+

a3Σ𝑢
+

Feshbach resonance
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Electric ground state
Combination of them is spin triplet

2S+2S

𝑈(𝑟) They interact with this spin triplet potential

This spin singlet potential gives dramatic effect



X1Σ𝑔
+

a3Σ𝑢
+

Feshbach resonance

One of the bound 
states in the singlet 
potential



X1Σ𝑔
+

a3Σ𝑢
+

B

Applying magnetic field

Spin triplet potentials show Zeeman splitting

One of the bound 
states in the singlet 
potential

Feshbach resonance



X1Σ𝑔
+

a3Σ𝑢
+

B

One of the magnetic components approaches to the bound state

One of the bound 
states in the singlet 
potential

Feshbach resonance



X1Σ𝑔
+

a3Σ𝑢
+

B
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𝟐
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𝟏

𝟐

𝟏
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𝟏

𝟐

：electronic-spin(S=1/2)

：nuclear-spin(I=1)

Feshbach resonance

Same particle in different 
spin states with the same 
total angular momentum

Atom1

Atom2



X1Σ𝑔
+

a3Σ𝑢
+

B

：electronic-spin(S=1/2)

：nuclear-spin(I=1)

Open channel

Coupling between two channels
(Feshbach resonance)

Closed channel

−
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𝟐
+ 𝟎 = −

𝟏

𝟐

𝟏

𝟐
− 𝟏 = −

𝟏

𝟐

Same particle in different 
spin states with the same 
total angular momentum

Atom2

Atom1

Feshbach resonance



Feshbach resonance in nuclear physics (from presentation by Y. Sakuragi)

“Feshbach resonance”

Coupling between Internal 
excitation and external freedom

Nogami-Imanish model M. Nogami, private comm.(1969)

B. Imanishi, Nucl. Phys. Al25 (1969), 33.

Y. Abe, Y. Kondo, T. Matsuse,  Prpg. Theor. Phys, 68, 303 (1980)

12C + 12C*(Ex=ΔE)

12C + 12C(g.s.)

Total (internal+external) 
angular momentum is 
conserved
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Feshbach molecules
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(1 MHz = 4 neV)

(1 MHz = 50 μK)
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Feshbach molecules
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Size of Feshbach molecules are huge



Previous experiment to confirm the Feshbach molecules

Radio frequency [kHz]

Rf spectroscopy

[ C. Chin, et al., Science 305, 1128 (2004) ]

Rf spectroscopy

𝑬𝒃

Internal state of 6Li atom

Only Feshbach molecules

Only atoms

Bound atoms

Free atoms

Number of the excited atoms

Theory： 𝑬𝒃 /𝒉
= 𝟏𝟏𝟕𝒌𝑯𝒛

Rf pulse



Our interest in Ultracold AMO Physics

𝑇/𝑇𝐹

BCS regime
(Weak-coupling)

BEC regime
(Strong-couping)

1
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~
𝑑
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BCS superfluid

𝑇𝑐

Unitarity limit

Fermi gas

Molecular BEC

Molecular (Cluster) gas

Next target 

Ideal condition to study a many-body system of quantum clusters
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Absorption spectroscopy of Feshbach molecules

Motivation

1. How does optical dipole transition change when particles associate clusters?
Are there some universal rule?

2. Optical response is important for precision measurement of cold atoms.
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Optical trap laser

Ultracold 6Li atoms or the FB molecules
T < 1uK

Feshbach coils

Imaging lens

Probe laser
𝜈p

The optical density 𝑂𝐷 = −log 𝐼out/𝐼in is measured 

as a function of the laser frequency 𝜈p at various 

magnetic field

Magnetic field (Gauss)
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Experimental procedure
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Atom (630~860G, 10G interval ) Feshbach molecule (610~855G, 5G interval)
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Two-dimensional absorption spectrum

2019/10/7 Trento, Italy

Two-dimensional spectral data
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Simple model

𝜓𝑏 𝑅 =
1

2𝜋𝑎

exp −𝑅/𝑎

𝑅

Feshbach molecule has a spherical density distribution :

We assume that existence probability outside of 𝑅𝑐 = 𝜆/𝐶𝜆
contribute to the optical transition as free atoms

න

𝑅𝑐

+∞

4𝜋𝑅2 𝜓𝑏 𝑅 2𝑑𝑅 = exp −2
𝑅𝑐
𝑎

= exp −2
1

𝐶𝜆 ⋅
𝑎
𝜆

Fitting function : 𝑓
𝑎

𝜆
= 𝐴 exp −2

1

𝐶𝜆 ⋅
𝑎
𝜆

Experimental noise

𝐴 = 0.904(4)
𝐶𝜆 = 58 4 , or 𝑅𝑐 = 11.6 8 nmFitting result : 



Planning experiment to confirm the universal behavior
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Assignment of the excited molecular states



Molecular states around here



How can we assign the excited molecular states

We have not achieved yet, but we have clues

1. Conservation of total angular momentum and the selection rules

Initial state

𝑚ini = 𝑚𝑓
ȁ1>

+𝑚𝑓
ȁ2>

+𝑚𝑟 +𝑚𝑝 = −1

ۧȁ2 ∶ 𝑚𝑓
ȁ2>

= −
1

2
+ 0 + 0

: 𝑚𝑟 = 0 (s-wave)

Feshbach molecule

ۧȁ1 ∶ 𝑚𝑓
ȁ1>

= −
1

2
+ 0 + 1

Rotation

: 𝑚𝑝 = −1 (𝜎−1)

Photon

Helicity
(𝑚𝑓 = 𝑚𝑠 +𝑚𝑙 +𝑚𝑖)

+

Final state
(Excited molecular state)

𝑚ini = −1

Dipole transition

Total angular molent:
Δ𝐽 = 0,±1, 𝐽 = 0 ↮ 𝐽 = 0

Electron orbital angular 
momentum along the 
molecular axis: ΔΛ = 0, ±1

Total electron spin: Δ𝑆 = 0



2. Landé g-factor

Magnetic field (Gauss)
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For atom :

𝑔𝑆 = 2.0023193043737

𝑔𝐿 = 0.99999587𝑔𝐽 (2
2𝑆1/2) = 2.002

𝑔𝐽 (2
2𝑃3/2) = 1.335

𝑔𝐼 = −0.0004476540

𝑔𝐽 = 𝑔𝑆
𝐽 𝐽 + 1 + 𝑆 𝑆 + 1 − 𝐿(𝐿 + 1)

2𝐽(𝐽 + 1)

+𝑔𝐿
𝐽 𝐽 + 1 − 𝑆 𝑆 + 1 + 𝐿(𝐿 + 1)

2𝐽(𝐽 + 1)

LS-coupling
(𝐽 = 𝐿 + 𝑆)

𝐻𝐵~− 𝝁𝑆 ⋅ 𝑩 − 𝝁𝐿 ⋅ 𝑩

=
𝜇𝐵
ℏ
𝑔𝑠
(𝑺 ⋅ 𝑱)(𝑱 ⋅ 𝑩)

𝑱2
+
𝜇𝐵
ℏ
𝑔𝐿

(𝑳 ⋅ 𝑱)(𝑱 ⋅ 𝑩)

𝑱2

=
𝜇𝐵
ℏ
𝑔𝐽𝑚𝐽B

=
𝜇𝐵
ℏ

𝑺 ⋅ 𝑱

𝑱2
+
𝑳 ⋅ 𝑱

𝑱2
𝑚𝐽B

𝜇𝐵

ℎ
= 1.3996 MHz/Gauss

𝐸’~ − 1.4 MHz/Gauss

𝐸’~ − 2.8 MHz/Gauss

(Without nuclear magnetic moment)

𝐻𝐵 = −𝝁𝑆 ⋅ 𝑩 − 𝝁𝐿 ⋅ 𝑩 − 𝝁𝐼 ⋅ 𝑩
~ − 𝝁𝑆 ⋅ 𝑩 − 𝝁𝐿 ⋅ 𝑩
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𝑑(𝐸𝑒 − 𝐸𝑔)

𝑑𝐵
~

−1.4 MHz/Gauss



2. Landé g-factor

For diatomic molecule :

𝐻𝐵 = −𝝁𝑆 ⋅ 𝑩 − 𝝁𝐿 ⋅ 𝑩 − 𝝁𝐼 ⋅ 𝑩 − 𝝁𝑅 ⋅ 𝑩
~ − 𝝁𝑆 ⋅ 𝑩 − 𝝁𝐿 ⋅ 𝑩

Hertel I.V., Schulz CP. (2015) Diatomic Molecules. In: Atoms, Molecules and 
Optical Physics 2. Graduate Texts in Physics. Springer, Berlin, Heidelberg

Unit vector along the 
molecular axis: 𝒌



2. Landé g-factor

𝐻𝐵~
𝜇𝐵
ℏ
𝑔𝑠
(𝑺 ⋅ 𝒌)(𝒌 ⋅ 𝑱)(𝑱 ⋅ 𝑩)

𝑱2
+
𝜇𝐵
ℏ
𝑔𝐿

(𝑳 ⋅ 𝒌)(𝒌 ⋅ 𝑱)(𝑱 ⋅ 𝑩)

𝑱2

𝐻𝐵~
𝜇𝐵
ℏ
𝑔𝑠
(𝑺 ⋅ 𝑱)(𝑱 ⋅ 𝑩)

𝑱2
+
𝜇𝐵
ℏ
𝑔𝐿

(𝑳 ⋅ 𝒌)(𝒌 ⋅ 𝑲)(𝑲 ⋅ 𝑱)(𝑱 ⋅ 𝑩)

𝑲2𝑱2

𝐻𝐵~
𝜇𝐵
ℏ
𝑔𝑠
(𝑺 ⋅ 𝑱𝒆)(𝑱𝒆 ⋅ 𝒌)(𝒌 ⋅ 𝑱)(𝑱 ⋅ 𝑩)

𝑱𝒆
2𝑱2

+
𝜇𝐵
ℏ
𝑔𝐿

(𝑳 ⋅ 𝒌)(𝒌 ⋅ 𝑲)(𝑲 ⋅ 𝑱)(𝑱 ⋅ 𝑩)

𝑱𝒆
2𝑱2

Dissosiation limit

Λ = 0, or high rotational molecule

Strong coupling of L along the molecular axis, and strong LS coupling
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𝑑(𝐸𝑒 − 𝐸𝑔)

𝑑𝐵
~

−1.4 MHz/Gauss

I will evaluate later, and assign them.



[P. Naidon, Phys. Rev. Lett. 105, 023201 (2010) ]

Feshbach molecule and Efimov trimer by 6Li atoms

Future prospect
Planning experiment to access triatomic molecules

This work Next challenge
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Planning experiment to access triatomic molecules

BEC of Feshbach molecules

BEC of rotating molecules

Coherent transfer by laser light



Summary

• Road from complex molecular potentials to Universal Feshbach molecules
✓ Low energy scattering with a short range potential is origin of the universal physics
✓ Two-channel coupling realize Feshbach resonance

• Absorption spectroscopy of Feshbach molecules
✓ We experimentally studied optical response on Feshbach molecules for the precision measurement
✓ The change of the line shapes looks universal behavior as a function of 𝑎/𝜆
✓ Various excited molecular states were found, they will improve molecular calculation

• Next challenge
✓ Taking spectroscopy with shorter wave length
✓ Dipole transition of Efimov trimer to the excited triatomic molecules
✓ Coherent transfer from BEC of the Feshbach molecule to the rotating molecules

Ultracold AMO experiment for quantum few-body and many-body


