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We review our recent experimental realization and investigation of a spin—orbit (SO) coupled Bose
Einstein condensate (BEC) and quantum degenerate Fermi gas. By using two counter-propagating
Raman lasers and controlling the different frequency of two Raman lasers to engineer the atom—

light interaction, we first study the SO coupling in BEC. Then we study SO coupling in Fermi

gas. We observe the spin dephasing in spin dynamics and momentum distribution asymmetry of

the equilibrium state as hallmarks of SO coupling in a Fermi gas. To clearly reveal the property of

SO coupling Fermi gas, we also study the momentum-resolved radio-frequency spectroscopy which
characterizes the energy—momentum dispersion and spin composition of the quantum states. We

observe the change of fermion surfaces in different helicity branches with different atomic density,

which indicates that a Lifshitz transition of the Fermi surface topology change can be found by

further cooling the system. At last, we study the momentum-resolved Raman spectroscopy of an

ultracold Fermi gas.
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1 Introduction

Quantum degenerate gases are extremely versatile and
can be controlled with great precision and high degree,

which offer us new opportunities to efficiently simulate
quantum condensed matter systems in the extreme phys-
ical parameter regimes and gain a deeper understanding
of the reality [1-3]. These gases constitute remarkably
flexible playgrounds, which can be formed of bosons,
fermions, or mixtures of both. Their external environ-
ment can be controlled using the potential created by
laser light, with harmonic, periodic, quasi-periodic or
disordered energy landscapes, such as using optical lat-
tice to control the energy landscape at the single-particle
level to simulate quantum phase transitions from a su-
perfluid to a Mott insulator [4], observe Anderson lo-
calization in three dimensional disordered potential in-
duced by laser speckle [5]. The particle interaction can
be adjusted using Feshbach resonance, such as the con-
trolled collapse of a BEC [6], the formation of ultracold
diatomic molecules [7], the realization of the BCS-BEC
crossover in dilute gases [8], and the observation of the
Efimov spectrum in ultracold gases [9]. However, the only
missing ingredient in quantum simulation with quantum
degenerate atomic gases is the equivalent of orbital mag-
netism, which would allow one to mimic the effects of
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magnetic or electric fields on the electron’s charge, such
as quantum Hall effect, spin—orbit (SO) coupling.

SO coupling is an essential phenomenon in condensed
matter physics, and exists in all metals, is crucial for the
quantum spin hall state and topological insulators. But
it is also very weak, only a few of them turn out to be
topological insulators. In 2006, a general mechanism for
finding topological insulators was proposed and based
on band inversion [10], in which the usual ordering of
the conduction band and valence band is inverted by SO
coupling. Recently, a group increased the SO coupling
strength and observed the quantum spin hall effect in
HgTe quantum wells grown by molecular-beam epitaxy
[11].

A well-known method to imitate magnetic fields in a
cloud of electrically neutral atoms is to rotate the gas
[12-15], where the transformation to the rotating frame
corresponds to giving the particles a fictitious charge,
and applying an effective uniform magnetic field. In the
experiments with this method, quantized vortices have
been observed, which is the hallmark of superfluids or
superconductors in a magnetic field [16, 17]. However,
because of the limit of rotating frequency and temper-
ature, the effective uniform magnetic field is not strong
enough to study quantum Hall physics.

NIST group firstly engineered a new kind of quan-
tum simulator as shown in Refs. [18-21], in which they
created experimentally an artificial coupling between
the spin of atoms and their center-of-mass motion. To
achieve the coupling, they used a pair of lasers to
transfer light momentum to the atoms’ center-of-mass
and create mixed atomic spin states, which are com-
posed of two different spin orientations. The mixed-spin
states couple directly with the momentum transferred
to the atoms’ center-of-mass (orbital) motion, creating a
“dressed state”, thus leading to an artificial SO coupling.
They also studied the low-temperature phases of these
interacting SO coupled bosons and observed a quantum
phase transition from spatially mixed to spatially sepa-
rated. The effective vector gauge potential for BEC of
8TRb by using two crossed 1064 nm optical dipole trap
lasers as the Raman beams was studied in our group [22]
and later SO coupling in BECs also was realized experi-
mentally by two other groups [23, 24].

In real materials, SO coupling refers to the interaction
between the spin and motion degrees of freedom of an
electron, which plays an important role in many physical
systems over a wide range of energy scales, from deter-
mining the electron structure inside an atom to giving
birth to topological insulators in solid state materials
[25, 26]. All these systems are fermionic, from the view-
point of quantum simulation it is desirable to experimen-
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tally realize SO coupled degenerate Fermi gases, so the
SO coupling in Fermi gases holds even more promise.
Recently our group firstly observed the SO coupling in
an atomic Fermi gas “°K in which lasers induce strong
SO coupling [27], and a team in MIT describes the ob-
servation of SO coupling in an atomic Fermi gas %Li and
a direct spectroscopic measurement of the SO coupled
dispersion relation [28].It is should emphasized that all
experiments on spin—orbit coupling discussed here utilize
Raman laser beams. Due to the Pauli exclusion prin-
ciple, fermions occupy a large number of momentum
states, and are therefore sensitive to global (topological)
features of the band structure. Conversely, BEC typi-
cally occurs in one or two single-particle states. SO cou-
pled fermionic gases would thus provide ways to explore
a much richer phenomenology [29-36]. Ultracold atoms
with SO coupling cannot only shed light on the outstand-
ing problems of condensed matter physics, but also yield
completely new phenomena without the analogue else-
where in physics [37-40].

In this paper, we review the experiments of SO cou-
pling in ultracold gases in our lab. There are three main
results in our experiment. Firstly, we experimentally
create the effective vector gauge potential for BEC of
87Rb in the F = 2 hyperfine ground state by using
two crossed 1064 nm optical dipole trap lasers as the
Raman beams. Since rubidium has 15 nm energy-level
spitting in the excited-state fine structure, the moderate
strength of the Raman coupling with larger one-photon
detuning than the excited-state fine structure still can
be achieved. We prepare different dressed states in up-
per and lower branches using three adiabatically loading
paths by ramping the homogeneous bias magnetic field
and study the different property of the dressed states.
Then we observe experimentally, for the first time, the
SO coupling in atomic Fermi gas 4°K and investigate
the spin dephasing in spin dynamics and momentum
distribution asymmetry of the equilibrium state which
are the hallmarks of SO coupling in a Fermi gas. From
momentum distribution and momentum-resolved radio-
frequency (RF) spectroscopy, we observe the change of
fermion population in different helicity branches, which
indicates that a Lifshitz transition of the Fermi surface
topology change can be found by further cooling the
system. Inspired by above experiments, we study the
momentum-resolved Raman spectroscopy of an ultracold
Fermi gas in non-interacting regime and strong interac-
tion regime near a Feshbach resonance. In near Fesh-
bach resonance, we measure the binding energy of Fes-
hbach molecules from a two-component Fermi gas with
the momentum-resolved Raman spectroscopy. Compar-
ing with the RF spectroscopy, the signal of unpaired
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(free atoms) and the bound molecules can be directly
observed and the binding energy can be simultaneously
determined in a single running experiment.

2 Generation of SO coupling in BEC "Rb

In this section, two important parts about SO coupling
BEC are involved.

2.1 Experiment setup for SO coupling

In our experiment, the basic cooling experiment setup
has been described in our previous works [41-45]. The
atomic sample 87Rb atoms in hyperfine state |F =
2, mp = 2) are first precooled to 1.5 uK by RF evapora-
tive cooling in a quadrupole-Ioffe configuration (QUIC)
trap. Subsequently, the atomic gas is transferred non-
adiabatically back to the center of the glass cell over
a distance of 12 mm in horizontal direction in favor of
the optical access. And then loading atoms into an off-
resonance dipole trap with the full powers (900 mW and
1.3 W) at a weak homogeneous bias magnetic field about
1 G, the forced evaporative cooling is performed by low-
ering the powers in three steps. With the total evapora-
tion time of 1.2 s, the pure BEC with the atomic number
of 2 x 10% is obtained at the powers of 169 mW (beam
1) and 320 mW (beam 2). In order to change the Ra-
man coupling strength, the powers of two dipole trap
beams are increased to desired value, the pure BEC is
still maintained in the dipole trap.

Now we illustrate two important parts in the experi-
mental setup for SO coupling, as shown in Fig. 1. The
first is about the Raman coupling laser beams. We use
two crossed 1064 nm laser beams for optical dipole trap
and the Raman coupling, which are at 90° along § + &
and overlapped at the focus, whose polarization are lin-
ear and horizontal in the plane of z—y. They are extracted
from a 15 W laser (MOPA 15 NE, InnoLight Technology,
Ltd.) operating at the wavelength of 1064 nm with the
narrow linewidth single-frequency, and frequency shifted
-100 MHz and -110.4 MHz by single passing through
two acousto—optic modulators (AOM) (3110-197, Crys-
tal Technology, Inc.) controlled by two signal genera-
tors (N9310A, Agilent) respectively. The frequency dif-
ference vg = h x 10.4 MHz of two signal generators
are phase-locked by a source locking CW microwave fre-
quency counters (EIP 575B, Phase Matrix Inc.). Thus
they are phase-locked and frequency shifted 10.4 MHz
relative to each other to avoid any spatial interference
between the two beams. The most important is that the
shifted frequency provide the RF Raman coupling be-
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tween two magnetic sublevels and can be precisely con-
trolled at the level of Hz. Then the beams are transported
to glass cell by two high power polarization maintaining
single-mode fibers in order to increase stability of the
beam pointing and obtain better beam-profile quality.
Behind the fibers, two beams are focused to a waist size
of 1/e? radii of 38 wm and 49 um by achromatic lens. For
enhancing the intensity stability, we used two photodiode
detectors after reflect mirrors to get the signal of laser
intensity, which is compared with a set voltage value by
the regulator. The non-zero error signal is compensated
by adjusting the RF power in the AOM in front of the
optical fibers.

Imaging beam

Bias field coils

Optical dipole trap
& Raman laser 1

Optical dipole trap #
& Raman laser 2

Fig. 1 Schematic drawing of the experimental setup for SO cou-
pled BEC. Two horizontal crossed beams at 90° are used as the
optical dipole trap and the Raman beams.

The other one is about the homogeneous bias mag-
netic field. It is provided by a pair of Helmholtz coils
(the orange coils along & in Fig. 1) gives a Zeeman en-
ergy split wz between two magnetic sublevels. A power
supply (Delta SM70-45D) operating in remote voltage
programming mode is used for coils, whose voltage is
set by an analog output of the experiment control sys-
tem. To control the magnetic field precisely and reduce
the magnetic field noise, the current through the coils
is controlled by the external regulator relying on a pre-
cision current transducer (Danfysik ultastable 867-601).
The output error signal from the regulator actively sta-
bilize the current with the PID (proportional-integral-
derivative) controller acting on the MOSFET (metal-
oxide-semiconductor field-effect transistor). In order to
reduce the current noise and decouple the control circuit
from the main current, a conventional battery is used to
power the circuit.

2.2 Prepare different dressed states
The momentum transfer in the Raman process is 2kg =
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2k, sin(0/2), where k, = 2mwh/X is the single-photon re-
coil momentum, A is the wavelength of the Raman beam,
and 6 is the angle between two Raman beams. The re-
coil energy E, = k3/(2m). The two photon detuning
0 = vgp —wz. The Raman process is described by single
particle Hamiltonian [21]

1
—(p — koey)?—6/2 2/2
g—| 2m (p 0€z) / . /
/2 — koe,)%+6/2
/ o (p + koez)*+6/
1 2 24 5 ? kOpm 1)
= — k)l 4+ —o, — —)o, 1
0P+ )T+ S — (R4 D)o 1)
Here, p, denotes the quasi-momentum of atoms, which
relates to the real momentum k, as k, = p. F ko

with F for spin-up and down, respectively, and {2 is
the strength of the Raman coupling. The “effective Zee-
man field” is expressed as h, = (£2/2,0, —(kops/m +
d/2)) at each quasi-momentum, and o, , is Pauli matri-
ces. This Hamiltonian can be interpreted as an equal
weight combination of Rashba-type and Dresselhaus-
type SO coupling. H may be diagonalized to get
two energy eigenvalues Ei(p,) = {(p2 + k)/2m +
V[4pzko/(2m) — 6] + 22/2}, which give the effective
dispersion relations of the dressed states. The two
dressed eigenstates are expressed by

| T/,px>261| Tvkx:p:c +k0> +C2| lakm = Px — k0>
| ' pz)=cs| 1, ks =ps + ko) + ca| |, ks = pe — ko) (2)

Here, ¢y = 1/va?2+1, c2 = a/va?>+1, and a =
—{4psko/(2m) =6 —/[Apako/(2m) — 012 + 22} /0. c3 =
1/vVb2+1, ca = b/Vb2+1, and b = —{4dpykr/(2m) —
§ 4+ /[4pzko/(2m) — 62 + 22} /2. |1, py) is the high-
energy dressed state for £ (p,) and ||/, p,) is the low-
energy dressed state for F_(p,). Since the high and low
energies Fy of the dressed states depend on the experi-
mental parameters {2 and §, the positions of energy min-
ima (pmin) are thus experimentally tunable. For 2 < 4E,
and small ¢, the lowest energy F_(p,.) consists of double
wells in quasi-momentum space. As {2 > 4F,., the double
wells merge into a single well.

First we measure the resonant Raman Rabi frequency

{2 by observing population oscillations as a function of
Raman pulse time. In experiment, third dipole trap beam
(beam 3) with frequency shifted —103 MHz counter-
propagating with the Raman beam 2 is used in the mea-
surement process. The BEC in |1) = |F = 2,mp = 2)
state is transformed adiabatically from initial dipole trap
to a new crossed dipole trap composed of Raman beam
1 and dipole trap beam 3 by increasing the power of
the dipole trap beam 3 and decreasing the intensity of
the Raman beam 2 to zero simultaneously. Then the ho-
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mogeneous bias magnetic field is ramped to the value
with § = —4F,, so the atoms are resonant for two
dressed states |1/, —ko) — ||’,—ko) (the energy gap
Ei(py = —ko)—E_(py = —ko) = £2). By varying Raman
pulse length of Raman beam 2 and fitting the population
oscillations to the expected behavior, we obtain oscilla-
tion period of 420 us corresponds to the resonant Raman
Rabi frequency 2 = 2.35F,..

Here, when the atoms are Raman resonant (at 10.4
MHz with § = 0) between |T) = |F = 2,mp = 2)
and ||) = [2,1), the detuning between ||) and |F =
2, mp = 0) is about —30E,., so we can neglect the effect
of |[F = 2,mp = 0) and regard the system as the two-
level model. We adiabatically load the BEC initially in
|T) into the Raman-dressed states of the low E_ or high
energy E by ramping the homogeneous bias magnetic
field with the different paths [22]. At last, the Raman
dressed states may be characterized by the time-of-flight
(TOF). When the Raman beams and the homogeneous
bias magnetic field are turned off abruptly, the atoms
are projected onto its individual spin and momentum
components. The atoms then expand in a magnetic field
gradient for 28 ms during TOF along ¢, and the two spin
states are separated spatially due to the Stern—Gerlach
effect. Imaging the atoms after a 30 ms TOF gives the
momentum and spin composition of the dressed state.
Now we discuss three cases of loading the BEC into the
Raman-dressed states by ramping the homogeneous bias
magnetic field with three different paths.

Case 1: We prepare the BEC initially in |, 0) locat-
ing in the low energy branch E_ with the far positive
detuning § > E, by setting the homogeneous bias mag-
netic field at the value of B < By, as shown in Fig. 2(a)
and (b). Here, By corresponds to the 6 = 0. Then we
ramp the homogeneous bias magnetic field slowly in a
time 150 ms to the value with § = 2F, and hold on
in a variable time t,. Since {2 < 4F, in the experi-
ment, the low energy E_(p) presents the double wells
in quasi-momentum space. When § = 2E,., the double
wells become asymmetry and the low-energy well locates
at pmin = —0.925kRr. Thus the atoms are loaded to low-
energy dressed state adiabatically and locate low-energy
well of the double wells at pyin = —0.925kg. Figure 2(e)
shows spin-resolved TOF images of adiabatically loaded
the dressed state with the different holding times. These
images demonstrate that the atoms are loaded to low-
energy dressed state adiabatically at the low-energy well
of the double wells, which are very stable with the long-
life time.

Case 2: The initial condition is same as the case 1.
The difference is that the homogeneous bias magnetic
field is ramped to the value with § = —E,. (B > By) as
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shown in Figs. 2(a) and (¢). The low-energy well of the
asymmetry double wells is changed into ppin, = 0.889k.
The atoms still are loaded to low-energy dressed state
adiabatically, however locate at high-energy well (no
Pmin) of the double wells as shown Fig. 2(c). The dressed
atoms locating at high-energy well of the double wells are
unstable and will transit to the low-energy well. Images
in Fig. 2(f) show this transition process. After holding
time of 20 ms, the dressed atoms populate the low-energy
well of the double wells.

Case 8: We prepare the BEC initially in |7,0) lo-
cating in the high energy branch E; with the far neg-
ative detuning hd < —F, by setting the homogeneous
bias magnetic field at the value of B > By, as shown
in Figs. 2(a) and (d). The homogeneous bias magnetic
field is decreased to the value with 6 = —7FE, and the
atoms are loaded to high-energy dressed state adiabat-
ically. The high energy branch E(p) consists of single
well in quasi-momentum space, thus the dressed atoms
locate at ppin = —0.84kgr. The dressed atoms in high
quasibands are energetically allowed, however, collisional
decay will be present near Raman resonance except the
lowest-energy dressed state [46]. The decay for variable
hold times ranging from 1 ms to 19 ms is observed as
shown in Fig. 4(c). The dressed atoms in higher branch
decay into the low-energy band accompanying the heat-
ing, which is a completely different process compared
with that of case 2. In Ref. [47], Zhang and coworkers
carried out a thorough and quantitative study of the de-

cay behavior of excited dressed states with SO coupling
and find two SO-coupling-induced decay mechanisms,
one arises from single-atom motion in inhomogeneous
trap potential and the other from two-body interatomic
collisions. The stability analysis showed how to control
the stability of excited dressed state with SO coupling.

3 Realization of SO coupled Fermi gas ‘“°K

While SO coupled bosonic gases were generated ex-
perimentally with much excitement, Fermi gases hold
even more promise. Due to the Pauli exclusion prin-
ciple, fermions occupy a large number of momentum
states, and are therefore sensitive to global (topolog-
ical) features of the band structure. Conversely, BEC
typically occurs in one or two single-particle states. SO
coupled fermionic gases would thus provide ways to ex-
plore a much richer phenomenology. One can envision
that this technique may be combined with Feshbach res-
onances which control the interatomic interactions and
optical lattices or disorder potential which mimic the
phenomenon in real materials, enabling the production
of exotic states found in condensed-matter systems such
as topological insulators. Even more importantly, many
schemes were proposed to realize novel states of matter
in these SO coupling Fermi gases [48-52], e.g., frac-
tional topological insulators, Majorana fermions, and
topological edge spins, which are anticipated by many
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Fig. 2 Experimental sequence, energy-quasimomentum dispersion and TOF images for loading BEC into different Raman-
dressed states. (a) The time sequence of the homogeneous bias magnetic field for loading the atoms into lower Raman-dressed
state with detuning hd = 2FE, (black solid line) and hd = —1E, (orange dashed line), and high-energy Raman-dressed state
with detuning hd = —7E, (red dot dashed line). The horizontal dashed line indicates B, which corresponds to § = 0. (b, c,
d) Energy-quasimomentum dispersion for different final dressed state with the detuning 2E,., —1E,., and —7E) respectively. (e,
f, g) The corresponding TOF images (1.17 mm by 1.17 mm) of the Raman-dressed state with detuning 2E,, —1E,, and —7E;
after variable hold times ¢;. The two spin and momentum components are spatially separated along g.
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theoretical studies but are hard to create and analyze
experimentally in condensed matter physics.

3.1 Experiment setup

The experimental procedure starts with a degenerate
Fermi gas of about N ~ 2 x 10% 49K atoms in the
|9/2,9/2) internal state, which has been evaporatively
cooled with bosonic 87Rb atoms in the |F = 2,mp = 2)
state inside a crossed optical trap as shown in Fig. 3(a).
The optical dipole trap is composed of two horizontal
crossed beams of 1064 nm along the Z 4+ ¢ direction over-
lapped at the focus, which is identical to the above case
of Bose gas. The temperature of the Fermi gas is about
0.3 Tr (Tp is the Fermi temperature) when the trap fre-
quency reaches 2w x (116,116, 164) Hz along the (Z, ¢, 2)
direction. A pair of Helmholtz coils provides a homoge-
neous bias magnetic field along § (quantization axis).

In the °K system, two spin states are chosen as two
magnetic sublevels |T) = |F = 9/2,mp = 9/2) and
[l) = |F = 9/2,mp = 7/2). They are coupled by a
pair of Raman beams derived from a Ti:Sapphire laser
with the wavelength 773 nm, the frequency difference
vgr, and the coupling strength 2. Two Raman lasers
counterpropagate (kg = k,) along the & axis and are
linearly polarized along the y and 2 directions, respec-
tively, corresponding to 7 and o polarization relative to
quantization axis §, as shown in Fig. 3(a). Other mag-
netic Zeeman sublevels can be neglected because the the
detuning is 1 order of magnitude larger than the Fermi
energy. Finally, before TOF measurement, the Raman
beams, optical dipole trap and the homogeneous bias
magnetic field are turned off abruptly at the same time,
and a magnetic field gradient along ¢y direction provided
by Ioffe coil is turned on. Two spin states are separated
along ¢ direction, and imaging of atoms along Z direction
after 12 ms expansion gives the momentum distribution
for each spin component.

We first study the Rabi oscillation between the two
spin states induced by the Raman coupling. All atoms are
initially prepared in the |T) state. The homogeneous bias
magnetic field is ramped to a certain value and § = —4F,
where the k = 0 component of state |T) is at resonance
with the k& = 2k,é, state of the ||) component. Then
we apply a Raman pulse to shine the atomic gas and
measure the spin population for different duration time
of the Raman pulse. As we know, a similar experiment
in the boson system yields an undamped and completely
periodic oscillation, which can be well described by a
sinusoidal function with frequency 2. This is because,
for bosons, a macroscopic number of atoms occupy the
resonant £ = 0 mode, and therefore there is a single

Peng-Jun Wang and Jing Zhang, Front. Phys., 2014, 9(5)

() ) Raman laser 2
Imaging beam /

Bias field coils

Optical dipol
trap laser

Raman laser 1 Quadrupole coils

(b)

0.5
0.4
0.3
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Fraction of |9/2,7/2>

O'%.00 0.050.100.15 0.20 0.25 0.30 -6 -2 2 6
Raman pulse time /ms Momentum k, [units of &,]

Fig. 3 Experimental setup and Raman-induced quantum spin
dynamics. (a) Schematic of the experimental setup, a pair of Ra-
man beams are counterpropagating along Z. (b) The population
in [9/2,7/2) as a function of duration time of the Raman pulse.
krp = 1.9k, and T/Tr = 0.3 for red circles, kp = 1.35k, and
T/Tr = 0.35 for blue squares, and kr = 1.1k, and T'/Tr = 0.29
for green triangles. The solid lines are theory curves with 2 =
1.52(5)E,. (c) With the different duration times at kp = 1.35k,
and T/Tr = 0.35, we show TOF image (left) and integrated time-
of-flight image (integrated along ¢) for |1) (blue) and ||) (red).

Rabi frequency determined by the Raman coupling only,
while, for fermions, atoms occupy different momentum
states. Precisely due to the effect of SO coupling, the
coupling between the two spin states and the resulting
energy splitting are momentum dependent, and atoms
in different momentum states oscillate with different fre-
quencies.

To determine the value of {2 from the measurements,
we fix Raman coupling and vary atomic density by
changing the total number of fermions or the trapping
frequency, and we obtain several different oscillation
curves, as shown in Fig. 3(b). Then we fit them to the
theory with a single fitting parameter §2. Theoretically,
for a noninteracting system, the population of the ||)
component is given by

ny(k + 2kyéq, 7, 1t)
sin® \/ (ko ky /m)2 + 22 /4t
Ly (Pt 2
2m

where ¢ is the duration time of the Raman pulse,
ny(k,r,0) is the equilibrium distribution of the initial
state in the local density approximation. The theoreti-
cal expectation of the total population in the ||) com-
ponent is given by N| = fd?’kd?’rnl(k,r, t), from the
experimental data [shown in Fig. 3(c)] and theory, we
determine 2 = 1.52(5)E,. Our current experiment is

=ny(k,r,0) (3)
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performed in the weakly interacting regime with s-wave
scattering length of a; = 169ag, we have verified that the
interaction effect is negligible.

3.2 Momentum distribution and Lifshitz transition

With SO coupling, the single particle spectra are dra-
matically changed from two parabolic dispersions in the
case of non interacting two component Fermi gas into
two helicity branches. Here, two different branches are
eigenstates of “helicity” §, and the helicity operator de-
scribes whether spin o), is parallel or antiparallel to the
“effective Zeeman field” h, = (—2,0,k.py/m + J) at
each momentum. s = o, - hy/|op, - hy| = 1 for the upper
branch, and —1 for the lower branch.

We firstly focus on the case with 6 = 0 and study
the momentum distribution in the equilibrium state with
different fermion density, as shown in Fig. 4. Since SO
coupling breaks spatial reflectional symmetry (z — —x
and k, — —k,;), the momentum distribution for each
spin component will be asymmetric. On the other hand,
when § = 0 the different spin component still satis-
fies n1(k) = n;(—k), but for the same spin component
nt(k) = ny(—k). The property can be clearly seen in the
spin-resolved TOF images [shown in Figs. 4(a) and (b)]
and integrated distributions [shown in Figs. 4(d) and (e)].
While the asymmetry becomes less significant when the
fermion density becomes higher, as shown in Figs. 4(c)
and (f), because the strength of SO coupling is relatively
weaker compared to the Fermi energy.

We also study the topology of the Fermi surface, which
exhibits two transitions as the atom density varies. At
sufficiently low density, it contains two disjointed Fermi

=
|
=
L
«R
=
=
2 0 2 2 0 2 2 0 2
ke, /K, ky Jk, ky /k,

Fig. 4 Momentum distribution asymmetry as a hallmark of SO
coupling: (a)—(c) time-of-flight measurement of momentum dis-
tribution for both |1) (blue) and |]) (red). Solid lines are theory
curves. (a) kp = 0.9k, and T/Tr = 0.8; (b) kp = 1.6k, and
T/Tr = 0.63; (¢) kp = 1.8k, and T/TF = 0.67. (d)—(f) Plot of
integrated momentum distribution ns (k) —ns(—k) for the case of

(a)~(c)-
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surfaces with s = —1, and they gradually merge into a
single Fermi surface as the density increases to n.;. Fi-
nally, a new small Fermi surface appears at the center
of the large Fermi surface when density further increases
and fermions begin to occupy the s = 1 helicity branch
at me2, as shown in Fig. 5(c). Across the phase bound-
aries, the system experiences Lifshitz transitions as the
density increases, which is a unique property in a Fermi
gas due to the Pauli principle.

(a) (b)
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Fig. 5 Topological change of the Fermi surface and Lifshitz tran-
sition. (a) Theoretical phase diagram at T'= 0. “SFS” means sin-
gle Fermi surface, “DFS” means double Fermi surface. (b) Illus-
tration of different topologies of Fermi surfaces. The single particle
energy dispersion is drawn for small 2. The dashed blue line is the
chemical potential. (¢) Quasimomentum distribution in the helic-
ity bases. Red and green points are distributions for the s = 1
and s = —1 helicity branches, respectively. (c1) kp = 0.9k, and
T/Tr = 0.8; (c2) kp = 1.2k, and T/Tr = 0.69; (c3) krp = 1.4k,
and T/Tr = 0.61; (c4) kp = 1.6k, and T/Tp = 0.63; (c5) kp =
1.8k, and T/Tr = 0.57. (d) Visibility v = (na —ng)/(na +np)
decreases as kr /k, increases. (€) Atom number population in s = 1
helicity branch N4 /N increases as kr /k, increases. In both (d) and
(e), the blue solid line is a theoretical curve with T'/Tr = 0.65, and
the background color indicates three different phases in the phase
diagram.

The quasimomentum distribution in the helicity bases
can be obtained from a transformation of momentum
distribution in spin bases as follows:

uznt(p — hkré,) —von (p + hk,é,)

Tl+(p) = u2 — 2
P P

Peng-Jun Wang and Jing Zhang, Front. Phys., 2014, 9(5)
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v2ny(p — hkréy) — udn(p + hk,é,)

n-(p) =

22
Up — Up

the coefficients w2 = 1 — v2 = l[l —

P P 2
x r_5 2 . .
\/(szrijé/g)é_,_gz/zl} are only functions of p, with v, =

k,/m. We plot the quasimomentum distribution in the
helicity bases for different atom densities displayed in
Fig. 5(cl-cbh). At the lowest density, the s = 1 helic-
ity branch is nearly unoccupied, which is consistent with
the Fermi surface being below the s = 1 helicity branch.
The quasimomentum distribution of the s = —1 helicity
branch exhibits clearly a double-peak structure, which
reveals that the system is close to the boundary of hav-
ing two disjointed Fermi surfaces at the s = —1 helicity
branch. As the density increases, the double-peak feature
gradually disappears, indicating that the Fermi surface of
s = —1 helicity branch finally becomes a single elongated
one. In Fig. 5(d), we show that our data decrease as the
density increases and agree very well with a theoretical
curve for visibility with fixed temperature T/Tp = 0.65,
the visibility is defined as v = (n_1 — n1)/(n_1 — n1),
where n4 is the atomic density of the s = £1 helicity.
Moreover, across the phase boundary between the single
Fermi surface and double Fermi surface, one expects a
significant increase of population on the s = 1 helicity
branch. In Fig. 5(e), the fraction of the s = 1 helicity
branch is plotted as a function of Fermi wave-vector kp.

Here,

Its rapid growth near the critical point provide a strong
evidence that a new Fermi surface emerges, and the curve
shows quite good agreement with the theoretical predic-
tion at finite temperature. Because the temperature is
so high that the transition is washed out, for both v and
N, /N we observe only a smooth decreasing or growth
across the regime where it is supposed to have a sharp
transition; however, the agreement with theory suggests
that with better cooling a sharper transition should be
observable. A more accurate experimental determination
of Lifshitz transition point requires further cooling of the
system.

3.3 Momentum-resolved RF spectroscopy for SO
coupling

The effect of SO coupling is further studied with
momentum-resolved RF spectroscopy. The method is the
same as first developed in Ref. [56]. Recently, spin injec-
tion spectroscopy has also been applied to study SO cou-
pled Fermi gas by the Massachusetts Institute of Tech-
nology group [28]. They focused on lithium-6, which has
an unfavorable ratio of excited fine structure splitting.
In fact, prior to this study the common wisdom was
that inelastic light scattering would make such a study

Peng-Jun Wang and Jing Zhang, Front. Phys., 2014, 9(5)

impractical. With an ingenious approach to circumvent
this problem, they worked with four atomic states, and
used radio waves to drive transitions from two “reser-
voir” states into two SO coupled states and controlled
the heating by keeping the population of the SO coupled
states low. By monitoring the transition rate as a func-
tion of the RF, they were able to map out the dispersion
of the SO coupled states. They also created a SO coupled
lattice and probed its spinful band structure, which fea-
tures additional spin gaps and a fully gapped spectrum.

In our case, a Gaussian shape pulse of the RF pulse
is applied for 200 us to transfer atoms from one of SO
coupled states ||) = |F = 9/2,mp = 7/2) to a normal
state |F = 9/2,mp = 5/2), as shown in Fig. 6(a), and
then the spin population at the final state is measured
with TOF. The initial state dispersion can be mapped
out by

E(k) = hVRF*EZ‘i’EF(k) (5)

where e (k) is the dispersion for the final state |9/2,5/2)
and Ez is the Zeeman energy difference between the
[9/2,7/2) and |9/2,5/2) states. In Fig. 6(b), we plot an
example of the final state population as a function of mo-
mentum p, and the frequency of applied RF field, from
which one can clearly see the back-bending feature and
the gap opening at the Dirac point. Both are clear evi-
dence of SO coupling. In Figs. 6(c), (d), and (e), we show
three measurements corresponding to (cl), (¢3), and (c5)
in Fig. 5. For (c), clearly only the s = —1 branch is
populated. For (d), the population is slightly above the
s = —1 helicity branch. And for (e), there is already sig-
nificant population at the s = 1 helicity branch. In Fig.
5(c5), one can also identify the chiral nature of two he-
licity branches. For the s = —1 branch, most left-moving
states are dominated by the ||) = |F = 9/2,mp = 7/2)
state, while for the s = 1 branch, right-moving states are
mostly dominated by |]) states.

We also study the momentum-resolved RF spec-
troscopy for the case with Raman detuning —1F,.. In
Fig. 6(f), the dispersion and spin texture of the two
branches are obtained from the measured data with de-
tuning 6 = —1F,. There are double wells with different
minimum energy, and we can find that the spin down
fermions can mainly occupy in the right well with pos-
itive quasimomentum. And there is also some Fermions
already populating at the s = 1 helicity branch.

4 Momentum-resolved Raman spectroscopy
for Fermi gas

Inspired by the above experiment, we study the
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Fig. 6 Momentum-resolved RF spectroscopy of SO coupling Fermi gases. (a) Schematic of momentum-resolved RF spec-
troscopy of SO coupled Fermi gases. Green and pink solid lines are two helicity branches in which the eigenstates are all
superpositions of |F = 9/2, mp = 9/2) and |9/2,7/2). Thus both can undergo RF transition from |9/2,7/2) to |9/2,5/2), as
indicated by dashed lines. (b) Intensity map of the atoms in the [9/2,5/2) state as a function of the (vrr, k) plane. (c, d,
e) Single particle dispersion corresponding to atomic population of (c1), (c3), and (c5) in Fig. 5. (f) the momentum-resolved

RF spectroscopy for the case with detuning —1E;..

momentum-resolved Raman spectroscopy of an ultracold
Fermi gas in non-interacting regime and strongly interac-
tion near Feshbach resonance [53, 54]. As we know, many
tools have been proposed and used to study strongly
interacting ultracold atomic gases such as the spatial
noise correlations [57, 58], RF spectroscopy [55, 56, 59—
63], momentum-resolved stimulated Raman technique
[64, 65] and Bragg spectroscopy [66, 67].

Raman spectroscopy is an important tool similar to
RF spectroscopy. RF spectroscopy can be regarded as
a special case of Raman spectroscopy with a vanishing
transferred momentum. In the stimulated Raman pro-
cess, atoms are transferred into a different internal state
by absorbing a photon from a laser beam and immedi-
ately reemitting it into another laser beam with differ-
ent frequency and wave vector. The several significant
advantages compared to the RF spectroscopy are de-
scribed [65], e.g., spatial selectivity to eliminate inhomo-
geneous broadening due to the trap potential, tunability
of the transferred momentum from below to well above
the Fermi momentum, and weaker sensitivity to final-
state interactions. An interesting advantage shown in
Ref. [54], bound molecules can be directly observed and
the binding energy can be simultaneously determined in
a single running experiment using momentum-resolved
Raman spectroscopy.

To obtain the Raman spectroscopy, two A = 773 nm
laser beams counterpropagating along the & axis are lin-
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early polarized along y and Z, corresponding to 7 and
o relative to quantization axis ¢, as shown in Fig. 7(a).
Both beams are extracted from a Ti:sapphire laser oper-
ating at 773 nm and focused onto the ultracold atomic
sample with 1/e? radii of 200 wm, which is larger than
the atomic cloud size. Two Raman beams are frequency-
shifted by single-pass through two AOM driven by two
signal generators respectively. The frequency difference is
adjusted by changing the frequency of the signal genera-
tor. We apply a Raman laser pulse with intensity I = 50
mW for each laser beam, duration time of 35 us, which
is much smaller than the optical trap period. After the
Raman pulse, we then immediately turn off the optical
trap and the homogeneous magnetic field, let the atoms
ballistically expand in 12 ms and take the TOF absorp-
tion image on a CCD (charge-coupled device). In order to
measure the fraction of atoms in different Zeeman states,
a gradient magnetic field along ¢ direction is applied with
10 ms during the TOF. The atoms in two spin states are
separated spatially due to the Stern—Gerlach effect.

Considering the energy and momentum conservation
in the Raman process, we therefore obtain that

hAw = Ez + " (k) — € (k + 2kq) (6)

where €Ml(k) and €™ (k 4 2kg) are energy-
momentum dispersion of the spin up and down
states respectively. From this, we can determine the
energy-momentum dispersion of the initial state if the

Peng-Jun Wang and Jing Zhang, Front. Phys., 2014, 9(5)
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Fig. 7 Experiment of Raman spectroscopy in non interacting case. (a) Schematic of the Raman spectroscopy. The two
Raman beams counterpropagate along +# with frequency w and (w + Aw), linearly polarized along § and 2, correspond to
7w and o relative to the quantization axis —g. (b) The Raman transition with a Zeeman shift wz and a detuning § from
the Raman resonance. (¢) The absorption images of two Zeeman states after 12 ms TOF for different Raman frequency
detuning. (d) Plot is intensity map of the atoms in the ||) state in the (Aw, kz) plane. (e) The translated intensity shows
the atom number as a function of the single particle energy (normalized to E,) and momentum k; (normalized to k). The
white line is the expected quadratic dispersion curve.
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energy—momentum dispersion of the final state is known
(for example, efi“al(k) = k%/(2m) for the finial state
with the non-interaction)

elTnitial(k) = hAw — Ey + e?inal(k + 2k) (7)

In case of the non-interaction fermion gas, the energy-
momentum dispersions of the initial and final states
present the quadratic function with e; =€) = k?/(2m).
Thus, Eq. (6) becomes
4k 2ko -k
hMAw=E; — —0 - 20~ (8)

2m m

Since the parameters Fz and kg are fixed in experiment,
it is linear relationship between the frequency difference
of two Raman beams and the atomic momentum.

For the non-interacting case, all “°K atoms are ini-
tially prepared in the |F' = 9/2,mp = 9/2) state (spin
up state) and the final state |F = 9/2,mp = 7/2) is
empty. The homogeneous bias magnetic field is ramped
to a certain value, which give an energy splitting of
wz /27 ~ 10.265 MHz between Zeeman states [9/2,9/2)
and [9/2,7/2). Then we apply a Raman pulse with 35 us
to the system, and measure the spin population for dif-
ferent frequency detuning of the Raman lasers, as shown
in Fig. 7(c). As we can see, only atoms in the certain mo-
mentum state are transferred from |F' = 9/2,mp = 9/2)
to |[F = 9/2,mp = 7/2), which is determined by the
frequency difference of the Raman lasers. It presents the
inherent momentum-resolved characteristics of Raman
spectroscopy. We integrate TOF image along ¢ to obtain
the momentum distributions in & of two spin states re-
spectively, as shown in Fig. 7(c). The appearance of side
lobes in the momentum distributions of the spin state
|9/2,7/2) is due to the square envelop of Raman laser
intensity. Then all momentum distributions in & of the
spin state |9/2,7/2) for different frequency differences of
the Raman lasers are grouped into the (Aw, k,) plane,
as shown in Fig. 7(d). Note that all momentum distribu-
tions in & are translated with the two-unit momentum
2k, in Fig. 7(d). The distribution of Fig. 7(d) clearly
shows the linear relationship between the atomic momen-
tum and the frequency difference of two Raman beams
for non-interaction Fermi gas. According to Eq. (6) and
the quadratic energy—momentum dispersion of the fi-
nal state, the energy—momentum dispersion of the initial
state |9/2,9/2) is obtained from the measured spectrum.
Fig. 7(e) shows the distribution of the atom number in
the initial spin state as a function of the single particle
energy and momentum, which is in good agreement with
the expected behavior of the quadratic function.

On the BEC side of Feshbach resonance, the unpaired
atoms and bound molecules exist simultaneously. For the
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unpaired atoms, the dispersion shows the same line like
above. For the bound molecules, it does not exhibit ex-
actly quadratic dispersion. Eq. (6) becomes

6ITnitial(k) _ (hAw o Eb) o EZ + €Ifinal(k} + 2](30) (9)

where FEj, is the molecular binding energy. Under the ef-
fect of Raman process, the bound molecules are broken
into two free atoms with equal and opposite momentum
in the molecule center-of-mass frame. Residual energy
transfer the broken atoms from a spin state (|9/2, —7/2))
to the third state (]9/2,—5/2)), as shown in Fig. 8(a),
which is marked by red arrows. One can observe the sig-
nal of unpaired atoms marked by red line in the same
absorption images. From the images, we can obtain the
distance and position of two peaks by fitting the inte-
grated density curves along 2 direction. Then we pre-
pare an atomic sample in single state (|9/2,—7/2)) and
search an transferred atomic peak in Raman process with
same position of above molecular signal, which corre-
sponds to the frequency difference of two Raman beams
(hAw — Eb).

We measure the binding energy of molecules Ej(B)
versus the magnetic field B on the BEC side of Feshbach
resonance in a single running experiment. The Feshbach
molecules are created in “°K atomic gas consisting of an
equal mixture of atoms in the |F = 9/2,mp = —9/2)
and |F = 9/2, mp = —7/2) states by ramping the mag-
netic field across the s-wave Feshbach resonance 202.1
G to a value below the resonance. Then we apply a
Gaussian shape pulse of Raman laser to transfer atoms
from the state |9/2,—7/2) to the final state |9/2,—5/2)
and record the momentum distribution of the atoms in
|9/2, —5/2) state by TOF absorption image. By selecting
the appropriate frequency difference of the two Raman
beams, the two distinctly different momentum distri-
butions of the atoms in |9/2,5/2) state along & appear
in a TOF absorption image as shown in Fig. 8(a). The
two peaks is induced by the unpaired atoms and bond
molecules with the different momentums, which satis-
fies simultaneously when fixing frequency difference of
two Raman beams. In order to recognize the different
momentum distributions, we perform the same proce-
dures, and the only difference is to prepare atoms in
the single spin state [9/2,7/2) instead of the equal mix-
ture. The TOF image only shows a single momentum
distribution of the atoms in the [9/2,5/2) state, which
corresponds to the free atoms as shown in Fig. 8(a). The
peak corresponding to unpaired atoms is narrower and
exhibits symmetric shape. The asymmetric peak corre-
sponds to the dissociation of the bound molecules. This
result shows that the composition of gas includes the
unpaired atoms and bound molecules in the BEC side.

Peng-Jun Wang and Jing Zhang, Front. Phys., 2014, 9(5)
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To determine the binding energy of molecules exactly,
we first determine the maximum molecule signal and
then fit this curve to extract the distance x of two peaks
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Fig. 8 Raman spectroscopy of bound molecules and unpaired
atoms in ultracold Fermi gas. (a) Absorption images of Fermi mix-
ture and integrated optical density of atoms along +Z direction in
the |9/2, —5/2) state at 201.5 G with Raman frequency difference
Aw from 47.1 to 47.22 MHz. The short red (white) line in absorp-
tion images indicates the signal of molecule (unparired atoms).
(b) Absorption images of Fermi gas and integrated optical den-
sity of atoms in |9/2, —5/2) state with the pure state |9/2,—7/2).
(¢) The measured binding energies (red pentagon) and theoretical
values (solid line) of molecules on the BEC side of the s-wave Fes-
hbach resonance are plotted versus magnetic fields. (d) The plot
is an intensity map of the atoms in the |9/2, —5/2) state in the
(Aw, kz) plane. The atomic density is displayed with the pseudo-
color. The blue shaded regions correspond to the atomic density
of zero. (e) The translated intensity spectrum shows the atomic
number of unpaired atoms and bound molecules as a function of
the single-particle energy (normalized to E, ) and momentum kg
(normalized to k).
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of the atoms in |9/2,5/2) state from the atom optical
density integration along the Z direction. The relation-
ship between the binding energy of molecules and the
distance x of two peaks can be determined by preparing
atoms in the single spin state |9/2,7/2) and performing
respectively two measurements under two frequency dif-
ferences Aw; and Aws. The distance between the atomic
momentum distribution peaks measured at the two cases
and corresponds to the energy h(Aw; — Aws). The func-
tion of the molecule binding energy versus the magnetic-
field intensity is plotted in Fig. 8(c). The binding en-
ergy of molecules can be directly measured in a single
running experiment if the binding energy of molecules
is smaller than about 70 kHz. When the binding en-
ergy of molecules is larger than about 70 kHz, we must
perform two measurements to determine the positions
of molecules and unpair atoms respectively. Now we
reconstruct the spectral function of the Fermi gas on
the BEC side by the momentum-resolved Raman spec-
troscopy which simultaneously presents the characteris-
tics of the unpaired atoms and bound molecules, in which
the unpaired atoms shown early quadratic dispersion;
however, the bound molecules does not exhibit exactly
quadratic dispersion. The bound molecules are broken
into two free atoms with equal and opposite momen-
tum in the molecule center-of-mass frame by the Raman
laser. Thus there is the extended momentum distribu-
tion at the lower negative energy below the binding en-
ergy. The broader dispersion of the bound molecules is
shown in Fig. 8(e). In Ref. [56], an inverse Abel trans-
form is used to reconstruct the three-dimensional mo-
mentum distribution when the momentum distribution
is isotropic. Then the dispersion spectra along the ra-
dial direction of momentum are obtained. Here, we give
the dispersion in the k, direction after integrating one
direction of the absorption image. Although the disper-
sion spectra between our work and Ref. [56] are plotted
with different forms, the dispersion spectra of the bound
molecules show similar features since they come from the
same wave function of bound molecules.

5 Conclusions and perspectives

In summary, we have investigated SO coupling for 3’Rb
BEC in the F = 2 hyperfine ground state by using
two crossed 1064 nm optical dipole trap lasers to be
the Raman beams. We considered three cases of load-
ing the BEC into the Raman-dressed states by ramping
the homogeneous bias magnetic field with three differ-
ent paths. These artificial gauge potential also consti-
tute novel tools to produce the synthetic magnetic or
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electric field by means of a spatial or time dependence of
the effective vector potential. We also explored the ex-
perimental realization of a SO coupled degenerate Fermi
gas. The experiment realization of SO coupled BECs and
degenerate Fermi gas is just beginning, it not only shed
light on the outstanding problems of condensed matter
physics such as Floquet topological insulators and Flo-
quet Majorana fermions, but also yield completely new
phenomena with no analogue elsewhere in physics. To
simulate the true promise of these systems, it is better
to engineer SO coupling that link spin to momentum
in two and three dimensions in experiments, which is
a central experimental task. Another unfortunate issue
of light-induced SO coupling is the heating rates due to
spontaneous emission in optical dipole potential and Ra-
man coupling lasers. As we know, close to an optically
allowed transition, one must contend with resonant ab-
sorption, which heats the gas. The crucial figure of merit
is the ratio of the linewidth of the resonance to the fine
structure splitting of excited state. This ratio is larger for
lighter elements, which will therefore suffer more heating.
For fermionic alkali atoms (°Li and “°K) the heating rate
is big problem because of the small fine-structure split-
ting of the P electronic levels compared to the transition
linewidth. It may be a favorable choice to use a fermionic
atom of the Lanthanide family, such as '”Er or 16'Dy
which benefit from narrow optical transitions.

We have demonstrated momentum-resolved Raman
spectroscopy technology experimentally in the case of
of ultracold Fermi gas on non-interacting regime and
strongly interaction near an s-wave Feshbach resonance.
In analogy to the angle-resolved photoemission spec-
troscopy of solid state physics, to probe the single parti-
cle property and measure the dispersion in an ultracold
Fermi gas. We obtained the experiment results which are
in good agreement with the expected quadratic disper-
sion. In the case of BEC side near an s-wave Feshbach
resonances, we have shown a new measurement of the
binding energy of molecules which is in good agreement
with the calculation of the energy as a function of detun-
ing from the resonance. The experimental results show
many advantages of Raman spectrum compared to the
RF and Bragg frequency technologies. Moreover there
are still several significant advantages as compared to
the RF spectroscopy, not shown in our experiment, but
have been described in detail in theory[65]. This technol-
ogy can be extended to the Fermi atom system to obtain
the information on quasiparticle on the novel quantum
states of matter, such as to probe the single particles
properties with SO coupling in fermi gases, to study
the quasiparticle state in BEC-BCS crossover, or under
some effect of final state, especially its spacial selectivity
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is utilized.
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