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Abstract: We describe a simple technique for generating a cold-atom
lattice pierced by a uniform magnetic field. Our method is to extend a
one-dimensional optical lattice into the “dimension” provided by the in-
ternal atomic degrees of freedom, yielding a synthetic 2D lattice. Suitable
laser-coupling between these internal states leads to a uniform magnetic
flux within the 2D lattice. We show that this setup reproduces the main
features of magnetic lattice systems, such as the fractal Hofstadter butter-
fly spectrum and the chiral edge states of the associated Chern insulating
phases.
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Introduction

Setting

Cold atoms are much easier to control than solid state systems

“Quantum simulation” of otherwise inaccessible parameter
regimes in solid state systems

Scattering of edge states on different kinds of impurities

Interaction effects

Microscopic dynamics of chiral edge states become accessible
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Proposed setup

@ 1D system of ultracold
neutral atoms

@ non-interacting 1D atomic g%

@ magnetic field for

Zeeman splits, e.g., Lattice Lattlce
F=1,m=-1,0,+1

o different m can be u§ed 3087
as “synthetic dimension O Raman Raman

@ Raman laser beams to
couple the magnetic
sublevels — hopping in
synthetic dimension

@ recoil in e, direction
kg = 2m cos(0)/\r
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Proposed setup
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Magnetic field describing Raman lasers: “ \|/
ok

[+1)

Q1 = e, + Qg [cos (2krx) ex — sin (2krx) €]
Atom-laser Hamiltonian:
Ha = Q7 - F = 6F, + (Fye™® + F_e ***)Qg /2

Note: Fy = F, £ iF,, where F |m) = gr m|m+1)
grm=+/F(F+1)—m(m+1)

Raman beams couple states with m = —F ... | F sequentially.
Phase depending on x is collected!
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Proposed setup
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Resulting Hamiltonian:

H = Z (—taL_H’m + Qm_le_””a;r,’m_l) an,m + H.c.

n,m
_k Q
Fluxd = - Ra, Coupling: Qn = REF,m
or 2
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Proposed setup

@ Shift phase exp(i2kgx) to x direction by gauge-transforming
anm and a}:,m

@ Split Hamiltonian momentum components by Fourier
transformation in x: H = Zq Hy.

N
bl;,m — N—1/2 Zai”mei(q-i-“/m)n

n=1
F
Ho = > eqiambh mbo.m+ (Qmbl, mysbe,m+He.)
ek = —2tcos(k); q=2nl/N,; le{l,...,N}
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Results: Open boundary conditions, F=1

F=1 spectra
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Results: Open boundary conditions, F=1

F=1 — Edge state dynamics

(CL) edge states
——

m=+1.

m=20
m=—1

“>~.__edgestates .-~

(b) time = 25K/t time = 100h/t time = 175h/t
m = +1 —> —>

m=0 | 1 — | -
m=—1 | <— : : i <«

—100 0 100
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Results: Open boundary conditions, F=9/2

F=9/2 spectra

(a) F=9/2 m
30 ( '_r_’ edge
w0 (! )
vaio ¢y,
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(b) F=9/2 (m) (o) 3 W =10
E/t0 NNy E/t 0PASAAN
—4 9/2 3
-7 qa T -7 qa

|
Flux: & = ¢
Non-uniform  hop-
ping in synthetic
dimension!
tmom+1 =
QgF,m =

Q\/F(F+1)—m(m+1)
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Results: Open boundary conditions, F=9/2

F=9/2 Edge state dynamics

) time = 0 time = A, time = 2A; ---
o2 ‘ ; Flux: & = %
m
2150 00 ‘ 3 Non-uniform  hop-
] ping in synthetic
dimension!

tm—m+1 =
QgF,m =

Q\/F(F+1)—m(m+1)
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Conclusions

@ Dynamics of 2D lattices pierced by magnetic fields can be
tackled using a 1D lattice of ultracold atoms with accessible
internal states coupled by laser beams

@ Quantum simulation of complicated solid state systems in a
well-controlled and clean environment

@ In situ probing of chiral edge modes and their dynamics

@ Probing the effect of differnt kinds of defects or impurities
amenable

@ Probing the effect of Interactions feasible
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