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We employ radio-frequency spectroscopy to investigate a polarized spin mixture of ultracold °Li atoms
close to a broad Feshbach scattering resonance. Focusing on the regime of strong repulsive interactions, we
observe well-defined coherent quasiparticles even for unitarity-limited interactions. We characterize the
many-body system by extracting the key properties of repulsive Fermi polarons: the energy E,, the
effective mass m*, the residue Z, and the decay rate I'. Above a critical interaction, E, is found to exceed
the Fermi energy of the bath, while m* diverges and even turns negative, thereby indicating that the
repulsive Fermi liquid state becomes energetically and thermodynamically unstable.
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Landau’s idea of mapping the behavior of impurity
particles interacting with a complex environment into quasi-
particle properties [ 1] plays a fundamental role in physics and
materials science, from helium liquids [2] and colossal
magnetoresistive materials [3,4] to polymers and proteins
[5,6]. In the field of ultracold gases, the impurity problem and
the associated concept of the polaron quasiparticle have
attracted over the past decade a growing interest [7-10].
Initiated with the investigation of polarized Fermi gasesin the
BEC-BCS crossover [11-16], the study of polaron physics
has been extended to mass-imbalanced [17,18], low-
dimensional fermionic systems [19] and also to bosonic
environments [20-22]. The polaron properties are funda-
mentally relevant for understanding the more complex
scenario of partially polarized and balanced Fermi mixtures:
The impurity limit exhibits some of the critical points of the
full phase diagram, whose topology we can thus learn about
by investigating polarized systems [8,16].

While researchers initially focused on attractive inter-
actions [14,15], more recently they have explored novel
quasiparticles associated with repulsive interactions: These
repulsive polarons [23-27] are centrally important for
realizing repulsive many-body states [23,24,28,29] and
therein exploring itinerant ferromagnetism [30-32]. In par-
ticular, if the polaron energy exceeds the Fermi energy of the
surrounding medium, a fully ferromagnetic phase is favored
against the paramagnetic Fermi liquid [23-25,27]. However,
short-ranged strong repulsion always require an underlying
weakly bound molecular state, into which the system may
rapidly decay [31,33], making the repulsive polaron an
excited many-body state, whose theoretical and experimental
investigation are challenging. In three dimensions, repulsive
Fermi polarons have been first unveiled in a °Li-*’K mixture
at a comparatively narrow Feshbach resonance [17], but they
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lack observation in the universal, broad resonance case, for
which the decay rate is expected to be the largest [10].

In this Letter, we report on reverse radio-frequency (rf)
spectroscopy [17,34,35] experiments to unveil the existence
and characterize the properties of repulsive polarons in a
polarized Fermi mixture of lithium atoms, interacting at a
broad Feshbach resonance. We obtain precise information
about (i) the energy E, (ii) the effective mass m*, and
(iii) the decay rate I" of repulsive polarons. Furthermore, we
probe the coherence properties of these fermionic excita-
tions and extract (iv) the quasiparticle residue Z. Our
findings imply that phase separation is energetically allowed
above a critical value of repulsion, where E, is found to
exceed the Fermi energy of the majority atoms [23-25,27].
We also observe a negative effective mass at strong coupling,
which points to a thermodynamical instability of the
repulsive polaron Fermi liquid [36,37]. Unexpectedly, the
measured decay rate of the repulsive branch population at
the critical point is less than 0.1E,, and never exceeds
0.2E ., demonstrating the existence of well-defined repul-
sive quasiparticles even for resonant interactions.

In our experiment, we initially produce a weakly
interacting imbalanced mixture of °Li atoms in the two
lowest Zeeman states, hereafter denoted as |1) and |2),
respectively, held in a crossed optical dipole trap at a bias
magnetic field of 300 G [38]. The majority |1)-component
forms a highly degenerate Fermi gas with N = 1.5 x 107
atoms at 7/T;=0.10(2), where Er=kpTp=hx9.5kHz
is the Fermi energy and kp and A, respectively, denote the
Boltzmann and Planck constants. The state-|1) Fermi gas
acts as a bath for the minority state-|2) impurities, whose
concentration x = N, /N is finely adjusted between 0.05
and 0.4 [38]. To explore strong impurity-bath interactions,
we exploit the third-to-lowest Zeeman state |3) and the
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FIG. 1. (a) Scattering properties of the initial 1-2 and final 1-3

state mixtures. The 1f pulse pumps impurities from the weakly
interacting into the resonant state. Inset: I situ absorption images of
the state | 1) (red) and |2) (blue) atomic clouds for x = 0.10(1). The
rectangles mark the central region where the spectroscopy signal is
recorded. (b) Left: Energy E| landscape of a zero-momentum
impurity interacting with a homogeneous Fermi gas. The shaded
area denotes the dressed dimer continuum, and the vertical dashed
line marks the polaron-molecule crossing. Right: Sketch of the
momentum dependence of the impurity resonance frequency. The
blue (green) curve depicts the dispersion of bare (dressed) impurities.

tunability of the scattering lengths a;, and a3 enabled by
two off-centered broad Feshbach resonances between the
1-2 and 1-3 spin combinations. Upon increasing the bias
field to values between 600 and 700 G, we resonantly
enhance the 1-3 scattering while moderately increasing the
comparatively weak 1-2 interactions [see Fig. 1(a)].

In order to probe the full excitation spectrum of the
impurities, we employ reverse rf spectroscopy [17,34,35]:
We drive the |2) atoms on the |2) — |3) transition to the
resonantly interacting state, using a rf pulse with variable
frequency v. Our spectroscopy signal is the transferred
fraction NV'3/(N, +N3), where N is the number of |i)
atoms contained in a centered region of size 70 ym (30 pum)
along the axial (transverse) direction of the trap [see
Fig. 1(a)]. For each experimental run, the populations
N, and N3 are separately monitored by acquiring two
consecutive in situ absorption images delayed by 500 us.
The transferred fraction is measured as a function of the rf
detuning A = v — v, from the frequency v, of the non-
interacting rf transition, measured in the absence of majority
atoms. Extracting the signal from such a central region helps
to reduce the effects of density inhomogeneity. The bath is
characterized by effective Fermi energy ¢ = 0.74E; and
wave vector K = 0.86kg, averaged over the in situ density

distribution of the state-|1) gas within the integration region
[38]. The bath residual inhomogeneity quantified by a
standard deviation Axy ~ 0.1x. From here on, interactions
will be parametrized by 1/(kpa) = 1/(kpay3).

Figure 1(b) illustrates the generic energy spectrum of a
zero-momentum impurity in a Fermi sea in the mass-
balanced and broad resonance case. Attractive and repul-
sive polarons appear as discrete levels, with monotonically
increasing energies £, and E_ as 1/(kpa) is decreased.
Moreover, the repulsive polaron acquires an increasingly
large width (not shown), owing to a nonzero probability to
decay onto lower-lying states. These also include a broad
continuum of molecular excitations of spectral width ~e&p,
which arise from processes in which the impurity and any
of the majority fermions are bound into a molecule. The
attractive polaron enters the molecular continuum for
1/(kpa) Z 0.9 [36,53], beyond which a dressed molecule
becomes energetically favored. Reverse rf spectroscopy
allows us to entirely explore this energy landscape: Besides
a broad molecular state contribution, peaks in the rf signal
centered at A, > 0 (A_ < 0) are identified as the repulsive
(attractive) polaron states, providing access to E | (E_).

Typical repulsive polaron spectra at various 1/(kra)
values, obtained using a 1 ms-long rectangular pulse, i.e., a
0.87 pulse for noninteracting impurity atoms, are displayed
in Fig. 2(a). These are shown together with Gaussian fits
employed to extract the resonance position A, . The rf shift
A increases monotonically when increasing xra, while
the resonance progressively widens, owing mainly to
collisional broadening in the final state [17,18,38]. The
resonance shift reflects the increase of the polaron energy
due to the repulsion between the impurities and the
surrounding medium. However, the link between the
measured A, and the zero-momentum polaron energy
E. is complicated by an observed strong dependence of
A upon the impurity concentration x [see Fig. 2(b)]. This
can, in principle, arise from two distinct effects. A first
effect is associated to the different dispersions featured by
the initial weakly interacting impurity, characterized by the
bare atomic mass m, and by the final quasiparticle with
effective mass m* [see Fig. 1(b)]. Increasing x from O to 1 at
fixed T = 0.17 5, the mean motional energy per impurity in
the region of interest grows nonlinearly from & = 0.42¢ to
€ = ¢F, due to the increased Fermi pressure of the minority
gas [38]. Since the rf driving transfers the impurities into
final polaron states without modifying their momentum, we
expect the measured resonance shift A, at fixed kpa to
depend linearly upon the mean impurity energy & with a
negative slope directly reflecting the value of m* [38]:

A, =E, - (1—%)@. (1)

m

Our data indeed exhibit such a linear decrease of A, with
increasing € [see Figs. 2(b) and 2(c)].
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FIG. 2. Examples of the repulsive polaron spectral response
recorded (a) at different 1/(xpa) values with concentration x =
0.15(3) and (b) at different x values with kra = 2. (c) Resonance
position A as a function of & for various 1/(kra) values (see the
legend). The linear fits used to extract £, and m/m* are shown.
Error bars denote the standard errors of the fitted A, .

On the other hand, polaron-polaron effective interactions
are expected, within an equilibrium Fermi liquid, to
contribute with a positive resonance shift o x ~ &3/2
[2,38,54,55], leading to a nonlinear increase of A, with
€. Such a trend is incompatible with the observed linear
decrease. Furthermore, sizable effective interactions would
induce additional spectral broadening and decoherence [18]
for increasing x, never exhibited by our data [see Fig. 2(b)
and Ref. [38]]. Therefore, our measurements show no
evidence of polaron interaction effects. In light of this, for
all explored values of xra, we extract the polaron energy
E. and effective mass m* by fitting our data with Eq. (1). In
determining these quantities, we have also taken into
account the weak initial interaction energy of state-|2)
impurities in the state-|1) medium [see Fig. 1(a)] and the
associated tiny mass renormalization [38].

The determined behaviors of £ and m/m™* are presented
in Figs. 3(a) and 3(b), respectively. The polaron energy E, is
found in good agreement with recent 7 = 0 theoretical
predictions based either on a variational model [23], on
diagrammatic calculations within the ladder approximation
[25,38], or on the functional renormalization group [26],
which in turn compare well to quantum Monte Carlo (QMC)
simulations [24]. Importantly, for 1/(kpa) < 1/(kpa), =
1/1.7(2) = 0.6(1), E, exceeds &, indicating that the
Fermi liquid of repulsive polarons becomes energetically
disfavored against a phase-separated state [23-25]. This
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FIG. 3. (a) Zero-momentum repulsive polaron energy E, as a
function of 1/(kpa) (symbols). Inset: Attractive polaron energy
E_. Theory predictions from Refs. [23] (dot-dashed yellow line),
[25] (dotted green line), and [26] (dashed red line) are shown in
both panels. Empty symbols denote points obtained by averaging
measurements at different € rather than by zero-energy extrapo-
lation [38]. (b) Inverse effective mass m/m* of the repulsive
polaron as a function of 1/xpa (symbols), together with theory
predictions from Ref. [25] (dotted green line). Error bars combine
the linear fit parameter errors with the standard error of the mean
(s.e.m.) of binned data.

value of (kra), is larger than that recently reported for a
balanced spin mixture [32], consistently with QMC predic-
tions [24]. In the inset in Fig. 3(a), we also present the
attractive polaron energy E_, extracted by fitting the reso-
nances at A < 0 in the spectra recorded at strong interactions
(see [38] for further details). Here, we find excellent agree-
ment with theories and previous experiments [14,25,26,53].

The behavior of the repulsive polaron effective mass also
providesimportantinformation: The extracted m /m* strongly
decreases for increasing kra, until it becomes zero and
eventually turns negative at very strong repulsion. This
feature, never observed experimentally, has been previously
pointed outin the context of attractive Fermi polarons [36,37].
There, a negative m* has been predicted for interaction
strengths well beyond the polaron-molecule crossing and
interpreted as a signature for the attractive polaron being
thermodynamically unstable against the dressed dimer.
Similarly, the observation of m* < 0 atkpa > kra,. suggests
a thermodynamic instability of the repulsive Fermi liquid.
Overall, the experimental trend of m* is reasonably repro-
duced by the theory from Ref. [25] [see the line in
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FIG. 4. (a) Decay rate " of the repulsive branch population

measured as a function of 1/(kra). Theory predictions for three-
body recombination I'; [56] (yellow line), polaron-to-polaron I'pp
[25] (green line), and polaron-to-bare atom I'pr [38] (gray line)
decay processes are plotted within their respective regimes of
validity. Inset: Examples of polaron population decay for kpa = 1
(yellow squares), 1.3 (red circles), and 3 (purple diamonds),
together with the exponential fits. (b) (€/€)? for the repulsive
(blue triangles) and attractive (yellow squares) polarons at various
1/(kpa). Solid curves are our theory predictions for (Q/Q)?
obtained within the ladder approximation [38], while dotted curves
depict the lowest-order results \/Z,,Z_ 5. Inset: Repulsive polaron
Rabi oscillations at x = 0.15(3) for kza = 0 (empty gray circles),
1.1 (yellow squares), 1.3 (red circles), and 1.7 (purple diamonds).
Error bars combine the fit parameter errors with binned data s.e.m.

Fig. 3(b)], which is, however, expected to underestimate m*,
since it includes only one-particle-hole excitations [36].
After investigating the elastic properties of the repulsive
polaron, we turn to consider its lifetime. This is a key
quantity that sets the stability of the repulsive Fermi gas and
the applicability of Landau’s quasiparticle theory in its
description. Following Ref. [17], we measure the quasipar-
ticle decay rate through a double-pulse excitation scheme: A
first z pulse initially transfers state-|2) atoms to the repulsive
branch; a second pulse, identical to the first, selectively
brings repulsive quasiparticles back to the weakly interact-
ing state after a variable hold time. By fitting the relative
state-|2) population measured as a function of time with an
exponential decay, we extract the decay rate I' of the
repulsive quasiparticle branch for various interaction
strengths. The results are summarized in Fig. 4(a). We do

not observe any appreciable dependence of I" upon concen-
tration for 0.05 < x < 0.4, and the data shown in Fig. 4 are
collected setting x = 0.15(1).I"is found to strongly increase
towards unitarity, spanning nearly 4 orders of magnitude in
the range 1/(kpa) = 0.3...2.7.

At weak coupling xra < 1, the polaron decay is well
described by the three-body recombination at rate I'; of
bare impurities colliding with two fermions from the bath
[56]. For xra > 1, the medium starts playing an essential
role: The bound-state energy is modified with respect to the
one in vacuum, and alternative decay channels open up
[10,38]. In particular, it has been predicted that the zero-
momentum repulsive polaron lifetime is limited for strong
interactions by rapid two-body inelastic decay onto attrac-
tive polarons, which represent the many-body ground state
for kpa > 1.15. The two-body decay rate I'pp, calculated in
the ladder approximation for such polaron-to-polaron
decay processes [25], matches the data only close to
unitarity while greatly underestimating the polaron lifetime
for 1/(krpa) > 0.5. In contrast, we recover a good quanti-
tative agreement for a wider range of xra by considering
bare particles, rather than attractive polarons, as final decay
products in the calculation [38] [see the gray line in
Fig. 4(a)]. In particular, we emphasize that the measured
rate is about 20% of e/ close to unitarity, and it is below
10% of er/h at 1/(kpa).=0.6, much smaller than
theoretical expectations [25,26].

Finally, we probe the coherence properties of the repul-
sive polaron. As opposed to molecular excitations, polaron
quasiparticles feature a coherent nature, usually quantified
in terms of the quasiparticle residue Z [10], namely, the
squared overlap between the noninteracting and the many-
body polaron wave functions. Information on Z can be
obtained either from spatially resolved rf spectra [14] or by
driving Rabi oscillations on the free-to-polaron transition
[17]. For a noninteracting initial state, Z = (Q/€Q)?, where
Q () is the Rabi frequency of the polaron quasiparticle
(bare particle) state [17]. We modify this simple relation to
account for the nonzero interactions of the initial |2) state
with the bath and obtain predictions for (Q/Q))* [38].
Examples of repulsive polaron Rabi oscillations at various
1/(kpa) values are displayed in the inset in Fig. 4(b),
where Q) =27 x4.95(5) kHz = 0.7¢p/h. As kra is
increased, the repulsive polaron Rabi frequency progres-
sively decreases, accompanied by an increasing damping
rate of the oscillations. Such damping is much faster than
the corresponding quasiparticle decay, indicating that
decoherence induced by elastic collisions, rather than inelastic
relaxation processes, is the dominant damping mechanism
[17,18,38]. Interestingly, the damping rate quantitatively
matches the predicted quasiparticle peak spectral width
[26,38]. The extracted (/€Q)? from damped sinusoidal fits
for both repulsive and attractive polarons are presented in
Fig. 4(b), together with our theoretical predictions based on
the ladder approximation [38].
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In conclusion, we presented a thorough study of the elastic
and inelastic properties of repulsive Fermi polarons for a
mass-balanced highly polarized spin mixture at a broad
Feshbach resonance. While further theoretical effort is
required for acomprehensive description of our experimental
data, we demonstrate repulsive quasiparticle lifetimes greatly
exceeding 107/er over a wide range of interactions, far
longer than recent predictions [25,26]. We also show that
repulsive polarons remain well-defined coherent excitations
even at very strong coupling by observing Rabi oscillations
up to 1/(kpa) = 0.2. Moreover, we reveal an interaction
regime where the paramagnetic Fermi liquid becomes ener-
getically and thermodynamically unstable, motivating future
studies aimed at directly observing ferromagnetism in meta-
stable repulsive Fermi gases. Finally, our spectroscopic
protocol can be extended to balanced mixtures, opening
up new perspectives for monitoring the dynamical growth of
polarized domains after a fast, yet selective rf quench to the
upper branch of the many-body system and the competing
pairing instability [10,31-33].
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Note added.—While completing the experimental measure-
ments, we became aware of related theoretical work by
Goulko et al. [57], in which diagrammatic Monte Carlo
results are shown to be compatible with our data.
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