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Á Introduction: syntheticgauge/magneticfieldsfor atoms

Á Weylpointsin 3D optical lattices: SyntheticMagnetic
Monopolesin MomentumSpaceby Tena 5ǳōőŜƪ, ColinJ. 
Kennedy, LingLu, WolfgangKetterle, Marin {ƻƭƧŀőƛŏ, & H.B.
Phys. Rev. Lett. 114, 225301 (2015)

Á The Quantum Hall Effectwith Wilczek'scharged magnetic 
flux tubes instead ofelectronsbyaŀǊƛƧŀ ¢ƻŘƻǊƛŏΣ 5ŀǊƛƻ 
WǳƪƛŏΣ 5ŀƴƪƻ wŀŘƛŏΣ aŀǊƛƴ {ƻƭƧŀőƛŏ, H.B., in preparation

Á Quasimomentumdistribution and expansion of an anyonic
gasby Tena 5ǳōőŜƪ, Bruno Klajn, Robert Pezer, H.B., and
5ŀǊƛƻ WǳƪƛŏΣ ŀǊ·ƛǾΥмтлтΦлптмн ώcond-mat.quant-gas]

Á Outlook andConclusion

Overview



Ultracoldatomicgases
potentialquantumemulators

1. External potentials can be changed 
- harmonic potential, optical lattices, 
- honeycomb (graphene),
- random (Anderson localization), 
- artificial gauge fields

2. Interactions can be tuned ς
- Feshbach resonances, 
- changing hopping in lattices, ...

3. DIMENSIONALITY ς1D, 2D, 3D

4. Weak coupling to ENVIRONMENT 

Isolated many body systems 
out-of-equilibrium   !!!

However, atomsare neutral.
Desirableto havemagneticeffects,
Halleffect, topologicalphasesΧ

e.g., seeBloch, Dalibard, Nascimbene, Nature Physics8, 267 (2012).



Chargedparticlesin magneticfields

CLASSICAL SYSTEMS

QUANTUM SYSTEMS
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Manifestation (examples)
- massspectrometer
- Cyclotronorbits
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Schrodinger equation:
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Manifestation (examples)
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Synthetic magnetic fields for atoms - methods

Existing methods:

ÁRotation of the gas
[Lorentz force] [Coriolis force]

ÁLaser-atom interactions
[Aharonov-Bohm phase] [Berry phase]

* Opticallattices(modulationtehniques, laser 

assistedtunnelingΣ Χύ

J.R.Abo-Shaeret al.,
Science292, 476 (2001).

Linet al., 
Nature 462, 628 (2009).
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Strucket al. PRL 108, 225304 (2012)

AidelsburgerΣΧΣ .ƭƻŎƘΣ tw[ мммΣ муролм όнлмоύ

MyakeΣΧΣ Ketterle, PRL 111, 185302 (2013)



Syntheticgaugefieldsin neutralatomicquantumgases
vialaser-atom interactions
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Dalibardet al. Rev. Mod. Phys. (2011). 

Dressedstates:

Centerof mass Lightatom coupling

For atom in that adiabaticallymovesin the light field:

Linet al., Nature 462, 628 (2009).

Populationof excitedstatesshouldbe avoided!!!
Spontaneousemissionheatsthe gas



Signatures

LinΧ Spielman, Nature 462, 628 (2009).

Signature: Formationof vorticesin a BEC

LeBlanc et al., PNAS, (2012).

Halleffect, signature skewnessof the cloud

Syntheticgauge/magneticfieldsin neutralatomicquantumgases
vialaser-atom interactions(ctd.)



Weyl points



Weylfermions
Relativistic quantum field theory: DIRAC, MAJORANA, WEYL FERMIONS

DIRAC fermions

MAJORANA fermions

Á electron, muonΣ Χ

Á mass

Á Diracequation

Á not observedin
particlephysics

Á Today: neutrinos?

WEYL fermions
Á not observedin

particlephysics

Á mass= 0

Á neutrinosς
believedto be
Weylfermionsuntil
neutrinooscillations
wereobserved

Á particleis its
own antiparticle

Ὄ ᴐὺⱭẗ▓

WEYL Hamiltonian

▓

Ὁ▓

PaulDirac

EttoreMajorana

HermannWeyl

chirality



Weylsemimetals

ÁConduction and valence band touch at Weylpoints

3D

Á Lowenergy electrons described by the Weyl
HamiltonianὌ ᴐὺⱭẗ▓

Á Energy vs. k linear along all three 
dimensions ςmassless fermions

Review: A. M. Turner and A. 
Vishwanath, arXiv:1301.0330.

Á Time reversal symmetry or/and inversion 
symmetry must be brokenin these materials

Á Fermi arc surface states

ELUSIVE, only recentlyobserved in condensed matter: 
S.-Y. Xu et al., Science 349, 613 (2015).
B. Q. Lvet al., Phys. Rev. X 5, 031013 (2015)

Á Robust ςWeyl points of different chirality can 
only be annihilated 



Weylpointsin photonics

ÁTheoreticallyproposedin doublegiroidphotonic
structures

3D

Á Inversionsymmetry breakingςstructuraldesign

ELUSIVE, only recentlyobserved in photonics: 
L. Lu, Z. Wang, D. Ye, L. Ran, L. Fu, J.D. 
Joannopoulos, M.{ƻƭƧŀőƛŏ Σ Science 349, 622 (2015).

L. Lu, L. Fu, J. D. Joannopoulos, 
and M. {ƻƭƧŀőƛŏ, Nat.Photonics 
7, 294 (2013).

Á Time reversal symmetry breakingςgyroelectric
materials Theory:

J. Bravo-Abad, L. Lu, L. Fu, H.B., 
M. {ƻƭƧŀőƛŏ, 2D Mater. 2 (2015) 
034013 (all dielectric
superlattices)



Weylpointsin momentumspaceof
3D opticallattices

1. Ultracoldatomic gases in 3D optical lattices ςhighly controllable systems

2. Synthetic magnetic fields ςcan be used to break time reversal and/or inversion 
symmetry in simple cubic lattice geometry

Á Miyake, Siviloglou, Kennedy, Burton, Ketterle, PRL
111, 185302 (2013).

Á Aidelsburger, Atala, Lohse, Barreiro, Paredes, Bloch, 
PRL 111, 185301 (2013).

Weylpoints:  within experimental reach in systems 
that realizedthe Harper-Hofstadter Hamiltonian

Theoreticalwork on Weylpts.:
Á Lan, Goldman, Bermudez, Lu,
mƘōŜǊƎ, PRB 84, 165115 (2011).

Á Jiang, PRAA 85, 033640 (2012).
Á Ganeshan, Das Sarma, PRB 91, 

125438(2015).
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The =h1/2 Harper-Hofstadter Hamiltonian

Engineering  both the phase and the amplitude of
the tunneling matrix elements in 2D optical lattice

Miyake, Siviloglou, Kennedy, Burton, Ketterle, Phys. Rev. Lett. 111, 185302 (2013)

TheʰҐмκн 2D lattice:

Átime reversalsymmetry

Áinversionsymmetry

ÁDiracpointsin k-space

E(kx,ky)

zzkf s)(+ ?



WeylHamiltonian with laser-assisted tunneling

ɮ ȟȟ ╡ẗ▓‏ ȟȟ
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Laser-assisted tunneling along both x and z directions

5ǳōőŜƪ, Kennedy, Lu, 
Ketterle, {ƻƭƧŀőƛŏ, Buljan

Phys. Rev. Lett. 114, 225301 (2015)

5ǳōőŜƪ, Kennedy, Lu, 
Ketterle, {ƻƭƧŀőƛŏ, Buljan

Phys. Rev. Lett. 114, 225301 (2015)

3D lattice

breaksinversionsymmetry



Weylpoints: syntheticmagneticmonopolesin momentumspace

Inversion symmetry broken
Ὄ▓ ςὐÃÏÓὯὥ„ ὑÓÉÎὯὥ„ ὑÃÏÓὯὥ„

Two bands which touch at four Weylpoints 

Ὁ▓ ς ὑ ÓÉÎὯὥ ὐÃÏÓὯὥ ὑÃÏÓὯὥ

Berry connection:

Berry curvature:



ÁTunable A-B sublatticeenergy offset of on-site energies (‭)

ÁAdditional ‭„ term in Hamiltonian

ÁWeylpoints with opposite chiralitiesannihilate for ‭ ςὑ

Annihilation of Weylpoints

5ǳōőŜƪ, Kennedy, Lu, 
Ketterle, {ƻƭƧŀőƛŏ, Buljan

Phys. Rev. Lett. 114, 225301 (2015)



ÁFermi arc
surface states
for a slab

ÁDispersion sheets
of surface states
(on two sides
of the slab)
intersect
along the
Fermi arcs

Fermi arcsurfacestates



The Quantum Hall Effect with Wilczek'scharged 
magnetic flux tubes instead ofelectrons
aŀǊƛƧŀ ¢ƻŘƻǊƛŏΣ 5ŀǊƛƻ WǳƪƛŏΣ 5ŀƴƪƻ wŀŘƛŏΣ aŀǊƛƴ {ƻƭƧŀőƛŏ, Hrvoje Buljan,
In preparation



Anyons ïfractional statistics

►

► ‪►ȟ► Ὡ ‪►ȟ►

FERMIONS‌ ρ
BOSONS ‌ π

F. Wilczek, PRL 49, 957 (1982); J. LeinaasJ. Myrheim, NuovoCimentoB 37, 1 (1977)
C. Nayak, S. H. Simon, A. Stern, M. Freedman, S. DasSarma, RMP 80, (2008)

- potential platformςfault tolerant quantumcomputing

In two spatialdimensions, ‌canin principletake anyvaluebetween0 and1

3D 2D

two exchanges= one particleencirclesthe other in the relativespace

Ὡ ρ
Ὡ ρ


