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" Motivation: Quantum simulation with
ultracold atoms

Experimental realization of spin-orbit
coupling in degenerate Fermi gas
« Raman Rabi oscillation

« Momentum distribution asymmetry
» Topological change of Fermi surface

Momentum-resolved RF spectroscopy of
spin-orbit coupling degenerate Fermi gas




Quantum simulation with ultracold atoms

We can control the Hamiltonian of cold atoms in a number of ways
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Kinetic: Synthetic vector potential Potential: Optical lattice

For a particle with charge g, moving in an electromagnetic field,
the Hamiltonian can be expressed as:

fo (=9, V(x)
2m

Vector potential: A Magnetic field: B=VxA

Once we could construct such a Hamiltonian for the neutral
atoms, we can simulate the charged particle with neutral atoms!!



Ultracold atoms simulate charged particle

e To simulate Lorenz Force: F = qv X B
* To understand Quantum Hall Effect?
 To form the topological insulator

Daniel C. Tsui

Nobel Prize 1985 Nobel Prize 1998
Quantum Hall Effect Fractional Quantum Hall Effect




Effective Vector Potential generation:
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Spin-Orbit coupling
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BEC in light-induced vector gauge
potential using the 1064 nm optical

dipole trap lasers

Imaging beam
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Z. Fu, P. Wang, S. Chai, L. Huang,
J. Zhang, Phys. Rev. A 84, 043609 (2011)

Collective Dipole Oscillation of
spin-orbit coupling BEC
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Experimental realization of spin-orbit coupling in degenerate Fermi gas
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Theoretical model of two-level system
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SO Coupled Fermi Gases: Raman Rabi Oscillation
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First prepare fermion in
9/2, and then turn on
Raman coupling with
square envelop pulse

v

n,(p + 2hk.é.,7,t) = n:(p, l',l])1 " (g&%r)? sin? \/(p k. /m)? + Q2/4t

P. Wang, Z. Yu, Z. Fu, J. Miao, L. Huang, S. Chai, H. Zhai, and J. Zhang, arXiv:1204.1887
appear in Phys. Rev. Lett.



Raman coupling with Gaussian envelop pulse
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SO Coupled Fermi Gases: Equilibrium Momentum distribution
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SO Coupled Fermi Gases: Equilibrium Momentum distribution
o = 0.

If Q < 4E,
Break spatial reflectional symmetry: n(p) # n(—p)

Preserve time reversal symmetry: 7i1(k) = n,(=k)

=
b

H‘c(kx) - ”n(_kx)




SO Coupled Fermi Gases:

2.0

Momentum distribution in helical bases
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Momentum-resolved RF spectroscopy of non-interacting SO
coupling Fermi gas
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Momentum-resolved RF spectroscopy of non-interacting Fermi
gas without SO coupling
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Momentum-resolved RF spectroscopy of non-interacting SO
coupling Fermi gas
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Momentum-resolved RF spectroscopy of non-interacting SO
coupling Fermi gas
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Radio frequency [units of MHZz]

Momentum-resolved RF spectroscopy of non-interacting SO
coupling Fermi gas

Adiabatically change the trap frequency

quasi-momentum p, [£,]

Quasimomentum p [units of k ] Quasimomentum p [units of k ]



Spin-Injection Spectroscopy of a Spin-Orbit Coupled Fermi Gas
L. W. Cheuk, A. T. Sommer, Z. Hadzibabic, T. Yefsah, W. S. Bakr, M. W. Zwierlein, arXiv:1205.3483
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Raman fields have previously been used to generate spin-
orbit coupling and gauge fields in pioneering work on
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RF spectroscopy of strongly interacting ultracold Fermi gas
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RF spectroscopy of strongly interacting ultracold Fermi gas
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Momentum-resolved Raman spectroscopy of non-interacting

ultracold Fermi gas
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Momentum-resolved Raman spectroscopy of non-interacting
ultracold Fermi gas

First prepare fermion in
9/2, and then turn on
Raman coupling pulse.
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Momentum-resolved Raman spectroscopy of bound
molecules in strongly interacting ultracold Fermi gas
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First prepare fermion mixture in -9/2 and -7/2, and ramp the magnetic field to generate
Feshbach molecules, then turn on Raman coupling pulse with Gaussian envelop.



Momentum-resolved Raman spectroscopy of bound molecules in strongly
Interacting ultracold Fermi gas

47.21 MHz
10
‘ Mol
é‘ 0
47.19 MHz 53’ s
Atom‘ ‘ Mol 22 -0}
. bt
-2 -1 0 1 2 -2 -1 0 1 2
Momentum k_(Units of k) Momentum k_(Units of k)
47.175 MHz
Atom Mol
Em"ml(k) —hAw — EZ 4+ Ennm(k + q,)
At L1 HIEx Ez : the energy split of the two Zeeman states
™l (k) - dispersion of the initial state
ek + q,) : dispersion of the final state

-2 0 2 4
192,52 [OR712> PRAT> Momentum k_(Units of k)

Z. Fu, P. Wang, L. Huang, Z. Meng, and J. Zhang, submitted (2012)



Fraction

Fraction

Spin-orbit coupling Feshbach molecules
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Ultracold®’Rb-4°K Bose-Fermi mixture gases

2004. 9 Began to establish

2007.7.7 pm7:00, achieve
8’Rb BEC

8’Rb BEC

2007.8.30 pm11:00, using
sympathetic cooling
technology to achieve

guantum degenerate of “°K

Fermi gas
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Schematic of experimental setup

MOTZ2




Potassium 40 Dispenser

B. DeMarco, H. Rohner, and D. S. Jin, Rev.
Sci. Instrum. 70, 1967 (1999).

0.0012% “°K naturally

Enriched 6% 4°K

Dispenser Glove Box



Vacuum system
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Magnetic trap: Qu_adrupole-loffe
configuration (Quic) trap
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Control magnetic field current
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Power
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« MOT?2
 QUIC trap

e Feshbach resonance



Experimental Sequence

* Transfer MOT1 to MOT?2
* Optical molasses and Optical pump

 Loading atoms into QUIC
( Quadrupole loffe Configuration)

 RF evaporation

 Time of flight and absorption image




Generation of quantum degenerate gases

8’Rb BEC 40K DFG

o
2

 T/T.=0.56

N=1.8*10° N=5.5*105
t;=25ms t=12ms

Dezhi Xiong, Haixia Chen, Pengjun Wang, Xudong Yu, Feng Gao, Jing
Zhang, Chin. Phys. Lett. 25, 843 (2008).



Transfer ultracold atoms from
QUIC to the center of glass cell
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Loading of a crossed dipole trap

1064 nm single-
P1=380mw P2=650mw  frequency laser

W1=25um W2=33um



Optical Density
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s*Feshbach resonance

Feshbach resonance Key point:

Stability of magnetic field

Beginning: Evaporation in optical trap
Number: 3’Rb&4*K----7-8(10)*10°

1. Prepare of spin state
2. Ramp magnetic field
Quadrupole

3. Measure the atomic losses
and heating

3!

o Jias Feshbach resonance

Temperature: 1-2 pk




Observed Feshbach resonances in 40K
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Fraction of ’K atom

Observed Feshbach resonances In
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Feshbach resonance 8'Rb
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Future Plan

BEC-BCS crossover with spin-orbit coupling

Method: RF and Raman spectrum

BEC = » BCS
© 90, O Y
® ‘@o: o
@,,9.) : 8 !
© 0= o I
© 5 o N/
-10f diatomic molecules strongly interacting pairs Cooper pairs
st BEC-BCS crossover
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