Repulsive Fermi polarons in a resonant mixture of ultracold 6 Li atoms
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We employ radio-frequency spectroscopy to investigate a polarized spin-mixture of ultracold 6 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 Γ. 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.

Landau’s idea of mapping the behavior of impurity
particles interacting with a complex environment into
quasiparticle 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 polaron quasiparticle have attracted over the last decade a
growing interest [7–10]. Initiated with the investigation
of polarized Fermi gases in 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 fundamentally 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 interactions [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 particular, if the polaron energy exceeds
the Fermi energy of the surrounding medium, a fullyferromagnetic 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 manybody state, whose theoretical and experimental investigation are challenging. In three dimensions, repulsive
Fermi polarons have been first unveiled in a 6 Li - 40 K
mixture at a comparatively narrow Feshbach resonance
[17], but they lack observation in the universal, broad
∗
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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 Γ of repulsive
polarons. Furthermore, we probe the coherence properties of these fermionic excitations 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 0.1 E+ , and never exceeds
0.2 E+ , demonstrating the existence of well-defined repulsive quasiparticles even for resonant interactions.
In our experiment, we initially produce a weakly interacting imbalanced mixture of 6 Li atoms in the two
lowest Zeeman states, hereafter denoted as |1i and |2i
respectively, held in a crossed optical dipole trap at a
bias magnetic field of 300 G [38]. The majority |1icomponent forms a highly degenerate Fermi gas with
N1 ' 1.5 × 105 atoms at T /TF = 0.10(2), where EF =
kB TF ' h × 9.5 kHz is the Fermi energy, and kB and h
respectively denote the Boltzmann and Planck constants.
The state-|1i Fermi gas acts as a bath for the minority
state-|2i impurities, whose concentration x = N2 /N1 is
finely adjusted between 0.05 and 0.4 [38]. To explore
strong impurity-bath interactions, we exploit the thirdto-lowest Zeeman state |3i, and the tunability of the scattering lengths a12 and a13 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 G and 700 G, we resonantly enhance the 1-3
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FIG. 1. (a) Scattering properties of the initial 1-2 and final
1-3 state mixtures. The RF pulse pumps impurities from the
weakly interacting into the resonant state. Inset: In situ absorption images of the state |1i (red) and |2i (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.

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 |2i atoms on the |2i → |3i transition to the
resonantly interacting state, using a RF pulse with variable frequency ν. Our spectroscopy signal is the transferred fraction N3 /(N2 + N3 ), where Ni is the number
of |ii atoms contained in a centered region of size 70 µm
(30 µm) along the axial (transverse) direction of the trap
(see Fig. 1(a)). For each experimental run, the populations N2 and N3 are separately monitored by acquiring two consecutive in situ absorption images delayed by
500 µs. The transferred fraction is measured as a function
of the RF detuning ∆ = ν − ν0 from the frequency ν0 of
the non-interacting RF transition, measured in 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 εF ' 0.74 EF and wavevector κF ' 0.86 kF , averaged over the in situ density distribution of the state|1i gas within the integration region [38]. The bath
residual inhomogeneity quantified by a standard devia-
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FIG. 2.
Examples of repulsive polaron spectral response
recorded (a) at different 1/(κF a) values with concentration
x = 0.15(3), and (b) at different x values with κF a ' 2. (c)
Resonance position ∆+ as a function of ε̄ for various 1/(κF a)
values (see legend). The linear fits used to extract E+ and
m/m∗ are shown. Error bars denote the standard errors of
the fitted ∆+ .

tion ∆κF ∼ 0.1 κF . From here on, interactions will be
parametrized by 1/(κF a) ≡ 1/(κF a13 ).
Figure 1(b) illustrates the generic energy spectrum of
a zero-momentum impurity in a Fermi sea in the massbalanced and broad resonance case. Attractive and repulsive polarons appear as discrete levels, with monotonically increasing energies E+ and E− as 1/(κF a) 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 ∼ εF , 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/(κF a) & 0.9 [36, 39], beyond
which a dressed molecule becomes energetically favored.
Reverse RF spectroscopy allows to entirely explore this
energy landscape: besides a broad molecular state contribution, peaks in the RF signal centered at ∆+ > 0
(∆− < 0) are identified as the repulsive (attractive) polaron states, providing access to E+ (E− ).
Typical repulsive polaron spectra at various 1/(κF a)
values, obtained using a 1 ms-long rectangular pulse,
i.e. a 0.8 π-pulse for non-interacting impurity atoms, are
displayed in Fig. 2(a). These are shown together with
Gaussian fits employed to extract the resonance position

3
In the inset of Fig. 3(a) we also present the attractive
polaron energy E− , extracted by fitting the resonances
at ∆ < 0 in the spectra recorded at strong interactions (see [38] for further details). Here, we find excellent agreement with theories and previous experiments
[14, 25, 26, 39].
The behavior of the repulsive polaron effective mass
provides also important information: the extracted m/m∗
strongly decreases for increasing κF a, until it becomes
zero and eventually turns negative at very strong repulsion. This feature, never observed experimentally, has
been previously pointed out in 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 at κF a > κF ac suggests a thermodynamic
instability of the repulsive Fermi liquid. Overall, the experimental trend of m∗ is reasonably reproduced by the
theory from Ref. [25] (see line in Fig. 3(b)), which is how-
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∆+ . The RF shift ∆+ increases monotonically when increasing κF a, while the resonance progressively widens,
owing mainly to collisional broadening in the final state
[17, 18, 38]. The resonance shift reflects the increase of
polaron energy due to the repulsion between the impurities and the surrounding medium. However, the link
between the measured ∆+ and the zero-momentum polaron energy E+ is complicated by an observed strong dependence of ∆+ 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 0 to 1 at fixed T ' 0.1 TF , the mean
motional energy per impurity in the region of interest
grows non-linearly from ε̄ ' 0.42 εF to ε̄ ' εF , 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 ∆+ at fixed κF a to
depend linearly upon the mean impurity energy ε̄, with
a negative slope directly reflecting the value of m∗ [38]:
m
∆+ = E+ − (1 − ∗ ) ε̄
(1)
m
Our data indeed exhibit such a linear decrease of ∆+
with increasing ε̄ (see Fig. 2(b)-(c)).
On the other hand, polaron-polaron effective interactions are expected, within an equilibrium Fermi liquid,
to contribute with a positive resonance shift ∝ x ∼ ε3/2
[2, 38, 40, 41], leading to a non-linear increase of ∆+
with ε̄. Such trend is incompatible with the observed
linear decrease. Furthermore, sizeable 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 κF a,
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-|2i impurities in the
state-|1i medium (see Fig. 1(a)), and the associated tiny
mass renormalization [38].
The determined behaviors of E+ and m/m∗ are presented in Fig. 3(a) and 3(b), respectively. The polaron energy E+ is found in good agreement with recent
T = 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 simulations (QMC) [24]. Importantly, for 1/(κF a) < 1/(κF a)c = 1/1.7(2) ' 0.6(1),
E+ exceeds εF , indicating that the Fermi liquid of repulsive polarons becomes energetically disfavored against a
phase-separated state [23–25]. This value of (κF a)c is
larger than that recently reported for a balanced spinmixture [32], consistently with QMC predictions [24].
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FIG. 3. (a) Zero-momentum repulsive polaron energy E+
as a function of 1/(κF a) (symbols). Inset: attractive polaron energy E− . Theory predictions from Ref. [23] (dotdashed yellow line), Ref. [25] (dotted green line) and Ref. [26]
(dashed red line) are shown in both panels. Empty symbols denote points obtained by averaging measurements at
different ε̄ rather than by zero-energy extrapolation [38]. (b)
Inverse effective mass m/m∗ of the repulsive polaron as a
function of 1/κF a (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.
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FIG. 4. (a) Decay rate Γ of the repulsive branch population
measured as a function of 1/(κF a). Theory predictions for
three-body recombination Γ3 [42] (yellow line), polaron-topolaron ΓPP [25] (green line) and polaron-to-bare atom ΓPF
[38] (gray line) decay processes are plotted within their respective regimes of validity. Inset: examples of polaron population decay for κF a ' 1 (yellow squares), 1.3 (red circles),
3 (purple diamonds), together with the exponential fits. (b)
(Ω/Ω0 )2 for the repulsive (blue triangles) and attractive (yellow squares) polarons at various 1/(κF a). Solid curves are our
theory predictions for (Ω/Ω0 )2 obtained within the ladder approximation
[38], while dotted curves depict the lowest order
√
results Z+2 Z±3 . Inset: repulsive polaron Rabi oscillations
at x = 0.15(3) for κF a ' 0 (empty grey circles), 1.1 (yellow
squares), 1.3 (red circles), 1.7 (purple diamonds). Error bars
combine the fit parameter errors with binned data s.e.m.

ever 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 quasiparticle decay rate through a double-pulse excitation scheme: a first π-pulse initially transfers state-|2i
atoms to the repulsive branch; a second pulse, identical to the first, selectively brings repulsive quasiparticles
back to the weakly-interacting state after a variable hold
time. By fitting the relative state-|2i population measured as a function of time with an exponential decay,
we extract the decay rate Γ of the repulsive quasiparticle branch for various interaction strengths. The re-

sults are summarized in Fig. 4(a). We do not observe
any appreciable dependence of Γ upon concentration for
0.05 ≤ x ≤ 0.4, and the data shown in Fig. 4 are collected
setting x = 0.15(1). Γ is found to strongly increase towards unitarity, spanning nearly 4 orders of magnitude
in the range 1/(κF a) = 0.3 . . . 2.7.
At weak coupling κF a < 1, the polaron decay is well
described by the three-body recombination at rate Γ3
of bare impurities colliding with two fermions from the
bath [42]. For κF a > 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 attractive polarons, which represent
the many-body ground state for κF a ≥ 1.15. The twobody decay rate ΓPP , 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/(κF a) > 0.5.
In contrast, we recover a good quantitative agreement
for a wider range of κF a by considering bare particles,
rather than attractive polarons, as final decay products
in the calculation [38] (see gray line in Fig. 4(a)). In particular, we emphasize that the measured rate is about
20% of εF /~ close to unitarity, and it is below 10% of
εF /~ at 1/(κF a)c ' 0.6, much smaller than theoretical
expectations [25, 26].
Finally, we probe the coherence properties of the repulsive 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 non-interacting
and the many-body polaron wavefunctions. Information
on Z can be obtained either from spatially-resolved RF
spectra [14] or by driving Rabi oscillations on the freeto-polaron transition [17]. For a non-interacting initial
state, Z = (Ω/Ω0 )2 , where Ω (Ω0 ) 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 |2i-state with the bath,
and obtain predictions for (Ω/Ω0 )2 [38]. Examples of
repulsive polaron Rabi oscillations at various 1/(κF a)
values are displayed in the inset of Fig. 4(b), where
Ω0 = 2π × 4.95(5) kHz ' 0.7 εF /~. As κF a is increased,
the repulsive polaron Rabi frequency progressively 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 (Ω/Ω0 )2 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 a comprehensive description of our
experimental data, we demonstrate repulsive quasiparticle lifetimes greatly exceeding 10 ~/εF 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/(κF a) ' 0.2. Moreover,
we reveal an interaction regime where the paramagnetic
Fermi liquid becomes energetically and thermodynamically unstable, motivating future studies aimed at directly observing ferromagnetism in metastable 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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S.1.
A.

EXPERIMENTAL METHODS
Preparation of the sample

By following procedures described in detail in Refs. [32, 43], we produce a weakly interacting, degenerate Fermi
mixture of 6 Li atoms held in a crossed optical dipole trap, at a temperature T /TF = 0.10(2). The atoms composing
the mixture symmetrically populate the lowest and third-to-lowest Zeeman states. These are characterized at low
magnetic field by quantum numbers |F = 1/2, mF = +1/2i and |F = 3/2, mF = −3/2i, and they are denoted in
the main text and in the following as |1i and |3i respectively. The state labeled as |2i corresponds instead to the
hyperfine state |F = 1/2, mF = −1/2i. Efficient evaporation is achieved by setting the bias magnetic field at 300 G,
where the interspecies scattering length is relatively large, a13 ' −900 a0 , though non resonant [43]. The final trap
is cigar-shaped, with axial and radial frequencies ωax = 2π × 19.7(2) Hz and ω⊥ = 2π × 233(5) Hz, respectively.
To create a population-imbalanced 1 − 2 mixture, we first adiabatically ramp the Feshbach field to 585 G, where
a13 ' a12 ' +300 a0 . Then, by applying a radio-frequency (RF) pulse of adjustable duration, we transfer a certain
fraction of state-|3i atoms into state |2i. Immediately after, a 3 µs-long optical blast selectively removes all remaining
state-|3i atoms without causing appreciable heating on the remaining 1-2 sample. By varying the RF pulse duration we
can precisely adjust the population N2 of the minority component, correspondingly tuning the relative concentration
x = N2 /N1 . For the various measurements presented in the main text, x is varied between 0.05 and 0.4. At the end
of this procedure, the majority and minority component gases are found in thermal equilibrium, irrespective of the
specific value of x. Once the desired population imbalance is obtained, we increase the bias field to values between 600
and 690 G, a range where two off-centered 1-2 and 1-3 Feshbach resonances allow for resonantly tuning the interspecies
scattering length a13 on top of a weak increase of a12 [44]. The final value of the magnetic field is accurately calibrated
by driving the |2i → |3i transition in a spin polarized gas containing only state-|2i atoms with a 1 ms-long RF pulse,
and determining its frequency with an uncertainty below 30 Hz. The values of a12 and a13 at each bias field value are
taken from Ref. [44], and are shown in Fig. 1a of the main text.

B.

Reverse radio-frequency spectroscopy and Rabi oscillation measurements

In order to probe the spectral response of the strongly interacting mixture we employ reverse radio-frequency (RF)
spectroscopy [17, 34, 35], applying RF pulses near-resonant with the |2i → |3i transition, in the presence of the
medium of state-|1i majority atoms. The minority component is thus transferred from a weakly interacting regime
into a resonantly interacting state, allowing to probe not only the energy of the interacting ground state, but also of
all higher-lying excitations including repulsive polarons. Our spectroscopic signal, as a function of the RF detuning
∆ (measured with respect to the frequency of the bare |2i → |3i transition), is defined as the ratio between the
transferred atoms N3 and the total population of minority atoms N2 + N3 , contained within the central region shown
in the inset of Fig. 1a in the main text. The populations N2 and N3 are monitored through absorption imaging, by
shining two consecutive imaging pulses selectively resonant with the |2i and |3i atoms at the final field, separated by
500 µs.
For the repulsive polaron spectroscopy presented in the main text, we employ rectangular RF pulses, whose duration
and power are adjusted to correspond to a 0.8 π-pulse for non-interacting atoms. For most of the measurements, except
those acquired in the strongly interacting regime κF a13 > 2, the pulse length is set to 1 ms, corresponding to a spectral
width ∼ 0.13 εF . For the spectra recorded at κF a13 > 2, the duration is reduced to 0.5 ms while maintaining the 0.8 πpulse condition by increasing the RF power. While this in principle reduces the spectral resolution, it allows to increase
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the peak signal and limits undesired dynamical effects during the spectroscopy. In particular, a short spectroscopic
pulse-duration suppresses appreciable contributions from 2-3 interactions: these can arise only if superpositions of
states |2i and |3i are driven by impurity-bath collisions into statistical mixtures after a sufficient decoherence time.
For the measurement of polaron Rabi oscillations, we set the RF frequency at the previously determined ∆+ (∆− )
of the repulsive (attractive) polaron. The RF power is set to the maximum value allowed by our apparatus, yielding a
π-pulse duration of 100 µs for non-interacting state-|2i atoms in the field region between 500 and 700 G. The analysis
of repulsive polaron Rabi oscillation data, that allowed to extract the frequency Ω/Ω0 and the damping rate γR is
based on the fitting function f (t) = A e−ΓR t + B e−γR t cos(Ωt), describing an oscillation at frequency Ω/(2π) with a
damping γR and an excited-state population decay rate ΓR (with A, B ' 0.5) (see also Section S.6). On the other
hand, an excellent fit to the attractive polaron data is obtained by setting ΓR = 0.

C.

Measurement of repulsive polaron decay

The measurement of the decay rate of the repulsive polaron population is based on a double-pulse protocol, analogous
to the one successfully exploited for the study of 40 K impurities in a 6 Li Fermi sea [17]. The measurement sequence
starts by initially transferring impurity |2i atoms to state |3i by means of a fast RF π-pulse lasting between 100 and
200 µs, whose frequency is adjusted to the previously determined repulsive polaron resonance, and whose power and
duration are optimized to lead to the maximum transfer efficiency. After some variable hold time, a second RF pulse
identical to the first selectively transfers back into state |2i only those impurities that still occupied the repulsive
polaron branch. By recording the fraction of atoms which is transferred back to state |2i as a function of time, we
directly probe the time evolution of the population of the upper branch, which for all regimes investigated was found
to exhibit an exponentially decaying trend. Imaging of the |3i atoms provides in turn information on the population
of molecules, or attractive polarons, onto which the population of the repulsive branch has decayed. We note here
that our data analysis assumes a bath average density which does not vary over time. This is not strictly true, since
the impurity concentration is small but finite. However, this would eventually lead to an overestimation of the real
decay rate, therefore not changing the conclusions discussed in the main text.

S.2.

EFFECTIVE FERMI ENERGY AND FERMI WAVEVECTOR

In order to reduce the effects of density inhomogeneity of trapped samples on the spectroscopy signal, we only record
the transferred atom fraction from the column density within a central rectangular region of size 30 µm × 70 µm along
the transverse and axial directions of the cloud, respectively. The majority Fermi gas, i.e. the bath, is characterized
within this integration region by an effective Fermi energy εF and an effective Fermi wavevector κF . εF and κF
represent the mean value of the local kF (r, T /TF ) = (6π 2 n(r, T /TF ))1/3 and EF (r, T /TF ) = ~2 /(2m) kF2 (r, T /TF ),
respectively, averaged over the integration region. These quantities provide the relevant length and energy scales,
used for presenting our experimental findings and for comparing them with theoretical predictions obtained for a
homogenous bath. Owing to the finite temperature and the residual trap inhomogeneity, the density of the bath
in the integration region differs from the peak density of a zero-temperature Fermi gas, and therefore εF and κF
significantly differ from the zero-temperature central Fermi energy EF and Fermi wavevector kF . We can write
εF = η EF , where η is a factor that depends on the region size and on the cloud temperature, and for the sufficiently
small chosen region we have κF ' η 1/2 kF .
In order to calibrate εF and κF , we exploit the RF spectroscopy data at weak repulsion, where the RF shift ∆+ is
given with high accuracy by:


4
2 2 2
2
∆+,LHY = εF
κF (a13 − a12 ) + 2 κF (a13 − a12 )
(S.1)
3π
π
This result is obtained by treating perturbatively the impurity-bath interactions and including second-order beyond
mean-field corrections [45], namely the interaction energy is expanded up to second order in κF a. For κF a . 0.5, the
second-order perturbative formula well approximates the results of QMC calculations [24] and variational or T-matrix
methods [23, 25].
We can extract εF and κF by fitting the observed RF shifts at weak coupling kF a13 ≤ 0.45 with Eq. (S.1) (see
Fig. S1), with a single fitting parameter η. From this analysis, we obtain η = 0.74(2). Note that such a calibration
of εF and κF does not depend on the knowledge of EF and kF , since the measured RF shifts are directly compared
to Eq. (S.1). Nonetheless, the value of η provides a factor that can be used to scale the spectroscopy shifts from
experimental runs with slightly differing atom numbers (by up to 15%).
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FIG. S1. Calibration of the effective Fermi energy εF and effective Fermi wavevector κF . The measured RF shifts (red circles)
are fitted with Eq. (S.1) (solid red line) to yield η = 0.74(2). The shaded red area denotes the standard confidence band of the
fit. The curve obtained by setting η = 1 in Eq. (S.1) is shown for comparison (solid gray line).

The determined value of η is compatible with another estimate ηint = 0.72(1), which we obtain by numerically
computing the density-weighted average Fermi energy in the integration region in the local density approximation
(LDA). We approximate the finite-temperature density distribution n(r) of the bath as the one of an ideal Fermi gas,
imposing the measured T /TF , trap frequencies and atom number N , i.e.:

n(r) = −

mkB T
2π~2

3/2



Li 32 −e β(µ(T /TF ,N )−U (r)) .

(S.2)

Here, µ(T /TF , N ) is the central chemical potential, U (r) is the harmonic trapping potential, β = 1/(kB T ), and Lis
stands for the polylogarithm function of order s. εF is obtained by averaging over the density profile within the
integration region, denoted as V :
Z
2/3
~2
dr 6π 2 n(r)
n(r) ,
(S.3)
εF =
2m N V
R
where N = V drn(r) is the number of majority atoms in the region.
Since the latter estimate is intrinsically affected by the uncertainty in determining the cloud temperature and neglects
the effect of weak 1-2 repulsive interactions on the density distribution of the bath, we adopt the value of η directly
obtained from fitting the RF shifts at weak interactions with Eq. (S.1), which only relies on the precise knowledge of
the scattering lengths a12 and a13 [44]. Yet, through the density-profile integration we estimate the standard deviation
of the local Fermi energy in the chosen integration region ∆εF ' 0.2 εF and the the standard deviation of the local
Fermi wavevector ∆κF ' 0.15 κF .
S.3.

MEAN ENERGY PER PARTICLE OF THE IMPURITY GAS

In order to extract the polaron energy and effective mass by a linear fit of the data with Eq. (1) of the main text, the
relevant effective quantity is the mean energy per impurity ε̄ rather than the impurity concentration x. By increasing
x, ε̄ increases owing to the modification of the impurities Fermi pressure. We thus need to evaluate ε̄ as a function
of x for our integration region V . For this purpose, we compute the average energy of the minority state-|2i gas in
the integration region V , assuming state-|2i is non-interacting, but imposing thermal equilibrium with the state-|1i
bath, i.e. T2 = T ' 0.1 TF . In the local density approximation (LDA), the mean energy per particle as a function of
x is obtained as:
Z
Z ∞
4π
εp,r
ε̄(x) ≡ ε̄2 (x) =
dr
dp p2 β(ε −µ(x))
,
(S.4)
3
p,r
(2π~) N2 (x) V
e
+1
0
R
where N2 (x) = V dr n(r; x) is the number of impurity atoms in the integration region. Here, εp,r = p2 /2m + U (r)
is the single-particle energy and µ(x) is the chemical potential of the impurities. The degree of degeneracy of the
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impurities decreases as x decreases from 1 to 0, and consequently µ(x) decreases. The first integration over momentum
can be performed analytically, yielding:
3/2 Z






1
mkB T
3
β(µ(x)−U (r))
β(µ(x)−U (r))
3
5
+
U
(r)
Li
.
(S.5)
ε̄(x) = −
−e
−e
dr
k
T
Li
B
2
2
N2 (x)
2π~2
2
V
The integration over V is then performed numerically, yielding as a function of x the curve plotted as a solid line in
Fig. S2.
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FIG. S2. Mean energy per particle in the experimental spectroscopy integration region V . The solid blue line is the result of
Eq. (S.4) for T /TF = 0.1. For comparison, the result of Eq. (S.4) when V is set to the full trap volume is plotted as a dashed
green line.

S.4.

THEORETICAL METHODS
A.

Polaron properties

A single spin-down atom (the ↓ “impurity”) in an ideal Fermi gas of spin-up atoms forms a quasi-particle, commonly
known as the “Fermi polaron” [10, 14, 39, 46]. The microscopic interaction potential between ultracold atoms is always
attractive, leading to a negative energy for the ground-state polaron. Beyond a critical attraction, the ground state
of the mixture becomes a dressed molecule. Associated with this latter quasiparticle, a broad continuum appears in
the impurity spectral function, since the impurity can bind to any fermion of the bath with kinetic energy ranging
between 0 and EF . Moreover all the approaches to the problem and various experiments revealed that an additional
quasi-particle excitation, termed “repulsive polaron”, appears at positive energies, well separated from the attractive
polaron even in the strongly interacting regime [17, 19, 23, 25, 26].
The Green’s function for the impurity reads (we set in the following of this Section ~ = kB = 1)
1
,
ω − ξp↓ − Σ(p, ω) + i0+

G↓ (p, ω) =

(S.6)

where ξpσ = εpσ −µσ = p2 /2mσ −µσ is the kinetic energy of a σ atom measured with respect to its chemical potential.
The effects of the interactions with the Fermi sea are contained in the retarded self-energy Σ(p, ω).
For well defined polarons one can expand the Green’s function around the real part E± of the pole at p = 0, where
+ (−) refers to repulsive (attractive) polarons. The approximated Green’s function at momenta p  κF reads
G↓ (p, ω) ≈

Z±
ω − E± −

p2
2m∗
±

+ iΓ± /2

,

(S.7)

where the quasiparticle residues Z± are defined as
Z± =

1
,
1 − Re[∂ω Σ(0, E↓± )]

(S.8)
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the effective masses are given by
m∗± =

m↓ /Z±
,
1 + Re[∂ε↓p Σ(0, E↓± )]

(S.9)

and the decay rate of the quasiparticle’s probability density is given by
Γ± = −2Z± Im[Σ(p, E↓± )].

(S.10)

While the attractive polaron, being the ground state of the many-body system until the transition to the molecular
state, is a stable quasiparticle, the repulsive polaron is always metastable, but it remains a well-defined quasi-particle
as long as Γ+ /2 is much smaller than E+ .
In the spirit of Landau Fermi liquid theory, the change in the quasiparticle energy associated with a finite though
low density of impurities, x = N↓ /N↑  1, can be accounted for by writing an energy functional of the many-body
system with two concentration-dependent terms. For a zero-temperature homogeneous mixture in thermodynamical
equilibrium this reads [11, 47]:
E − 35 EF N↑
3
3
m
= E± + EF ∗ x2/3 + EF F± x .
N↓
5
m±
5

(S.11)

where EF = kF2 ↑ /2m↑ is the Fermi energy of the majority component. The term ∝ 1/m∗ accounts for the Fermi
pressure of the quasiparticle Fermi gas, while the latter term proportional to the Landau parameter F can be viewed
as an effective impurity-impurity interaction. The Landau parameter F can be expressed as [40, 41, 48]
F± =

5
2
(∆N± ) ,
9

(S.12)

where ∆N± = ∂n↓,± /∂n↑ ≈ −∂E± /∂EF is the number of majority particles in the dressing cloud of a polaron
[25]. Note that, by its own definition, the Landau parameter F is always positive. Namely, effective polaron-polaron
interactions are always repulsive.
The trend associated with the energy functional Eq. (S.11) can be qualitatively captured if one considers repulsive
polarons in the weak-coupling limit, where Eq. (S.11) can be expanded in powers of the small parameter κF a. At
second order it reads

E − 35 EF N↑
=
N↓ EF



2
4
kF a + 2 (kF a)2
3π
π



3
+
5






4
3 20
2
2/3
2
1 − 2 (kF a) x +
(kF a) x + O(kF a)3 ,
3π
5 9π 2

(S.13)

The kinetic energy term ∝ x2/3 is systematically smaller than the corresponding one associated with bare particles,
and it therefore causes a decrease of the RF shifts for increasing x, with a trend fully consistent with the one observed
for the repulsive polaron in the experiment. An opposite behaviour is given by the effective interaction term, which is
always positive for the quasiparticles and zero for the bare ones: this would lead to a linear increase of the quasiparticle
energy with increasing x, clearly in contrast to what is measured. It is important to emphasize that the competition
between kinetic and effective interaction terms in Eq. (S.13) would lead to a non-monotonic trend of the RF shift,
featuring a decrease for small x followed by an increase once the interaction term becomes dominant. This qualitative
trend holds also at strong repulsion, where the Landau parameter F can be computed within the ladder approximation
(see Fig. S3). Despite the finite temperature and density inhomogeneity of our system could quantitatively affect the
aforementioned behavior, effective polaron interactions would cause the RF shift to be neither monotonic in x nor in .
Furthermore, if sizeable interaction effects appeared in our study, these should also affect the quasiparticle coherence
properties; we never observe such effects in the experiment (see the concluding Sec. S.6).
We conclude that our setup does not show any effect of impurity-impurity interactions. We argue that this is due
to the explored concentrations, which are sufficiently low to make polaron interactions not relevant (see Eq. (S.27)
and comment below it). Furthermore, in reverse RF spectroscopy one may expect that polaron-polaron interactions
cannot be established over the limited timescale of the RF pulse. This hypothesis could share analogies with the recent
studies about the different timescales to establish few-body correlations in a thermal Bose gas after an interaction
quench [49]: three-body correlations are found to grow over timescales greatly exceeding the ones associated with the
two-body correlations.

6
Ladder approximation and one-particle-hole Ansatz
The calculation of the self-energy in presence of very strong interactions is in principle a formidable task. However it
turns out that a very good approximation is obtained by summing only the so-called “ladder diagrams”, describing
forward-scattering in the medium [52]. Under this approximation, the retarded self-energy of a single impurity in a
zero-temperature Fermi sea close to a broad Feshbach resonance reads (~ = kB = 1)
Σ(p, ω) =

X

f (ξq↑ ) T (p + q, ω + ξq↑ ) =

q

f (ξq↑ )

X
q

mr
2πa

−

P h
k

1−f (ξk↑ )
ω−(εp+q−k↓ +εk↑ −εq↑ )+i0+

+

2mr
k2

i,

(S.14)

where f (x) = 1/(exp(x/T )+1) is the Fermi function, and T (P, Ω) is the T-matrix describing the scattering of an ↑ − ↓
pair of atoms with total momentum P and total energy Ω. Furthermore, we have introduced the ↑ − ↓ scattering length
a, and the reduced mass mr = m↑ m↓ /(m↑ + m↓ ). The quasiparticle properties obtained for the attractive polaron
through this ladder approximation compare very favorably both with Quantum Monte-Carlo (QMC) calculations,
and with experiments [10, 14, 17, 39].
As the ground state properties of the system are considered, solving the problem within the ladder (or non selfconsistent T-matrix) approximation is equivalent to minimizing the energy over the “one-particle-hole” (1PH) variational Ansatz [46, 52]:
|ψi =

√

Z|pi↓ |0i↑ +

k>κ
XF

φkq |p + q − ki↓ c†k↑ cq↑ |0i↑ .

(S.15)

q<κF

Eq. (S.15) describes a ↓-impurity with momentum p in an ideal Fermi sea |0i↑ of ↑-particles as a quasiparticle, whose
dressing is composed by a superposition of particle-hole pairs.
Since it is analytically continued, the ladder calculation has however the additional advantage of being able to
investigate excited states of the mixture, such as the repulsive polarons discussed in this work. For the repulsive polaron
case, such an approach is found in relatively good agreement with QMC simulations [10, 24], despite a more sizeable
mismatch is present with respect to the attractive polaron case. Nonetheless, the ladder approximation accurately
reproduced the experimental results obtained in a 6 Li -40 K mixture at a relatively narrow Feshbach resonance [17].
The basic properties of the attractive and repulsive polarons, such as their energy, quasiparticle residue, effective
mass, and Landau parameter F obtained by means of the ladder approximation, are summarized in Fig. S3.
The repulsive polaron energy from Ref. [23] depicted as a dot-dashed yellow line in Fig. 3a of the main text was
derived by a variational treatment based on the 1PH Ansatz, Eq. (S.15). This procedure leads to an equation identical
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FIG. S3. Polaron properties calculated in the ladder approximation for the mass-balanced case: energy E↓ , residue Z, inverse
effective mass m/m∗ and Landau parameter F . Blue and orange lines depict, respectively, the attractive and the repulsive
polaron. The dotted red line is the energy of a dressed molecule, and the thin vertical line at kF a ' 1.15 indicates the
polaron/molecule transition in the attractive branch [39, 50]. The dashed lines are the perturbative results to O(kF a)2 , as
given in Refs. [40, 45, 51].
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to Eq. (S.14), except that only the principal part of the denominator of the integrand is retained (i.e., its imaginary
part is neglected). This approach yields a purely real energy for the repulsive polaron, which equals 1.82 EF at
resonance.
Decay rates
The intermediate states contained in the ladder self-energy given in Eq. (S.14) represent bare particles, not dressed
by interactions, and therefore the latter does not adequately describe the decay processes. On the other hand, it is
possible to argue that the lifetime of a repulsive polaron is limited by its possibility of scattering with fermions of
the bath, releasing its energy and decaying into an attractive polaron via a two-body process or into a molecule via
a three-body process on the BEC side of the resonance. Such an approach has already provided accurate predictions
for narrow resonances and heavy impurities [10, 17]. In this case, the estimate for the two-body polaron-to-polaron
decay rate (to which we refer in the main text as ΓPP ) is based on the assumption that the bare matrix element for
the decay of the repulsive polaron coincides with the two-body T-matrix in vacuum, taking into account the multiple
scattering of the attractive polaron with the particle of the bath considering only the ladder diagrams. The resulting
“dressed” self-energy reads exactly as Eq. (S.14) but with the properties (mass, residue, energy) of the attractive
polaron in the pair propagator.
In our broad resonance and homonuclear case, however, the energy difference between the repulsive and attractive
polaron is generally larger than EF , and the bare impurities have the same mass as the majority particles. Therefore
the scattered impurities (i.e., the final states of the decay process) usually carry a high momentum k & κF . As a
consequence, their description in terms of the low-momentum quasiparticle properties given by Eq. (S.7) is rather
poor, since it strongly overestimates the medium effects on the particle dressing. In particular, the effects of the bath
eventually become negligible for very large momenta. A better estimate can be thus obtained by assuming that the
repulsive polaron decays into a bare impurity with a weight 1 − Z+ . Approximating m∗+ ≈ m, the corresponding
self-energy reads
Σ̃(p, ω) =

f (ξq↑ )

X
q

m
4πa

− (1 − Z+ )

P h
k

1−f (ξk↑ )
ω−(εp+q−k↓ +εk↑ −εq↑ )+i0+

+

m
k2

i,

(S.16)

and the polaron-to-bare particle population decay rate is given by
ΓPF ≡ −2Z+ Im[Σ̃(0, E+ )] .

(S.17)

A competing decay channel, when the molecule becomes the ground state of the impurity problem, is the three-body
recombination of impurities with fermions of the bath ({↑, ↑, ↓} → {↑, ↑↓}). Deep in the BEC regime this process is
expected to be quantitatively described by the three-body recombination rate determined by Petrov [42]:
Γ3 =

148 ~ a4 ¯ 2
n .
m B ↑

(S.18)

Here, n↑ is the density of the bath, B is the molecule binding energy, and ¯ is the mean collision energy, which in
turn corresponds to the mean kinetic energy of a fermion of the bath. We neglect the collision energy contribution
from the impurity, which is small when x  1. We set B ≈ ~2 /(ma2 ) + εF , which accounts for the removal of one
fermion from the bath once a molecule is formed, while it neglects atom-dimer interactions and non-trivial medium
effects. From this we obtain:
~Γ3
148
(κF a)6
= 0.298
,
2
2
εF
(6π ) 1 + 12 (κF a)2

(S.19)

where the numerical factor 0.298 results from averaging the kinetic energy and the squared density of the bath over
the integration region. The results for ΓPP , ΓPF and Γ3 are compared to the experimentally measured decay rates in
Fig. 4a of the main text.

B.

Reverse radio-frequency spectroscopy

In order to extract the energy and the effective mass of the polaron we rely on the so-called reverse radio-frequency
(RF) spectroscopy. The minority gas is prepared in state |2i, weakly interacting with the majority component. We
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then apply a RF pulse to transfer the atoms to the empty state |3i, which is resonantly interacting with the atoms of
the bath. For a homogeneous system and within linear response theory, the RF signal is given by (see e.g. Ref. [53])
Z
dk
f (ξk,2 ) A3 (k, ξk,3 + ω),
(S.20)
I(ω) ∝
(2π)3
where A3 (k, ω) = −2 ImG3 (k, ω) is the spectral function for the minority gas in state |3i. Since the RF pulse has a
finite duration, the previous result has to be convoluted in frequency as
Z
dε
Iexp (ω) =
g(ω − ε) I(ε),
(S.21)
2π
where g(ω) can be well approximated by a Gaussian whose width is inversely proportional to the duration of the RF
pulse.
When the spectrum contains a well-defined quasiparticle with zero-momentum energy E± , the main contribution
to the spectral function comes from the quasiparticle pole, i.e., A3 (k, ε) = 2πZ δ(ε − E± − k 2 /2m∗ ), and the RF signal
reads


Z
k2
m
dk
f
(ξ
)
g(∆
−
ω),
with
∆
=
E
+
−
1
.
(S.22)
Iexp (ω) ∝
k,2
k
k
±
(2π)3
2m m∗±
Therefore the first moment ω̄ of the RF signal is given by the average over the Fermi distribution of ∆k , i.e.
R
R


dω ω Iexp (ω)
dk ∆k f (ξk,2 )
k2
m
R
R
ω̄ =
∝
= E± + h
i
−1 .
(S.23)
2m
m∗±
dω Iexp (ω)
dk f (ξk,2 )
In our experiment, the signal Iexp (ω) is essentially Gaussian, so that its peak value coincides with ω̄.
Our system is however not homogeneous, since the atoms feel a harmonic trapping potential U (r) = m(ωx x2 +
ωy y 2 + ωz z 2 )/2. If µi is the chemical potential of the impurity atoms in state |ii the RF peak is located at µ3 − µ2 .
Within LDA at T = 0 we can write
(6π 2 n2 (r))2/3
+ U (r) ,
2m
(6π 2 n3 (r))2/3
µ3 =
+ E± (r) + U (r) .
2m∗± (r)

µ2 =

(S.24)
(S.25)

To estimate the polaron parameter we average the difference µ3 − µ2 on the non-interacting density n2 on a finite
region V . Since the variance of the majority Fermi momentum over the integration region V is only around 1% of its
mean value κF (see Section S.2), we may safely approximate the average values of the polaron parameters by their
values computed at κF . Assuming furthermore that in such a region n3 does not differ too much from n2 , we obtain




Z
1
(6π 2 n3 (r))2/3
(6π 2 n2 (r))2/3
m
dr
−
+ E± (r) n2 (r) ' E± (κF a) + ε̄
−1 ,
∆± = hµ3 − µ2 i =
N2 V
2m∗± (r)
2m
m∗± (κF a)
(S.26)
R
with N2 = V dr n2 (r). The previous expression corresponds to Eq. (1) given in the main text, where ε̄ is the average
energy of the state-|2i component in the region of integration V . At finite temperature the same expression holds,
just using the proper equation of state for the state-|2i gas (see Section S.3).
With similar arguments, one can write the contribution due to the Landau polaron-polaron interaction by adding
to Eq. (S.26) the following term:
∆int =

6
α εF F (κF a) x̄
5

(S.27)

where α = (n̄2 /n̄1 )/x̄ is a factor smaller than 1. Here, x̄ and n̄i are the concentration and the density of state-|ii atoms
averaged over the integration region. In our temperature and concentration regime (x̄ < 0.5), we find α to significantly
reduce the effect of the polaron interaction with respect to the naive expectation εF F (κF a) x̄. Although we refrain
from providing a quantitative estimate, such an effect could motivate the absence of polaron-polaron interaction effects
in our measurements.

9
Initial-state interactions
In the region of parameters considered in our experiment, state-|2i impurities experience a weak repulsion with the
state-|1i Fermi gas and therefore form themselves repulsive quasiparticles, so that their energy and effective mass
differ slightly from the bare-particle ones. The data presented in Fig. 3 of the main text are extracted taking into
account the initial-state interactions by replacing Eq. (S.26) with the following expression:


m
m
∆± = E± (κF a13 ) − E+ (κF a12 ) + ε̄
−
.
(S.28)
m∗± (κF a13 ) m∗+ (κF a12 )
The initial-state interactions are however very weak in the whole regime probed, 0.07 < κF a12 < 0.17, so that
the contributions of E+ (κF a12 ) and m∗+ (κF a12 ) may be safely estimated by means of the second-order formula
given in Eq. (S.1). Namely, for all investigated interaction strengths we have 0.03 < E+ (κF a12 ) < 0.08 εF and
0.99 < m/m∗+ (κF a12 ) < 1.
C.

Rabi oscillations

In our experiment, we probe the coherence properties of the repulsive and attractive polarons by driving Rabi
oscillations between the atomic states |2i and |3i. Linear response theory predicts that the impurities will perform
coherent Rabi oscillations at a frequency Ω equal to the bare Rabi frequency Ω0 times the overlap between the initial
and final states,
Ω = Ω0 hψ3 |ψ2 i.

(S.29)
√

For a non-interacting initial state, this formula simply reduces to |Ω/Ω0 | = Z [17].
In the case of the 6 Li mixture here investigated, however, interactions affect not only the final state |3i, but also
the initial state |2i, though more weakly. In this more complicated case, the overlap can still be computed, by means
of the single particle-hole Ansatz (see Eq. (S.15)). Using the explicit expression for the particle-hole terms
√
φqk =

Z

T (p + q, E↓ + ξq↑ )
,
E↓ − Epkq

(S.30)

we can write the overlap as


∗
X
p
Π
(p
+
q,
E
+
ξ
)
−
Π(p
+
q,
E
+
ξ
)
↓3
q
↓2
q
,
T ∗ (p + q, E↓3 + ξq↑ )T (p + q, E↓2 + ξq↑ )
hψ3 |ψ2 i = Z2 Z3 1 −
∗ −E
E↓3
↓2
|q|<kF

(S.31)
with the retarded pair propagator Π(p + q, E↓ + ξq ) =

P 
k

θ(k−kF )
E↓3 −Epkq +i0+

+

2mr
k2



. The symbols Π∗ and T ∗ denote

instead the advanced pair propagator and T-matrix, respectively, while Z2 and Z3 denote the residues of state-|2i
and |3i quasiparticles. This expression
reduces correctly to two known limits. In particular when a12 → 0 one gets
√
the simple result |Ω/Ω0 | = Z3 [17]. For a12 → a13 , instead, using the definition of the residue Z one obtains
that |Ω/Ω0 | = 1. The complete expression is used to compute the solid curves in Fig. 4b of the main text. Our
repulsive polaron Rabi oscillation data seem also to agree well with recent predictions on impurity coherent dynamics
in Ref. [54].

S.5.

ATTRACTIVE POLARON MEASUREMENTS
A.

Radio-frequency spectral response

While in the main text we focus the discussion on the repulsive polaron energy, our spectroscopic scheme allows
to obtain information about the energy of the attractive polaron as well (see inset of Fig. 3a in the main text).
Typical spectra displaying both attractive and repulsive polaron resonances are shown in Fig. S4, together with
double-Gaussian fits used to extract the resonance positions. To increase the attractive polaron signal strength, we
recorded spectra at strong coupling 1/(κF a) < 0.8 using a higher RF power with respect to the one used for the
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FIG. S4. (a) High RF power spectra recorded at various 1/(κF a) values with impurity concentration x = 0.15(3). The
experimentally recorded spectra are shown together with double-Gaussian fits used to extract the resonance positions. The
attractive polaron resonance is up-shifting in frequency for decreasing 1/(κF a) towards unitarity. (b) Attractive polaron Rabi
oscillations at x = 0.15(3) for 1/(κF a) = 0.5 (yellow squares), 0.25 (red circles) and 0 (purple diamonds). Rabi |2i ↔ |3i
oscillations in a non-interacting gas are shown for comparison (empty grey circles). Solid lines are the damped sinusoidal fits
used to extract Ω. Error bars denote the s.e.m. of experimental data.

repulsive polaron spectroscopy presented in Fig. 2a of the main text. In particular, the spectra presented in Fig. S4
are recorded using 0.5 ms-long pulses with RF power increased by 20 dB, resulting in a pulse area of 5π for the noninteracting impurity gas. As briefly mentioned in the main text, the attractive polaron signal nearly overlaps with
the one from molecular excitations. For this reason we are not able to extract E− and m∗ through a systematic
study of the spectra at varying concentration x. This is further complicated by the attractive polaron dispersion,
that for 1/(κF a) ∈ [0, 0.8] does not deviate substantially from the bare-particle one, making the dependence of ∆−
on x intrinsically weaker than that expected for the repulsive polaron. Therefore, we assume the mean value of ∆−
measured for x between 0.05 and 0.3 to be a good estimate of E− for all interactions (and taking into account the
initial state 1-2 interactions). The results (see inset of Fig. 3 in the main text) are indeed found in good agreement
with theory [14, 25, 26, 39, 50] and previous experimental studies performed by means of direct, spatially-resolved
RF spectroscopy on a polarized Fermi gas [14].

B.

Attractive polaron Rabi oscillations

In order to extract the residue Z of the attractive polaron, we perform Rabi oscillations at the attractive polaron
resonance for various interaction strengths 1/(κF a). Sample Rabi oscillations are displayed in Fig. S4. In contrast
to the case of the repulsive polaron, only a renormalized frequency and a damping of the oscillation amplitude are
necessary to fit the data with excellent agreement: since no decay to lower-lying states is possible, no decay of the
oscillation offset is observed and the relative population tends to saturate at 0.5 as expected for pure decoherence
processes.

S.6.

COLLISION-INDUCED DECOHERENCE

Besides an energy shift, interactions with the surrounding medium cause a collisional broadening of the RF spectra.
Similarly, impurity-bath interactions do not only cause a renormalization of the Rabi frequency, but they also introduce
a damping of the Rabi oscillations. This effects can be intuitively understood in the framework of the impact theory
of pressure-induced effects on spectral lines [55], which assumes the collisions of the impurity atoms with the majority
particles to be effectively instantaneous. Given an impurity-fermion forward scattering amplitude f () for a given
collision energy , this approach predicts Lorentzian profiles, whose line shift (width) is proportional to the real
(imaginary) part of the forward scattering amplitude hf ()i, averaged over all possible collision energies. The optical
theorem relates the imaginary part of hf ()i to the average elastic scattering rate γ ∝ Im(hf ()i). This results in a
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FIG. S5. Damping rate γR of the repulsive polaron Rabi oscillations (blue triangles). The data points for γR are obtained
by fitting the repulsive polaron Rabi oscillations with the function given in Section S.1 B. The repulsive polaron population
decay rate Γ (red circles) measured through a double π-pulse sequence (see Section S.1 C) is also shown for comparison (see
also Fig. 4 of the main text).

finite 1/γ lifetime for the coherence of the impurity wavepacket, and causes Lorentzian broadening with a full width
at half maximum (FWHM) γ/(2π). Moreover, elastic scattering processes randomly change the impurity momentum,
hence the phase of the associated wavepacket. This causes collisional decoherence, i.e. a decay of the coherences
between the weakly-interacting and the resonant impurity states. This leads to a damping γR ∼ γ of the Rabi
oscillations [17], and to the decay of the contrast of Ramsey fringes in spin-echo experiments [18, 56]. It is important
to stress that such a dephasing markedly differs from inelastic decay, which affects the impurity state populations.
As a consequence, one generally expects the collisional damping rate γ to differ from the population decay rate Γ.
Similarly to what already observed for 40 K impurities in a 6 Li Fermi gas, our RF spectroscopy and Rabi oscillation
experiments are strongly affected by collisional broadening and collision-induced decoherence. In contrast with the
textbook case of a two-level system described by the optical Bloch equations for which γ = Γ/2, our strongly interacting
impurities experience a collisionally opaque medium, which causes γ to greatly exceed Γ [55] (see Fig. S5). This is
especially evident if attractive, rather than repulsive polaron Rabi oscillations are considered (see Fig. S4b): for the
attractive branch in the regime herein investigated Γ = 0 since the attractive polaron is the ground state of the
many-body system. Still, we observe damping rates of the Rabi oscillations comparable to the ones observed for the
repulsive case at similar values of 1/κF a.
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FIG. S6. (a) Polaron spectra at 1/(κF a) ' 0.5 for various value of the relative concentration x. Double-Gaussian fits are also
shown as solid lines. No increase of the repulsive polaron spectral width is detected upon increasing x. (b) Repulsive polaron
Rabi oscillations at 1/(κF a) ' 1 for x ' 0.05 (yellow circles) and x ' 0.31 (red squares). Solid lines are the damped sinusoidal
fits, while error bars denote the s.e.m. of experimental data.
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Polaron-polaron interactions
While a detailed characterization of the decoherence rates of the polaronic branches is beyond the scope of this work, a
closer look to both the spectral widths and Rabi oscillation damping rates provides additional important information
associated with possible polaron-polaron interaction effects. If quasiparticle effective interactions played a significant
role in our system, they would appear as an additional source of decoherence and broadening, which should increase
for increasing impurity concentration [18]. In Fig. S6 we show that the repulsive polaron spectral width does not
exhibit any appreciable dependence upon x, although ∆+ increases while decreasing x and the spectral gap between the
attractive and repulsive polaron consequently increases. This trend is not limited to a specific κF a value, but is generic
for all interaction regimes we explored. Similarly, neither the damping rate nor the frequency of Rabi oscillations
present a detectable dependence on concentration. As an example, in Fig. S6 we compare data for the repulsive
polaron branch at κF a ' 1 for x ' 0.05 and 0.31, which overlap within the experimental uncertainty. We therefore
conclude that quasiparticle interaction effects are either below the experimental resolution of our spectroscopic studies.

