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Condensed Matter Physics

Quantum Many-Body Systems exhibit exotic phenomena
that cannot be expected from single-particle physics

Magnetism
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Cold-atomic Systems

A dilute, ultra-cold gaseous ensemble of atoms
10> x atmosphere, T<100nK

Highly tunable quantum many-body systems:
almost all parameters in Hamiltonian is tunable in experiment

Nobel Prize in Physics awarded for development of cooling
technology and realization of quantum condensed gas

Claude Cohen- William D. Phillips Wolfgang Ketterle Carl E. Wieman

Tannoudii

1, Nobel prize in physics, 1997
| "development of methods to cool and
trap atoms with laser light"

Nobel prize in physics, 2001
| "achievement of Bose-Einstein
condensation in dilute gases of
alkali atoms"
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Atoms Used in Cold Atomic Experiments
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May 14, 2025 i ea International associated Particle Physics Lab



Manipulation of Atoms

Optical Lattice

Nature Physics 1, 23-30 (2005) Optical Tweezer Array
Introduce periodic potentials <> electrons in solids Nature 561, 79-82 (2018)
Mobius strip (85 sites)
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Atomlc gas Eiffel tower (126 sites)
Microscope
Nature 462,

74-77 (2009)
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Directly observe ~(100um)?

which sites the atoms are located
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Bose-Einstein Condensate (BEC) of Atoms

Bosonic atoms at low temperature
— Bose-Einstein condensation

U(ry,re, - ,TN) = H o(r;)

i=1,N

Macroscopic wave function can be experimentally observed
stirring

-

trap off
free expansion

« Imaging

vortex lattice observed in Rb BEC
Abo-Shaeer, et al., Science (2001)
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Spin Internal Degrees of Freedom

Quest for novel quantum phenomena by actively
utilizing spin degrees of freedom of atoms

BECs with magnetic dipole- Topological excitations in
dipole interactions spinor BECs
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Magnetic Dipole-Dipole Interaction
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anisotropic and long-range interaction
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repulsive attractive
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Magnetic Dipole-Dipole Interaction

Vaa =
3
4 r p
anisotropic and long-range interaction
phase shift for a scattering potential ~ 1/r"
5 — RPN 1< (n—3)/2 n=3 all partial-waves
7Y k=2 therwise = &~k contribute to the scattering!

cf) van der Waals potential ~ 1/?“6 — 0p ~ k,d;>1 ~ o(k)

can be characterized with s-wave scattering length
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Magnetic Dipole-Dipole Interaction
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anisotropic and long-range interaction
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» What happens when the system
Yoz 4 6 & 10 1z 4 has spin degrees of freedom?

time of flight [ms]
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i iN- YK, Saito, and Ueda, PRL 96, 080405 ('06)
Einstein de Haas EffECt San’rocgé? Pc:‘au, PeRLa96, 190404 ('06)
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Einstein-de Haas Effect instein & de Haas (1915)

magnetization = angular moment

The ferromagnet starts rotating
when the electric current of the coil is reversed

mirror [] ---------

ferromagnet
L+
Figure from
—o/c J

coil wiki/Einstein de Haas
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Einstein-de Haas Effect YK, H. Saito, and M. Ueda, PRL 96, 080405 ('06)

dipole field created by dipole moments in the BEC

‘ ‘ ‘ » dipole moment of each atom undergoes

Lamore precession about the dipole field

multicomponent macroscopic wave function
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Experimental observation of EdH Effect

H. Matsui et al., arXiv:2504.17357

Europium atom with 7pg, S=6
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Observation of Phase Winding

H. Matsui et al., arXiv:2504.17357
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Stable Spin Configuration under MDDI

v _ N
Flux-closure structure Eigenstate of J, = F, + L,
in ferromagnets v. M =0
ﬁ TPm (T) L, Z) — BZ(JZ—m)(pfm (Ta Z)
< mixing of differentm results in
y —S Q spin vortex state
Landau & Lifshitz (1935)
\ y AN J

ground-state spin texture in a spin-1 ferromagnetic BEC at B=0

J, =1 J, =0

N spin @
N current

strength of the MDD YK, Saito & Ueda,
- PRL 97, 130404 ('06)
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