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Spin-Injection Spectroscopy of a Spin-Orbit Coupled Fermi Gas
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The coupling of the spin of electrons to their motional state lies at the heart of recently discovered
topological phases of matter. Here we create and detect spin-orbit coupling in an atomic Fermi gas, a
highly controllable form of quantum degenerate matter. We directly reveal the spin-orbit gap via
spin-injection spectroscopy, which characterizes the energy-momentum dispersion and spin composition
of the quantum states. For energies within the spin-orbit gap, the system acts as a spin diode. We also
create a spin-orbit coupled lattice and probe its spinful band structure, which features additional spin gaps
and a fully gapped spectrum. In the presence of s-wave interactions, such systems should display induced
p-wave pairing, topological superfluidity, and Majorana edge states.
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Spin-orbit coupling is responsible for a variety of phe-
nomena, from the fine structure of atomic spectra to the
spin Hall effect, topological edge states, and, in the
presence of interactions, the predicted phenomenon of
topological superconductivity [1,2]. In electronic systems,
spin-orbit coupling arises from the relativistic transforma-
tion of electric fields into magnetic fields in a moving
reference frame. In the reference frame of an electron
moving with wave vector K in an electric field, the motional
magnetic field couples to the electron spin through the
magnetic dipole interaction. In a two-dimensional semi-
conductor heterostructure, the electric field can arise from
structure or bulk inversion asymmetry [3], leading to
magnetic fields of the form B®) = a(—ky, ky, 0) or BD =
B(k,, k, 0), respectively known as the Rashba [4] and
Dresselhaus [5] contributions. Including a possible
momentum-independent Zeeman field B? = (0, B§.Z),

BEZ)), the Hamiltonian of the electron takes the form

n’k?

C 2m

where g is the electron g factor, up is the Bohr magneton,
and S is the electron spin.

The energy-momentum dispersion and the associated
spin texture of the Hamiltonian in Eq. (1) are shown in

Fig. 1(a) for B&a =0 and @ = B. In the absence of a
(2)
Z

- g%s - (B® + B® + B®), (1)

perpendicular Zeeman field B, the spectrum consists of
the parabolic free particle dispersions for the two spin
states that are shifted relative to each other in k space
owing to the spin-orbit interaction. For a nonzero field
BEZ), a gap opens in the spectrum. This gap, known as
the spin-orbit gap, has been recently observed in one-
dimensional quantum wires [6,7]. The two energy bands
are spinful in the sense that the spin of an atom is locked to
its momentum.
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In this work, we engineer the Hamiltonian in Eq. (1)
with equal Rashba and Dresselhaus strengths in an opti-
cally trapped, degenerate gas of fermionic lithium atoms
via Raman dressing of atomic hyperfine states [8,9].
Raman fields have previously been used to generate spin-
orbit coupling and gauge fields in pioneering work on
Bose-Einstein condensates [10-12] and, recently, spin-
orbit coupling in Fermi gases [13]. Here, we directly
measure the spinful band structure of Eq. (1), as well as
the rich band structure of a spin-orbit coupled lattice. For
this, we introduce spin-injection spectroscopy, which is
capable of completely characterizing the quantum states
of spin-orbit coupled fermions, including the energy-
momentum dispersion and the associated spin texture. By
tracing the evolution of quantum states in the Brillouin
zone, this method can be extended to directly measure
topological invariants, such as the Chern number in a
two-dimensional system [1,2,14].

Spin-orbit coupling is generated by using a pair of laser
beams that connects the second and third lowest hyperfine
levels in °Li, labeled | |) and | 1), via a two-photon Raman
transition, as shown in Figs. 1(b) and 1(c). The Raman
process imparts momentum 2QX to an atom while chang-
ing its spin from | |) to | 1) and momentum —hQ% while
changing the spin from | 1) to | |). Defining a quasimomen-
tum g = k, + % for spin | |) and g = k, — % for spin | 1),
one obtains the Hamiltonian of the form given in Eq. (1)
[10]. In this mapping, BEZ) = hQyr/gup, where Qp is the
two-photon Rabi frequency, BEZ ) =1 /gmp, where & is

hZ
27"8%3 '
to providing spin-orbit coupling, the Raman beams lead to

spontaneous photon scattering. For our experimental setup,
the spontaneous scattering rate is ~240 times smaller than
Qg, slow enough to permit accurate spin-injection spec-
troscopy (see Supplemental Material [15]).

the two-photon detuning, and o = 8 = In addition
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FIG. 1 (color online). Realization of spin-orbit coupling in an
atomic Fermi gas. (a) Energy bands as a function of quasimo-
mentum ¢ for Raman coupling strength of 72z = 0.25E and
hé = OEg. Energy bands for 1)y = hé = OE are shown with
dashed lines. Color indicates spin composition of the states.
(b) A pair of Raman beams at *=19° relative to the  axis couples
states | |, k, = g) and | ], k, = g + Q). A bias magnetic field B
in the Z direction provides the quantization axis. (c) Energy level
diagram of states coupled by the Raman fields: 76 is the two-
photon detuning. The hyperfine interaction splits | 1) and | |) by
hwg, and the relevant polarization components are 77 and o .
(d) Momentum-dependent Rabi oscillations for 7, =
0.71(2)Eg and 76 = —0.25(1)Eg. Atoms are prepared in | |)
(red) and are subsequently projected into a superposition of
eigenstates as the Raman field is pulsed on. (e) A 7 pulse for
the resonant momentum class is applied at different 26 for
hQ g = 0.035(5)ER. (f),(g) Adiabatic loading and unloading of
atoms into the upper (lower) band with 2Q = 0.53(5)ER. The
Raman beams are turned on with § = ¥8.5Q) ¢, which is then
swept linearly to 8 = 0 and back at a rate of || = 0.27(5)Q3.

We sympathetically cool SLi atoms with >*Na in a
magnetic trap down to a temperature of 7 < 0.17, where
T is the Fermi temperature [16]. After removal of Na
atoms, the Li atoms are transferred into an optical dipole
trap formed by two orthogonal 1064 nm beams. To sepa-
rate the atomic hyperfine levels, we apply a magnetic field
of 11.6 G. At this field, the interactions between states | 1)
and |]) (scattering length 20a,) are negligible in the
experiment.

When the spin-orbit gap is opened suddenly, an atom
prepared in the state | |, k, = g — Q/2) oscillates between
|Lk,=qg—0/2) and |1k, =qg+Q/2) with a
momentum-dependent frequency A(g)/h, where A(q) is
the energy difference between the bands at quasimomen-
tum ¢. Such Rabi oscillations correspond to Larmor pre-
cession of the pseudospin in the effective magnetic field
B9 = B® + BR) + B@_ We have observed these os-
cillations by starting with atoms in | |), pulsing on the
Raman field for a variable duration 7, and imaging the
atoms spin-selectively after time-of-flight expansion
from the trap. Time-of-flight maps momentum to real
space, allowing direct momentum resolution of the spin

populations. As a function of pulse duration, we observe
oscillations of the spin polarization with momentum-
dependent frequencies, as shown in Fig. 1(d). Since our
Fermi gas occupies a large range of momentum states with
near-unity occupation, each image at a given pulse dura-
tion 7 contains information for a large range of momenta gq.
The observation of momentum-dependent oscillations
demonstrates the presence of a spin-orbit gap and shows
that the atomic system is coherent over many cycles. To
highlight the momentum selectivity of this process, we
prepare an equal mixture of atoms in states | 1) and | [)
and pulse on the Raman fields for a time ¢t = 7/Qy for
different two-photon detunings 6. This inverts the spin for
atoms with momentum g where A(g) is minimal and equals
hQg. The resonant momentum class depends linearly on &
due to the Doppler shift « k, Q, as shown in Fig. 1(e).
Instead of pulsing on the Raman field and projecting the
initial state into a superposition of states in the two bands,
one can introduce the spin-orbit gap adiabatically with
respect to band populations. This is achieved by starting
with a spin-polarized Fermi gas and sweeping the two-
photon detuning & from an initial value 6; to a final
detuning &. The magnitude of the initial detuning |;| is
much larger than the two-photon recoil energy Ep =
h2Q?%/2m, so that the effective Zeeman field is almost
entirely parallel with the spins. Depending on the direction
of the sweep, this loads atoms into either the upper or the
lower dressed band. We interrupt the sweep at various
times and image the spin-momentum distribution. This
reveals that the spin texture follows the effective Zeeman
field. We verify that the process is reversible by sweeping
the detuning back to &; and observing that full spin polar-
ization is restored, as shown in Figs. 1(f) and 1(g).
Having demonstrated the ability to engineer spin-orbit
coupling in a Fermi gas, we introduce a general approach
to measure the eigenstates and energies of fermions at each
quasimomentum ¢ and thus resolve the band structure and
the spin texture of spin-orbit coupled atomic systems. Our
approach yields similar information to spin and angle-
resolved photoemission spectroscopy (spin-ARPES), a
powerful technique recently developed in condensed mat-
ter physics [17]. Spin-ARPES is particularly useful for
studying magnetic and quantum spin Hall materials; it
has been used, for example, to directly measure topological
quantum numbers in the Bi;_,Sb, series, revealing the
presence of topological order and chiral properties [18].
Our spectroscopic technique uses radio frequency (rf)
spin injection of atoms from a free Fermi gas into an empty
spin-orbit coupled system using photons of a known en-
ergy, as shown in Fig. 2(a). After injection, the momentum
and spin of the injected atoms are analyzed by using time
of flight [19] combined with spin-resolved detection.
Atoms are initially loaded into one of two free ““reservoir”
atomic states | |} and | 1), for which we use the first and
fourth lowest hyperfine states of °Li. State | [)r can be
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FIG. 2 (color online). Spin-injection spectroscopy. (a) An rf
pulse injects atoms from the reservoir states (shown in black)
| g and | |) into the spin-orbit coupled system (shown in red
and blue). Injection occurs when the rf photon energy equals the
energy difference between the reservoir state and the spin-orbit
coupled state at quasimomentum g. (b),(c) Spin-resolved | |) and
| 1) spectra, respectively, when transferring out of | ). Here,
hQ g = 0.43(5)Ex and hé = 0.00(3)Ey. (d),(e) Spin-resolved | |
) and | 1) spectra, respectively, when transferring out of | |), for
the same Raman strength 7Qg. (f), (g), and (h) The recon-
structed spinful dispersions for 78 = 0.00(3)E; and hQy =
0ER, hQl g = 0.43(5)ER, and hQr = 0.9(1)ER, respectively.

coupled via rf to the state | |), as this connects the first and
second lowest hyperfine states. Similarly, an atom in state
| g can be transferred to | T). rf spin injection does not
impart momentum to the atom and occurs when the fre-
quency of the rf pulse matches the energy difference
between the spin-orbit coupled bands and the initial reser-
voir state, as shown in Fig. 2(a). Spin injection from | |)
(I D) populates mostly the region of the spin-orbit coupled
bands with a strong admixture of | |) (| 1)) states. Thus, the
use of two reservoir states allows us to measure both the
| |)-rich and the | 1)-rich parts of the spin-orbit coupled
bands. Following the injection process, the Raman beams
are switched off, and the atoms are simultaneously released
from the trap. By counting the number of atoms of a given
spin and momentum as a function of injection energy after
time of flight, we determine the dispersion of the spin-orbit
coupled bands along with their spin texture. Note that,
while spin-ARPES and previous momentum-resolved
spectroscopic techniques in ultracold atoms probe the oc-
cupied states of a given system, our spin-injection method
probes the unoccupied states. In the case of fermionic
superfluids, this would reveal the excited branch of the
quasiparticle dispersion.

The topological characteristics of the bands, which are
encoded in the eigenstates, can be extracted from the spin
and momentum composition. For our spin-orbit system
with 6 = 0, the spin of the eigenstates is confined to the

The (¢, 1) < (—g, |) symmetry of the system can be seen in
the spectra in Fig. 2. The energy at each quasimomentum is
found by adding the energy injected into the system by the
rf pulse to the initial kinetic energy of the free particle in
the reservoir. Figures 2(f)-2(h) show the dispersion and
spin texture of the bands obtained from the data. As Qp is
increased, we observe the opening of a spin-orbit gap at
g = 0. The spin composition of the bands evolves from
purely | 1) or | |) away from the spin-orbit gap to a mixture
of the two spin states in the vicinity of the spin-orbit gap,
where the spin states are resonantly coupled.

A Fermi gas with the above dispersion has a spinful
semimetallic behavior when the Fermi energy lies within
the spin-orbit gap. When the Fermi energy is outside the
spin-orbit gap, there is a fourfold degeneracy of states at
the Fermi surface. Inside the gap, however, the degeneracy
is halved. Furthermore, propagation of spin up particles at
the Fermi energy can occur only in the positive ¢ direction,
while spin down fermions can propagate only in the oppo-
site direction. For energies within the gap, the system thus
acts as a spin-current diode.

An even richer band structure involving multiple spinful
bands separated by fully insulating gaps can arise in the
presence of a periodic lattice potential. This has been
realized for Bose-Einstein condensates by adding rf cou-
pling between the Raman-coupled states | 1) and | |) [20].
Using a similar method, we create a spinful lattice for
ultracold fermions and use spin-injection spectroscopy to
probe the resulting spinful band structure. The combined
Raman-rf coupling scheme is shown in Fig. 3(a). The
Raman field couples the states | |, k, = ¢g) and | 1, k, =
g + Q) with strength ), whereas the rf field couples the
states | |, k, = ¢) and | 1, k, = ¢) with strength Qgp. As a
result, the set of coupled states for a given quasimomentum
g, shown in the repeated Brillouin scheme in Fig. 3(b), is
|o, k, = q + nQ) for integer n and o =1,| . The lowest
four bands are degenerate at the band center ¢ = 0 when
Qr = Qgg = 0. The Raman field splits the degeneracy
between the first and fourth bands, leaving the other two
degenerate. The remaining degeneracy, which is a Dirac
point, is removed with the addition of the rf field. Thus,
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FIG. 3 (color online). Creating and probing a spin-orbit
coupled lattice. (a) The addition of a radio frequency field allows
momentum transfer of any multiple of Q, producing a spinful
lattice band structure. (b) The band structure of the Raman-rf
system in the repeated zone scheme. Band structures from top to
bottom correspond to 7z = 0 and hQy = 0.25ER, hQp =
0.5Ex and hQge = 0, and hQp = 0.5E, and hQgp = 0.25F.
In the bottommost band, all degeneracies are lifted. (c) Spin
injection from free particle bands to spinful lattice bands, start-
ing from | |). Transitions near zero rf detuning (hAv ~ 0) that
give rise to dominant spectral features are identified.
(d) Experimental spectrum of the Raman-rf system with 71Q =
0.40(5)Ek and 7hQyp = 0.28(2)Eg in the spin | |) channel after
injection from reservoir | |)g. (€) The theoretical spectra corre-
sponding to (d). Features corresponding to the gaps and tran-
sitions identified in (c) are labeled.

when the system is filled up to the top of the second band, it
is an insulator. Furthermore, when Qg is large enough, a
band gap also opens between the first and second bands.

Figure 3(d) shows the | |) channel of the spin-injection
spectra, measured with fermions initially in reservoir
state | |)g. Spectra with injection from | |); is sufficient
to reconstruct the full band structure given the (g,1) <
(—g,|) symmetry of the Hamiltonian. The transitions
between the reservoir and the spin-orbit coupled bands
for 71Q = 0.40(5)Eg and AQgxp = 0.28(2)ER are shown
in Fig. 3(c). The experimental spectrum in Fig. 3(d) is
compared to the theoretically calculated spectrum, shown
in Fig. 3(e). The spectrum exhibits four prominent fea-
tures separated by three energy gaps, labeled A, A,, and
Aj in Fig. 3(e). The gaps giving rise to these features are
shown on the band structure in Fig. 3(c). The gap A, is
opened by the spin-orbit coupling, while A, is opened
by a direct rf coupling, and A; is opened by a second-
order process that involves both the rf and Raman fields,
explaining its smallness. We have explored the Raman-rf
system for a range of coupling strengths as shown in the
spectra in Figs. 4(a) and 4(b). With a careful choice of
the Raman-rf coupling strengths, spinful flat bands can
be realized (see Supplemental Material, Fig. S3 [15]),
where interactions should play a dominant role [21].

To illustrate how the energy bands along with the cor-
responding eigenstates can be extracted, we reconstruct the
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FIG. 4 (color online). Evolution of spin-textured energy bands
of a spin-orbit coupled lattice. (a),(b) Experimental Raman-rf
spin-injection spectra for injection from | |); for channels | |)
and | 1), respectively. The color map used is the same as Figs. 2(b)
and 2(e) after rescaling to the maximum intensity. Interaction
effects between | 1) with | |); (see Fig. S4) makes only the
dominant features resolvable in | 1), while finer features are visible
in | ]). (c¢) Reconstructed band structure for 7€)y = 0.93(7)Eg
and hQgp = 0.28(2)E;. Color indicates the spin texture.
(d)—(f) Experimentally measured spin components S, and S,
as a function of momentum k, for the lattice wave functions
corresponding to the bottommost band in (c).

energy bands along with the spin texture for h{lp =
0.93(7)E, and hQgpr = 0.28(2)E, as shown in Fig. 4(c).
The energies of the bands are obtained from the resonant
frequencies in the spin-injection spectra, while the spin
composition S, is extracted from the relative weights of
the signal in the two spin channels (see Supplemental
Material [15]). In Figs. 4(d)—4(f), we show the extracted
value of S, (k,) and |S,(k,)| for the bottommost band when
hQ g = 0.93(7)ER and hQgr = 0.28(2)Ek. For more gen-
eral spin-orbit Hamiltonians involving o, one can extract
the phase between all three components of S(k,) with
additional rf pulses and fully characterize the eigenstate
for the corresponding quasimomentum ¢g. The topology of
the band, encoded in the evolution of its eigenstates across
the Brillouin zone, can thus be measured.

In summary, we have created and directly probed a spin-
orbit gap in a Fermi gas of ultracold atoms and realized a
fully gapped band structure allowing for spinful flat bands.
We introduced spin-injection spectroscopy to characterize
the spin-textured energy-momentum dispersion. We
further show that spin-injection spectroscopy allows recon-
struction of eigenstates in a spinful lattice system.
Extensions of this method can reveal the nontrivial topol-
ogy of bands in more general spin-orbit coupled systems
[22], opening a path to probing topological insulators with
ultracold atoms. Similar spectroscopic techniques should
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allow the demonstration of effective p-wave interactions in
a single component spin-orbit coupled Fermi gas, either
near an s-wave Feshbach resonance or for flat bands as
realized here. In these systems, interactions may lead to
BCS pairing in a p-wave channel and, in a two-
dimensional Fermi gas with pure Rashba coupling, to
px T ip, pairing and chiral superfluidity [23,24].
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