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Understanding the behavior of an impurity strongly interacting with a Fermi sea is a long-standing
challenge in many-body physics. When the interactions are short ranged, two vastly different ground states
exist: a polaron quasiparticle and a molecule dressed by the majority atoms. In the single-impurity limit, it
is predicted that at a critical interaction strength, a first-order transition occurs between these two states.
Experiments, however, are always conducted in the finite temperature and impurity density regime. The
fate of the polaron-to-molecule transition under these conditions, where the statistics of quantum impurities
and thermal effects become relevant, is still unknown. Here, we address this question experimentally and
theoretically. Our experiments are performed with a spin-imbalanced ultracold Fermi gas with tunable
interactions. Utilizing a novel Raman spectroscopy combined with a high-sensitivity fluorescence
detection technique, we isolate the quasiparticle contribution and extract the polaron energy, spectral
weight, and the contact parameter. As the interaction strength is increased, we observe a continuous
variation of all observables, in particular a smooth reduction of the quasiparticle weight as it goes to zero
beyond the transition point. Our observation is in good agreement with a theoretical model where polaron
and molecule quasiparticle states are thermally occupied according to their quantum statistics. At the
experimental conditions, polaron states are hence populated even at interactions where the molecule is the
ground state and vice versa. The emerging physical picture is thus that of a smooth transition between
polarons and molecules and a coexistence of both in the region around the expected transition. Our findings
establish Raman spectroscopy as a powerful experimental tool for probing the physics of mobile quantum
impurities and shed new light on the competition between emerging fermionic and bosonic quasiparticles in

non-Fermi-liquid phases.

DOI: 10.1103/PhysRevX.10.041019

I. INTRODUCTION

In order to understand the motion of an electron through
an ionic lattice, Landau suggested treating the electron and
the phonons that accompany its movement as a new
quasiparticle named ‘“polaron” [1]. The concept of the
polaron was later found to be applicable in many other
systems, including semiconductors [2], high-temperature
superconductors [3], alkali halide insulators [4], and
transition metal oxides [5]. In such systems, polarons
appear as weakly or strongly coupled quasiparticles that
are classified as large or small, depending on the size of

*yoavsagi@technion.ac.il

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOL.

2160-3308/20/10(4)/041019(20)

041019-1

Subject Areas: Atomic and Molecular Physics

the distortion they generate in the underlying crystalline
structure of the material [6]. Understanding the properties
of polarons coupled to a bosonic bath is still an ongoing
effort in areas ranging from solid-state physics [7,8] and
ultracold atoms [9-11] to quantum chemistry [12].

The concept of polarons also becomes a powerful tool
for our understanding of the properties of quantum impu-
rities interacting with a fermionic environment. In this
context, applications range from ions in liquid *He [13] and
mixtures of cold atomic gases [14] to excitons interacting
with electrons in atomically thin semiconductors [15-17].
Strikingly, in fermionic systems an infinite number of low-
energy excitations leads to the Anderson orthogonality
catastrophe for immobile impurities and a complete loss of
quasiparticle behavior [18]. In contrast, for mobile impu-
rities, the energy cost related to the impurity recoil
stabilizes the formation of Fermi polarons with well-
defined quasiparticle properties [19].

One of the simplest scenarios in which Fermi polarons
naturally emerge is in ultracold gases, where a small
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number of (mobile) spin impurities can be immersed in a
system of free fermions of the opposite spin. Such ultra-
cold, spin-imbalanced systems are ideally suited to explore
polaron physics [14,20,21] owing to their extremely long
spin-relaxation times and tunability of the s-wave scatter-
ing length a between the impurity and the majority atoms
via Feshbach resonances [22].

Initial experiments with spin-imbalanced Fermi gases in
harmonic confinement revealed phase separation into three
regions at unitary interactions (a — o0). It was observed
that phases arrange according to the varying local density,
with an inner core of a spin-balanced superfluid being
separated from a second shell of a partially polarized
normal gas, and a third shell of a fully polarized gas
[23-25]. It was Chevy who first pointed out [26] that the
radius between the outer and intermediate shells is related
to the solution of the Fermi polaron problem [27]. For weak
attractive interactions (a < 0), the ground state is a long-
lived quasiparticle dressed by the majority particles, form-
ing the attractive polaron. Beyond the Feshbach resonance,
at a > 0, it was found that a metastable polaronic state also
exists energetically far up in the excitation spectrum
[28-35]. This so-called repulsive polaron becomes, how-
ever, progressively unstable toward unitary interactions.

Fermi polarons have well-defined momenta with a
narrow dispersion relation that is described by a renormal-
ized effective mass [29,36]. The attractive polaron persists
as the ground state even as the interactions increase toward
unitarity. However, for still stronger interactions, the
system favors a molecular ground state dressed by the
majority fermions [27,37,38] [see Fig. 3(a)]. It was pre-
dicted that the energies of the polaron and molecular states
cross around (kpa);! &~ 0.9—with k; being the Fermi wave
vector of the majority—leading to a sharp, first-order
transition between the two ground states [27,29,37-40].
Contrasting claims for a smooth crossover were also put
forward [41-44].

The Fermi polaron problem represents the limiting case of
a spin-imbalanced Fermi gas. Therefore, the nature of the
polaron-to-molecule transition has profound theoretical
implications for the phase diagram of the spin-imbalanced
BEC-BCS crossover [38,45-48]. While at zero temperature,
the polaron-to-molecule transition was predicted to be
preempted by phase separation between the superfluid and
the normal phases [49], at finite temperature, increased
thermal fluctuations are expected to suppress the superfluid
and restore the polaron-to-molecule transition. Experi-
mentally, the Fermi polaron was initially studied by radio
frequency (rf) spectroscopy, where the attractive polaron was
identified by a narrow peak appearing exclusively in the
minority spectrum [50]. The spectral weight of this peak was
interpreted as the quasiparticle residue (or weight) Z, which
quantifies how similar the polaron remains to the non-
interacting impurity particle. Accordingly, it is determined
by the overlap between the polaron wave function and its

noninteracting impurity state. When Z is zero, the quasipar-
ticle description is no longer valid. In the experiment, Z was
observed to continuously decrease and vanish above a certain
interaction strength in contrast to theoretical predictions
based on the Chevy Ansatz wave function [38].

A different approach to measure Z was employed in
Ref. [31]. Here, Z was determined from coherent oscil-
lations between the polaron and a noninteracting impurity
state. In this approach, the coherent oscillations address the
polaronic state even when the attractive polaron is an
excited state above the molecular ground state. This made it
possible to measure the weight Z across the full polaron-to-
molecule transition, and it was found that Z indeed does not
vanish beyond (kpa);'. Further properties of attractive and
repulsive Fermi polarons were also determined, including
their effective mass [51,52], energy [31,32,50,52], thermo-
dynamics [53], equation of state [54], and formation
dynamics [55]. However, despite these tremendous efforts,
the fate of the polaron-to-molecule transition at realistic
conditions, namely finite temperature and impurity con-
centration, remains unknown. Importantly, the key question
of whether the first-order polaron-to-molecule transition
prevails at finite impurity density, and separates sharply a
phase of polarons from a gas of dressed molecular
quasiparticles, is still open.

In this work, we address this question both theoretically
and experimentally. Our experiments are performed with a
spin-imbalanced, ultracold Fermi gas in the BEC-BCS
crossover regime [22,46]. To gain detailed insight into the
behavior of the quasiparticles, we employ a novel spectro-
scopic method based on a two-photon Raman transition.
Raman spectroscopy allows us to clearly identify the
coherent response of the polarons, and determine some
of its key properties, including its energy and spectral
weight. We compare our results with a theoretical model
that takes into account the thermal occupation of polarons
and molecules at finite momenta. Both our theoretical
model and the measurements consistently show that a finite
impurity concentration and temperature have a striking
effect on the transition: they smooth it and lead to a regime
where polarons and molecules coexist.

After describing the experimental setup in Sec. II, we
briefly introduce our theoretical model in Sec. Il and
present the calculated Raman spectra. Based on this, in
Sec. IV we develop a fitting routine for the experimental
spectra which allows us to extract physical quantities, such
as the polaron energy, the quasiparticle spectral weight, and
the contact parameter. The experimental results are pre-
sented and discussed in Sec. V, while in Sec. VI we give a
detailed theoretical derivation of our model. In particular,
we show how the quantities accessible in the experiment
are computed. Finally, in Sec. VII, we summarize our
results, discuss their implications for the many-body
physics of cold Fermi gases, and outline directions for
future work.
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II. EXPERIMENTS

The experiments are performed with a harmonically
trapped ultracold gas of “°K atoms. The system is initially
prepared in an incoherent mixture of the two lowest
Zeeman states denoted by |1) and |2) (see Fig. 1), with
the majority of atoms being in state |1). The cooling
sequence is similar to the one described in Ref. [56], here
modified to produce a spin-polarized ensemble of
~100000 atoms in the state |1) at a temperature of
T ~ 02T, where Ty is the Fermi temperature. This is
achieved by terminating the evaporation cooling at a
magnetic field of 201.75 G, below the Feshbach resonance
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FIG. 1. Experimental setup. (a) Level diagram of the relevant
states in “°K. The majority of atoms occupy state |1) =
|F =9/2,mp =—9/2) in the 4°S;/, manifold, and their inter-
action with the minority atoms in state [2) =|F =9/2,
myp = —7/2) can be tuned in the vicinity of the Feshbach
resonance at B ~ 202.14 G [56]. The counterpropagating Raman
beams (wiggly blue lines) are pulsed for 500 us and couple atoms
in state |[2) to state [3) = |F =9/2,mp = —5/2), which is
initially unoccupied. Afterward, we detect the number of atoms
in state |3) [56]. The single-photon Raman detuning is A =
—27 x 54.78(8) GHz relative to the D, transition. (b) 3D sketch
of the beam configuration in the experiment. Two Raman beams
with orthogonal polarization (blue lines with arrowheads) overlap
the atomic cloud (yellow), which is being held in an elongated
crossed-beams optical dipole trap (red lines). The optical
trap oscillation frequencies are @,q, = 27 % 238(3) Hz and
Danial = 27 X 27(2) Hz, in the radial and axial directions, re-
spectively. The gravitational acceleration direction is —Z.

(B~ 202.14 G [56]), where three-body processes remove
all the atoms in state |2). The magnetic field is then ramped
adiabatically to the BCS side of the Feshbach resonance
(204.5 G), where the interaction between the states |1) and
|2), parametrized by the s-wave scattering length a, is
weak. To introduce the impurities, we use a short (few
microseconds) rf pulse that transfers a very small fraction of
the atoms from state |1) to |2). This is followed by a hold
time of 100 ms during which the two states fully decohere.
Finally, the magnetic field is ramped adiabatically to its
final value where we wait another 3.3 ms before pulsing the
Raman beams for 500 us.

The minority concentration x can be defined globally by
x = N;/N, with N; (N) being the total number of impurity
(bath) atoms, or alternatively by averaging over its local value
(x) in the harmonic trap (see the Appendix A). Since the local
density n;(r) depends on kra, (x) changes even when x is
kept constant. To ensure there are no systematic deviations in
the experiments due to this effect, we have repeated the
measurements twice: once keeping x at approximately 0.04,
which gives (x) ~ 0.23 at (kpa)~' = 0.85, and a second time
maintaining the same value of (x) by varying x. Since we did
not observe any significant difference between the two
datasets, in what follows we present their results together.

The main innovation in our experiments is the use of
Raman spectroscopy. In conventional tf spectroscopy, the
photon momentum is negligible, and the atomic momentum
is essentially unchanged in the transition. As a result, the
transition probability depends only weakly on the atom
velocity and the maximal signal is attained for atoms that
are not at rest. In particular, at finite impurity density,
the measured peak depends on temperature [11] (see
Appendix B). In contrast, in a Raman process, the momen-
tum change is significant compared to the atomic momen-
tum, and consequently, the transition rate depends on the
atomic velocity. As we show further below, the Raman
spectrum reflects the projection of the polaron momentum
distribution along the two-photon Raman wave vector which,
due to the symmetry of the resulting spectrum, allows us to
uniquely identify the coherent contribution of the polarons.

As illustrated in Fig. 1, in our setup two Raman beams
couple atoms in the minority state |2) to a third state |3),
which is initially unoccupied. The beam parameters are the
same as described in Ref. [57]. We denote their frequencies
by @, and w, and their wave vectors by k; and k,. The
measurement is performed by recording the number of
atoms transferred to the state |3) versus the two-photon
detuning, w = w; — w, — Ey/h, where E; is the bare
transition energy between states |2) and |3). To achieve
the utmost sensitivity, we measure the atoms using a high-
sensitivity fluorescence detection scheme we recently
developed [56,57].

In Fig. 2 we depict three representative experimental
datasets taken on the BCS side [(kra)~! = —0.66, blue
circles], unitarity [(kya)~' = —0.06, red squares], and on
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FIG. 2. Raman spectra of an imbalanced Fermi gas in the BEC-
BCS crossover. The Raman transition probes the minority atoms,
which represent around 4% of the whole cloud. The data are fit
with the function given in Eq. (6) (solid lines). The dark shaded
area under the graph is the combined contribution from molecules
and the incoherent part of the polaron wave function,
Pyg(0; Tg, E;), while the light shaded area is the coherent

polaron contribution, P, (@;7T), ,e? . m*). We extract the po-

pol ’

laron energy €., from the peak position (dotted vertical lines),

pol
shifted by the recoil energy due to the finite Raman momentum
transfer of g~ 1.9k;. The second and third graphs from the
bottom are vertically shifted for clarity by 0.1 and 0.3, respec-
tively. In the inset, we depict the data at (kpa)~! = 0.75
multiplied by @*/? to demonstrate the power-law scaling of
the high-frequency tail. Each point is an average of three
experiments, and the area below each curve is normalized to
unity. Since the measurement is done up to some maximal
frequency, to properly normalize the data we must account for the
missing spectral weight in the unmeasured tail. This is done by
adding to the normalization the integral of w=/? up to an energy
cutoff of #2/mrj, where ry ~ 181a is the effective range of the
interparticle potential [22].

the BEC side [(kpa)~! =0.75, black triangles]. The
spectrum is symmetric on the BCS side, but becomes
asymmetric toward unitarity with a tail at high frequencies
that grows to be the dominant spectral feature on the BEC
side. As we will see below, the symmetric part of the
spectrum is associated with the coherent response of
polarons, while the asymmetric contribution is due to
the polaron incoherent part as well as molecules. The
peaked response of the quasiparticles arises since for the
coherent contribution of the polarons the Raman transition
rate is proportional to the one-dimensional momentum
distribution, which is symmetric at equilibrium (k - —k
invariant, neglecting effective mass variation). Molecules,
on the other hand, are dissociated by the Raman process.
Similar to the incoherent contribution from polarons, this
opens another degree of freedom, namely the relative
motions of the two atoms, which gives rise to the

asymmetric energy tail in the Raman spectra. As can be
seen in the inset of Fig. 2, this tail features a power-law
scaling of w™3/? at large w, as expected from the Tan
contact relations [46,58,59].

III. FERMI POLARON MODEL

In order to analyze the experimentally measured Raman
spectra in terms of the physics of polarons and molecules,
we consider the Hamiltonian H describing a system of
fermionic impurities immersed in a homogeneous fer-
mionic bath,

H= Zepc;cp + Zspd
) )

p+ Zcp+q p p/—q -
Vira

(1)
Here V is the system volume, and the operators C:; and d:;
denote fermionic creation operators of bath (|1)) and
impurity (|2)) particles, respectively (see Fig. 1). Both
species have the same mass m and their free-dispersion
relation s given by ¢, = p?/2m (unless indicated otherwise,

we work in units of 7 = k, = 1). The interaction between
impurity and bath particles is modeled by the contact
interaction in the last term of Eq. (1), which is an excellent
approximation for open-channel dominated Feshbach reso-
nances as employed in our experiment [22]. Its strength U is
related to the s-wave scattering length a by the Lippmann-
Schwinger equation U™' = m/4zxa — V=13, 1/2¢,.
Polarons and molecules.—The physics of polarons and
molecules can be qualitatively understood in terms of two
sets of variational wave functions that approximate the
exact eigenstates of the Hamiltonian in Eq. (1). On the one
hand, the formation of polarons is well described by an
Ansatz that systematically expands the many-body wave
function in terms of particle-hole excitations of the Fermi
sea. It was found [27,39,60,61] that accounting only for a
single such excitation in form of the Chevy Ansatz [26,62],

wh) = aod”FsN )+ Z akq +q—kCIxcq|FSN> (2)

already yields a remarkably good approximation for the
attractive polaron at momentum p. Here, ag and aﬂyq are
variational parameters, and primed sums indicate that the
summation is taken over momenta fulfilling |k| > kr and
|q| < kp. The state |[FSy) denotes the zero temperature
Fermi sea of N majority particles (the Fermi wave vector kg
and energy e refer to the majority ensemble). Crucially,
the first term describes the so-called coherent part of the
polaron wave function. At low polaron momenta it deter-
mines the quasiparticle weight Z, = |af |2. It results in a
coherent quasiparticle peak in the spectroscopic measure-
ments, while the second term, describing the entanglement
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of the impurity with bath degrees of freedom, leads to an
incoherent background of asymmetric shape. Importantly,
while the polaron quasiparticle weight Z;, is finite for all
interactions, the polaron becomes an excited state beyond a
critical interaction strength. It is thus not occupied and
hence—at the polaron-to-molecule transition—a jump in
the spectral response is expected.

On the other hand, to lowest order, molecular states at
momentum p can be described by an Ansatz with varia-
tional parameters ﬂﬁ of the form [37,38,62]

M/ — /kikk+p N-1/-
lwhi) Prcydi, ,IFSy_1) (3)
k

Here, a fermion is removed from the Fermi surface and is
paired with the impurity particle. Both expressions in
Egs. (2) and (3) can be systematically improved in their
accuracy by entangling a larger number of particle-hole
excitations of the Fermi sea with the quantum impurity.
The minimization of the energy functional (y i H—
Ely® / ) With respect to the variational parameters allows
one to determine the renormalized dispersion relations
€pot(P) and €pe(p) of the polaron and the molecule,
respectively. The wave functions in Eqs. (2) and (3) predict
that the energies of the polaron and molecule cross at an
interaction strength (kpa)-' ~1.27 [see Fig. 3(a)]. The

(a) ’ —— ettt ()

Energy (er)

Interaction, (kpa)~!

FIG. 3.

deviation from the state-of-the-art prediction of (kpa);'~
0.90(4), obtained from diagrammatic Monte Carlo
(diagMC) calculations [27,39,63], is mostly due to the simple
approximation taken for the molecular Ansatz that neglects
particle-hole dressing of the molecular state [38].

Raman spectroscopy.—For a single impurity, the Raman
transition rate ['(@, i) = 27Q2A(w, i) is given by Fermi’s
golden rule as

Alw. i) =Y [(fIVeli)Polw - (E; = E)].  (4)
7

where A(w, i) denotes a Raman spectrum and Q, is the
effective Rabi frequency. Here, the impurity resides in an
initial state |i) that is characterized by a conserved
momentum p and may be either polaronic or molecular;
ie, i) = {|yh), vk} [such as, e.g., approximately given
by Egs. (2) and (3)]. The corresponding energies are
E; = {epol(p)v €mol (p)}, respectively.

The operator V=3 ( f;f, +qdy, +H.c.) describes the
transition with relative two-photon momentum q = k, —
k, from an interacting impurity state (|2) in the experiment)
at momentum p, to a hyperfine state (created by fli;
state |3) in the experiment) that is decoupled from the
fermionic environment and governed by the Hamiltonian

(b) ’ [ — Acoh [ — Ainc — Amol
T T T T T T T T T T T T T T T

302 (1) (kra)™' =0.6 |
<

E

< - i
)

2,01

= @) (kra)™' =12
g i 1
=

7] - |
z

=R G)) (kra)™' =1.6

0 I I I
0 10 20 30 40

Raman two-photon detuning, w (ep/h)

Theoretical Raman spectra and quasiparticle energies. (a) Quasiparticle energies of different polaron and molecule states. The

solid lines display the energy of the molecule (red) and the attractive (blue) and the repulsive (black) polaron at zero momentum as a
function of the interaction strength, calculated from the variational states in Egs. (2) and (3). The crossing of the polaron and molecule
energies at (kpa);! ~ 1.27 results in a first-order transition from a polaronic to a molecular ground state. The blue circles show the peak
position of the coherent part of the Raman spectrum. The comparison with the solid blue line makes it evident that the zero-momentum
polaron energy can reliably be extracted using this approach. For the excited polaron and molecular states, the energy minimum does not
always appear at zero momentum. We show the corresponding lowest energies of the attractive polaron and the molecule at finite
momentum as dashed lines. Since the energies are almost degenerate, we indicate the interaction strengths at which the energy minimum
switches to finite momentum by a diamond symbol. The inset shows the difference between the zero-momentum energy and the minimal
energy for both polaron (blue) and molecule (red) branches. (b) Many-body Raman spectra of the imbalanced Fermi gas for three
interaction strengths, calculated from an occupation average for fixed impurity concentration N; = 0.15N and temperature 7 = 0.2T .
The blue-, red-, and gray-shaded regions represent the coherent and incoherent polaronic contributions from Eq. (2) as well as the
molecular contributions from Eq. (3), respectively. The coherent part yields an almost symmetric line shape that is peaked at the polaron
energy shifted by the constant Raman two-photon recoil energy (vertical dotted line), while the incoherent and molecular parts lead to an
asymmetric continuum. For clarity, the second and third graphs from the bottom are shifted by 0.04 and 0.1, respectively.
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He=2>, sp(cz;cp —I—f;fp). The final states |f) of energy
E, are thus given by noninteracting continuum states such as

fLIESy) or f;clT(cq|FSN).

In experiments, the number of impurities N; = n;V is
finite. Treating this case theoretically simplifies at suffi-
ciently low impurity concentration, where one may assume
that impurities occupy polaronic and molecular eigenstates
of the form of Egs. (2) and (3), respectively. Importantly,
this allows polaron states to be occupied at finite momen-
tum even in the regime where the molecule is the ground
state, and vice versa, for the molecule before the polaron-
to-molecule transition (for a detailed discussion, see
Sec. VI). Each of these occupied states contributes to
the total normalized Raman signal which is thus obtained
by averaging over occupation numbers of polarons and
molecules with associated Fermi and Bose distribution
functions:

A(@) = 33 Apalo0. D) - e lepa ()
P
+ NLI ZAmol(a}’ p) *Np [emol(p)]' (5)

Here, A, (w.p) = A(w,i = |y})) and analogously for
Apor(w,p). Similar to the single-impurity case, the full
many-impurity Raman signal is connected to the Raman
rate by T'(w, i) = 22Q2N, A(w, i).

Model prediction.—Theoretical Raman spectra based on
wave functions Eqgs. (2) and (3) are shown in Fig. 3(b) for
three interaction strengths before and after the polaron-to-
molecule transition. Overall, the calculated spectra are
qualitatively very similar to the measured ones shown in
Fig. 2. Each spectrum is composed of a polaronic and a
molecular contribution. As can be seen, the polaronic
contribution is separated into a coherent (blue shading)
and an incoherent part (black shading). The former arises
from the coherent part of the polaron wave function
proportional to |af|?, and thus gives access to the quasi-
particle weight Z, of polarons. The incoherent polaron
contribution, in turn, is due to the second term in Eq. (2),
leading to a highly asymmetric line shape. The molecular
contribution features a similar asymmetric line shape as
Raman transitions dissociate molecules into relative
momentum states described by the variational parameters

" in Eq. (3). Both the incoherent polaron and molecular
contributions involve superposition states at large momenta
(and thus probing short-distance physics); hence, their
spectra feature the characteristic high-frequency ~w™3/?
tails which were experimentally observed.

Our calculations show that Raman spectroscopy pro-
vides a tool for a clear dissection of the polaron state. This
is due to the fact that—in contrast to rf spectroscopy—there
is a qualitative difference between an almost symmetric

response arising from the coherent polaron contribution
[blue shading in Fig. 3(b)] and a combined asymmetric
response stemming from the incoherent part of the polaron
wave function and from molecules (black and red shading,
respectively). It is this clear distinction between the
coherent and incoherent or molecular response that enables
us to experimentally extract polaron quasiparticle proper-
ties with high detail using Raman spectroscopy.

IV. QUANTITATIVE ANALYSIS OF
EXPERIMENTAL RAMAN SPECTRA

In order to quantitatively analyze the experimental data,
we devise a fit model for the line shape of the Raman
transition amplitude. Here we make use of the fact that,
although the theoretical spectra are approximations, they
reveal general characteristics of the response, namely that it
is composed of two main contributions.

(1) Coherent polaron peak P, (®): a roughly symmetric
peak due to the coherent part of the polaron. It contains
information about quasiparticle properties such as
the polaron energy €, the spectral weight Z, and
the effective mass m*. In particular, we find that the
coherent part spectrum is proportional to the polaronic
momentum distribution, and its peak position gives the
polaron energy at zero momentum egol [plus the recoil

energy from the two-photon Raman transition, see
Eq. (17) below]. This correspondence emerges from
the finite transferred photon momentum and thus is not
affected by thermal shifts as observed in rf measure-
ments [11] (see Appendix B). This is evident from the
theoretical analysis in Fig. 3(a), where a comparison
between the calculated polaron energy (solid blue)
and the extracted peak position of the coherent Raman
response (blue circles) is shown.

(2) Background signal Py, (w): an asymmetric line
shape extending to high frequencies that contains
the combined response arising from the incoherent
part of the polaron, as well as from molecules that
are dissociated by the Raman lasers. In a wave
function picture, the former corresponds to contri-
butions as given by the second term in Eq. (2). We
find that up to a rescaling by a factor, the shapes of
the background spectra from polarons and molecules
are similar.

Based on this identification, we are able to develop a fit
model for the transition probability that is largely model
independent and reflects the line shape of the coherent and
background signals:

P(a)) = ZPcoh(a); Tpa egol’ m*) + (1 - Z)Pbg<w; Tbngb)'
(6)

Here, both contributions P, and Py, are normalized to
unity. The “many-body polaron weight” Z quantifies the

041019-6



OBSERVATION OF A SMOOTH POLARON-MOLECULE ...

PHYS. REV. X 10, 041019 (2020)

weight of the coherent polaron peak for a system with a
finite density of impurities. In the limit 7', x — 0, it reduces
to the polaron quasiparticle residue Z for interactions where
the polaron is the ground state. Next, we determine suitable
shape functions for Py, and Py,.

Raman coherent polaron peak.—The Raman spectrum
of a single polaron can be expressed as

Apol(w’ k) = ZACOh(w7 k) + (1 - Z)Ainc(wv k)’ (7)

where the coherent part can be approximated at low
momenta as

Acoh (a), k) = 5[60 — €kiq + epol(k)]’ (8)

Z is approximated as a momentum-independent quasipar-
ticle weight, and the dispersion €, (k) = egol +Kk2/2m* is
parametrized by an effective mass m* and the polaron
energy egol. The function P, accounts only for the Raman

response arising from A, (w) with m*, egol,
temperature 7', being fit parameters. As described below,
the incoherent response arising from 4;,. will be attributed
to P bg*

Within this model it is useful to recognize that the total
number of impurities can be interpreted as a sum of
impurities contributing to the coherent response Ny, as
well as impurities in the incoherent polaron part N;,. and
molecules N,

and a polaron

NI:Ncoh+(Ninc+Nmol)' (9)

The left-hand side, N;, is responsible for the full signal
P(w), while N, = ZN, yields the contribution ZP,, in
Eq. (6). The sum (N, + Npot) = (1 — Z)N, in turn, gives
(1- Z)Pbg. Moreover, the number of polarons is given by
Npot = Neoh + Nine With Ny = ZN,1. Thus, within a
model with momentum-independent quasiparticle weight
Z = Zy_, one has Z = ZN,, /N,

The coherent part of the polaron Raman spectrum A, is
related to the coherent contribution of the full, many-
impurity Raman response I'(w) = Teop(@) + Dy (@) by
[64,65]

fcoh(w) = Z”Q%ZAcoh(w’ k) : nF[ep()l(k)? Tp]’ (10)

such that [ dwl o (@) = 22Q2N op.

Since the concentration of impurities is finite, polarons
can be found at nonzero momenta [29,66]. As Eq. (8)
shows, a polaron with a momentum k gives a coherent
contribution to the Raman signal if €, (k) = &, 4 — @,
which can be solved for k;(w) =k -q. In particular, if
m* = m, this yields a linear relation between @ and kj;.
Otherwise, the solution has a weak dependence on

(1 —m/m*) and k7 = k> — k. However, this dependence
is only noticeable for k; close to kr, and when the effective

mass is substantially larger than the bare mass (see
Appendix E). Neglecting this small effect, we obtain

kq(w) =

q
(@+ ) — 3. (11)

S

where g = |q.

Evaluation of Eq. (10) shows that the coherent polaron
Raman rate is proportional to the one-dimensional momen-
tum distribution of polarons in the direction of q,
Ceon(@) = 22mQ2IN unplkz()]/g. In the local density
approximation (LDA) this distribution is given by (for
details see Appendix C)

5/2 -3/2
o =) 7 (cgpetim)
— = — — —_ q P,
"plta\@ rxZkgepm/m* Is/2\Tepe

(12)

Here x is the global impurity concentration, Lis/, is the

polylogarithm function, and ¢p = e SGa/To i the fugac-
ity of polarons. The chemical potential y is tuned so that
Eq. (10) is normalized to the number of polarons that
contribute to the coherent part of the response.

As a final step, in order to obtain the probability P, the
response I, has to be normalized to unity. We arrive at

m
Peon(@: T, g1 1) = gnp[kq(w)]- (13)

Background Raman signal.—We find that the experi-
mental spectral line shape arising from the incoherent
polaron part and the molecules are fit well by the response
of a thermal gas of molecules (see Appendix E). Indeed,
this model covers well the overall spectral weight of the
background and allows us to incorporate the ~w~/? tail.

The fit function Py, (w) is derived by considering a pair
of atoms bound as a molecule with a binding energy £, and
a center-of-mass momentum k., The Raman process
dissociates the pair and changes the center-of-mass
momentum to k. , + q. In addition, the unbound fermions
acquire a relative momentum ko = |K|. Energy conser-
vation yields

_2 —_
q ch.m.,q
krzelzma)—mEb—Z— o

(14)

where ke 5 =Ko, - ﬁ

The probability F(k,,) that a pair will be dissociated
with a relative momentum Kk, is determined by its relative
envelope wave function, resulting in [67]
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72 mk,
F (krel) = (15)
<mEb + kr2e1 + krel,qq + 52/4>
For k_  we assume a thermal Boltzmann distribution at

temperature 7', G(kc'm',Tbg):(4anbg)‘3/2e‘kg-m-/“meg,
which allows us to derive an analytical fit model. The

combined probability to find a pair with an initial k ,, - and

final k_, is then given by the product of " and G. To obtain
the Raman transition probability as a function of frequency,

we change variables from (k. ,, -. k) to (k ®) using

Eq. (14). Finally, integration over the angle ﬁrel -q and
kc.m.,q yields the normalized Raman transition probability
for the background signal (for details, see Appendix D),

cm.,g’

Pbg<w;Tbg’

2F 2md/q
= |52 / dk
T Tbg %

where @ = w — E, — (g*/4m). This integral does not have
an analytic solution, but it can be readily calculated
numerically.

Note that in this fit model, Ty, and E, are effective
temperatures and binding energies. Since Py, also describes
the incoherent polaron contribution, £, can be interpreted
as the molecular binding energy —e,.; only in the limit of
large (kpa)~'. The effective temperature Ty, compensates
for the absence of Pauli blocking in the molecular model,
and therefore should not be interpreted as the physical
temperature of molecules.

E,)

~ ~ =KX . /AmT,,
2m, [2mi—k, , oge ema T e

M IAME, G +(§° 4k, g7 —2m)*’
(16)

V. EXPERIMENTAL RESULTS

The peak of the coherent polaron spectrum, as given in
Eq. (13),is at k; = 0. According to Eq. (11), this maximum
is attained for

=2

g zzc]—m—egol. (17)
For interactions below the transition point, the most
significant contribution to the spectral peak stems from
the coherent part of polarons. Thus, from @, we can
determine the polaron energy egol. We find the peak
position (dotted vertical lines in Fig. 2) by fitting the
points above the median with a skewed Gaussian [68]. The
resulting polaron energies are plotted in Fig. 4 (blue
circles). We compare the data and find excellent agreement
with the predictions of our theoretical model (dashed line),
which in turn are close to diagMC and T-matrix calcu-
lations [20,27,36,38,39]. Beyond (kpa)~! = 0.9 the weight

0 T T | T T | T | T T T
[ -g-n.535 0ol |
L -3 § s —Ey ||
& 72
> =
o0
=
g =
€5 L Polaron temperature, T, (Tr)
T | T T T T | T T T T |
4+
= z 3
Ro-r2 oy g
TR TN T N RO Y N M
TN T S T Y Y T S Sy |
-0.5 0 0.5

Interaction, (kpa)~*

FIG. 4. Measured polaron and pairs binding energies. The
polaron energies egol (blue circles) are obtained using Eq. (17)
from the position of the spectral peak w,. The theoretical
prediction obtained from the variational Ansatz Eq. (2) is shown
as a dashed blue line. The E, parameter (red squares) is
determined by fitting the Raman spectra with Eq. (6). For
(kpa)™' > 0.5, it is in good agreement with the energy obtained
from the simple molecular Ansatz Eq. (3) (solid red line). The
dotted red line shows the result of an improved molecular Ansatz
[38]. Note that the theoretical polaron and molecule energies are
averaged over the harmonic trap (see Appendix A), and as a
result, they cross at a (kpa)~! slightly lower than the predicted
polaron-to-molecule transition in a homogeneous gas. Inset:
extracted polaron temperatures. The approximate majority tem-
perature is denoted by the dashed line.

of the coherent peak is small. Thus we restrain the fit in this
regime by using the value for egol obtained from the Chevy

Ansatz.

Next, we extract the polaron weight Z by fitting the
measured spectra with Eq. (6). The effective temperature
parameter Ty, controls the sharpness of the background
spectrum onset. We fix Ty, = 27 x, which yields a minimal
systematic error in extracting Z (see Appendix E). The
polaron effective mass m* is strongly coupled to the
polaron temperature. To make the fit robust, we set m*
to the trap-averaged theoretical value at k — 0, calculated
from Eq. (2). We find that the effective mass modifies the
extracted polaron weight and molecular binding energy
only marginally. In fact, setting m* to the bare mass leads to
amaximal deviation of less than 0.4¢. We are left with three
free fitting parameters: Z, E,, and TI,.

Examples of fits are shown in Fig. 2 (solid lines).
Overall, we find excellent agreement between the fits
and the measured spectra throughout the whole interaction
range. The light and dark shaded areas beneath the curves
are the spectral contributions of the coherent part of the
polaron and the background, respectively. The BCS-side
data (blue circles) are dominated by a nearly symmetric
quasiparticle peak with Z = 0.91(3), while the BEC-side
data (black triangles) are dominated by the asymmetric pair
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FIG. 5. Measured quasiparticle weight. The quasiparticle

weight Z is shown for different interaction strengths. Blue circles
mark the weight extracted from the Raman spectra by identifying
the nearly symmetric spectral line shape arising from the coherent
polaron contribution. Z is smoothly decreasing toward the
polaron-molecule transition, in agreement with our theoretical
prediction, averaged over the harmonic trap using the LDA (solid
line). For comparison, we also present the trap-averaged pre-
diction for a single impurity at 7 = 0 (dotted line) obtained
from Ref. [38].

dissociation spectra leading to a small coherent weight
Z = 0.18(2). The unitary data (red squares) show both the
symmetric peak and an asymmetric tail. The quasiparticle
weight is Z = 0.58(3), close to the value of 0.47(5) which
was measured for °Li atoms with rf spectroscopy [50].

The coherent polaron spectral weight Z extracted from
the fits is shown in Fig. 5. It approaches unity on the far
BCS side, as expected. For increasing (kpa)~!, we observe
a smooth decrease of Z. We compare the result to the
calculation of our theoretical model in the LDA (solid line)
and find good agreement for (kpa)~' > 0.4. Indeed, as
shown in Sec. VI, it is essential to account for the
coexistence of polarons and molecules. To demonstrate
the crucial role of the finite impurity density and temper-
ature, we also plot in Fig. 5 the prediction for a single
impurity at zero temperature in the LDA (dotted line). Our
data clearly disagree with this result and, in particular, do
not exhibit a sudden change at the polaron-to-molecule
transition as predicted in the single polaron limit.

The polaron temperature parameter 7', is shown in the
inset of Fig. 4. We find T, to be around 0.25T f, slightly
higher than the measured majority temperature of approx-
imately 0.27; (marked by a dashed line). A moderate
systematic decrease of the extracted temperature is visible
as the interaction strength is increased. We attribute this
behavior to the reduction in the quasiparticle population
due to a lower quasiparticle lifetime at high momenta.

We now turn to examine the E;, parameter, which is
extracted from the background signal of the Raman spectra.
The results are presented as red squares in Fig. 4. We also

show the theoretical predictions obtained from the simple
variational Ansatz [Eq. (3)] in the LDA (solid red).
Including particle-hole dressing of the molecular state
[38] leads to a further lowering of the molecule energy
(dotted red line). Since in the far BEC limit, the molecules
dominate the Raman response, the parameter E,, regains its
physical interpretation as the molecular binding energy (up
to a contribution on the order of ey arising from the neglect
of the presence of a Fermi surface). In this region, we find
good agreement between the data and the theoretical
predictions.

Finally, we extract the Tan contact C from our exper-
imental data. The contact coefficient is related to the tail of
the momentum distribution of the quasiparticles and
measures the short-distance correlations between bath
and impurity particles [58,69—75]. Moreover, the contact
relates the high-momentum tail to various many-body
quantities, such as the thermodynamic pressure, and
quantifies the spectral weight in the universal w2 tail
of the Raman spectra [46,59].

Being related to the derivative of the ground state energy,
in the single-impurity limit at 7 = 0, C is expected to jump
at the polaron-to-molecule transition [38]. In our fitting
model, the tail appears in the spectral contribution of
incoherent polarons and molecules. Thus the contact is
related to the parameters of our model by [72,76]

20

15

10

Contact, C (2Nrkr)

-0.5 0 0.5 1
Interaction, (kra)~!

—_
ot

FIG. 6. Measured Tan contact. The contact coefficient C is
shown for different interaction strengths, obtained using Eq. (18)
with E,, and Z extracted from the Raman spectra. The theory for a
single impurity at zero temperature predicts a discontinuous
change in C at the polaron-to-molecule transition [38]. While this
discontinuity is smoothed when averaged for a harmonically
trapped gas using the LDA (dotted line), an abrupt change is
expected to remain. The data significantly deviate from this
prediction. Instead, they agree well with our calculation taking
into account the finite temperature and coexistence of polarons
and molecules (solid line); see Sec. VI. The two red squares
indicate data measured by the MIT group [11] using rf spec-
troscopy of a unitary, homogeneous °Li gas at T = 0.17T - (lower
point) and T = 0.29T - (upper point).
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C = 4n(1 = Z)\/E, ) 2¢r. (18)

Here C is given in units of 2N;kr such that the high-
frequency tail of the spectrum approaches P(w) —

C\/er/V2n*0? [77].

The results for C are shown as blue circles in Fig. 6. For
comparison, we plot the trap-averaged theoretical predic-
tion for the contact in both the single-impurity limit (dotted
line) and in the many-impurity case (solid line), as
discussed in the following section. The data are in excellent
agreement with the many-body model, and, in particular,
they do not show any sudden change as predicted in the
single-impurity limit. We also indicate the contact mea-
sured by the MIT group with a homogeneous °Li gas using
rf spectroscopy [11] (red squares), which agrees with our
measurements to within the experimental uncertainty.

VI. THEORETICAL RAMAN SPECTRA

As shown in the previous section, we find no exper-
imental evidence for a discontinuity in the extracted
observables. We now demonstrate that this observation is
consistent with a finite impurity density theory, which
inherently features a first-order transition in the single-
impurity limit. In fact, discontinuities predicted in this limit
are smoothed out by a finite impurity density. This effect
becomes further amplified at finite temperature.

In order to incorporate the finite impurity density and
temperature in the calculation of Raman spectra, we adopt
an effective quasiparticle approach. In this model, quasi-
particle states—obtained in the single-impurity limit—are
occupied thermally according to their quantum statistics.
More precisely, we consider the polaron and molecule
states, given by Eqgs. (2) and (3), to be populated according
to the Fermi-Dirac and Bose-Einstein distributions
npp(e,T) = {exp[(e —pu)/T) £1}7", respectively. Here,
u denotes the chemical potential which determines the
impurity density at temperature 7 via

w0 T) =5 S nelepa(P). T+ nslena (). 1) (19)

Note that the impurity temperature and chemical potential y
are set independently of the bath. Specifically, for all
calculations in this section, u is tuned to yield an impurity
density of n; =0.15n at a finite impurity temperature
T =02Tp [78].

In Fig. 7, the polaron contribution to the total impurity
density in the initial state is shown as a function of the
interaction strength (kra)~'. Evidently, in the single-
impurity limit at zero temperature (blue circles) the system
undergoes a sharp transition from a purely polaronic to a
purely molecular state at (kpa)~' = 1.27.

Still at zero temperature but at finite impurity density
(red squares), the system is purely polaronic up to

(kpa)™' ~ 1.1. At this interaction strength the chemical
potential reaches the minimum of the molecular dispersion
and, henceforth, it remains pinned to that value [for an
illustration of this effect, we show in the inset of Fig. 7 the
dispersion relations of polarons (blue line) and molecules
(red line) as well as the impurity chemical potential u
(black); for a more detailed discussion, see Appendix F].
Accordingly, for 1.1 < (kpa)~' < 1.27 molecules begin to
condense in the lowest-lying molecular state while the
polaron Fermi surface shrinks and eventually vanishes at
the polaron-to-molecule transition. In this range of (kya)~!,
polarons and molecules coexist, even at 7 = 0. Beyond the
transition, the system forms a molecular condensate within
the bath of the remaining majority atoms.

Finally, at finite temperature (black triangles) polarons
and molecules coexist as a thermal mixture. This blurs the
transition and leads to a smooth interpolation between
polaron and molecule dominated regimes. Note that the
temperatures considered in this work exceed the critical
temperature for Bose-Einstein condensation of molecules,
which thus form a purely thermal gas.

0.5 [~

Polaron contribution
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FIG. 7. Calculated polaron contribution. Fraction of impurity
particles propagating as polarons as a function of interaction
strength (kpa)~'. The impurity particles which are not polaronic
are bound to a bath particle, thus forming a molecule. In the
single-impurity limit and 7 = O (blue), there is a sharp transition
between a polaron and a molecule at (kpa):' ~1.27. Finite
impurity density (0.15n, red) leads to smoothing of the transition
for (kpa)™' < (kpa)7'. When the temperature is increased
(0.2T, black), the polaronic branch is populated also for
(kpa)™' > (kga)7! and the sharp transition disappears. The inset
shows the polaron (blue line) and molecule (red line) dispersions
for n; =0.15n and (kga)™' = 0.6, along with the chemical
potential at 7 = 0 (dashed black line) and 7 = 0.2Tx (solid
black line). At T = 0.2T ., polarons and molecules are populated
only by thermal excitations, while at 7 = 0 the chemical potential
is above the minimum of the polaron dispersion such that a well-
defined polaronic Fermi surface forms.
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In our calculations, we only occupy quasiparticle states
with an infinite lifetime and finite quasiparticle weight.
This ensures that the initial state has an infinite lifetime as
expected for an equilibrium state, and also that the
quasiparticle picture remains valid. As a consequence,
we cut off the quasiparticle populations of the polaronic
and molecular states at momenta where they no longer
feature poles on the real frequency axis.

For the polaron, this momentum cutoff occurs when the
energy becomes positive or ]a8|2 vanishes. For the mol-
ecule, however, this cutoff occurs when the dispersion
intersects the continuum of states delimited by a parabola
of the form (|p| — kz)?. In fact, this condition causes the
slight dent in the polaron contribution at (kpa)™' ~ 0.4
visible in Fig. 7, as beyond that value molecules have a
well-defined dispersion for all momenta and thus do not
have a cutoff. Similarly, for the polaron its cutoff condition
changes at around (kza)~' 2 0.3. We note that in order to
accurately incorporate states with a finite lifetime or
continuum states, a solution of the full imbalanced problem
would be necessary.

As discussed in Sec. III, we compute the Raman spectra
given by Eq. (5) for finite impurity density and temperature
by summing the single-impurity Raman spectra over all
impurity momenta, weighted by their occupation proba-
bility. The single-impurity Raman spectra are obtained by
computing the matrix elements (f|Vy|i) in Eq. (4) for the
Ansdtze Eqs. (2) and (3). This yields

A(w, wh)
= |ag|*6[w — £p 4 + €pol(P)]

!
+ Z |ap o|*6l0 = €p 1 q4q-k — €k T q + €pol(P))]
k.q

(20)
for the polaron, and

Alw,yly)
= Z/|ﬂ£|25[0) — &k — &pkiq T Emat(P) + 6] (21)
k

for the molecule. These expressions make explicit the three
contributions that make up the many-body Raman spec-
trum as we have discussed in the previous sections, namely
a coherent and incoherent polaron part as well as a
molecular part. Note that our Raman spectra are normalized
such that they sum to unity once integrated over frequency
. As discussed in Sec. 11, in Fig. 3, we exemplarily show
many-body Raman spectra for three (kpa)~' across the
transition. In the following, we describe how such Raman
spectra give access to quasiparticle properties in the regime
of finite impurity concentration.

The polaron Z factor can be obtained from the self-
energy of the impurity via Z, = [1 = 0,X(@., )|y, |

—o—n1=0 _ 5 n;=0.15n —a— n1=0.15n
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FIG. 8. Calculated quasiparticle weight and contact. The

quasiparticle weight (a) and contact coefficient (b) are shown
for different interaction strengths. In the single-impurity limit
(blue), the transition between polaron and molecule at (kya)™' ~
1.27 leads to a sharp jump between the polaronic and molecular
residues and contacts. As in Fig. 7, at T = 0 and finite impurity
density (0.15n, red) the transition is smoothed, and eventually
blurred at finite impurity density and temperature (0.27 ., black).
The inset in (b) shows a magnification around the transition point.

where @, is a pole in the retarded Green’s function of
the quasiparticle at momentum p [79]. The momentum-
dependent weight Z, can, alternatively, be obtained from
the overlap of the noninteracting wave function with the
interacting one, Z, = |ap |? [80]. In the molecular state, the
impurity is bound to a bath particle, leading to a vanishing
Z factor in the thermodynamic limit [38].

Similar to the single-impurity quasiparticle residue, Z is
given by the spectral weight of the coherent part of the
Raman spectra (blue shaded area in Fig. 3). It can be
calculated from the single-impurity residues via

1
= FI Zp ‘np [epol (p)’ T]' (22)
P
As evident in Fig. 8(a), in the single-impurity limit Z
features a sharp jump at the polaron-to-molecule transition
where it drops to zero as the polaron is not populated
anymore. Importantly, in this limit Z reduces to the zero-

momentum polaron residue, Z = Z,, before the transition.
At finite impurity density and 7" = 0, this jump is smoothed
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with the many-body weight again dropping to zero at the
transition.

At finite temperature and density, the transition is com-
pletely blurred with Z being lowered on the polaronic side
compared to 7" = 0 and the single impurity limit. This is due
to the circumstance that, first, some impurity particles are
propagating as molecules with a vanishing residue and,
second, also finite-momentum polarons with a lower residue
Z, < Z, contribute to the many-body weight Z.

As shown in Fig. 5, the predicted smooth behavior of the
many-body weight Z is consistent with the experimental
observation. The overestimation of the theoretical values
for Z in the polaron-dominated interaction regime for
(kpa)™' <04 can be attributed to several reasons.
Firstly, the single-impurity polaron weight Z will be
reduced when higher-order terms are included in the wave
function Ansatz Eq. (2). Secondly, due to the neglect of
finite-lifetime molecular states, the polaron contribution in
the initial state is overestimated. Thirdly, the disregard of
finite-lifetime polarons leads to an effective population
transfer to low-momenta polaron states which, again,
results in a higher quasiparticle weight.

The large-frequency behavior of the single-impurity and
many-body Raman spectra is governed by a power law
proportional to the Tan contact C (see Sec. V). Based on the
single-impurity coefficients (Appendix G), the many-
impurity contact coefficient of the full many-body spectrum
is determined by

C = CpallP: €poi(P)] - 7 lep(P). T

+ Zcmol [p’ €mol (p)} *Np [emol(p)v T] (23)
P

The contact C is shown in Fig. 8(b) as a function of
(kpa)~' at finite impurity density for 7> 0 and T = 0,
along with the prediction in the single-impurity limit at
T = 0. As can be seen, these scenarios differ significantly
only around the polaron-to-molecule transition. While the
single-impurity limit features a discontinuity, already the
finite density graph at 7 = 0 shows a smooth transition
between the polaronic and molecular contacts. At finite
temperature this transition is further blurred. This is in line
with the experimental observation shown in Fig. 5, where
the measured data are compared to the trap-averaged,
theoretical prediction for C (solid black line).

VII. DISCUSSION

In this work, we have investigated the attractive Fermi
polaron problem at finite impurity density and temperature,
employing a novel Raman spectroscopy technique. The
main advantage of this approach compared to rf spectros-
copy is that the momentum transfer imparted by the two-
photon transition is significant relative to the atomic

momentum. As a result, Raman spectroscopy allows us
to directly probe the previously inaccessible momentum
distribution of polarons. In order to maintain a good signal-
to-noise ratio when working at a low impurity density, we
additionally employ a high-sensitivity fluorescence detec-
tion scheme with which we can reliably measure signals of
only a few atoms [56]. This allows us to probe the polaron-
to-molecule transition at finite impurity density in previ-
ously unattainable regimes.

To extract physical quantities from the data, we have
developed a simple fitting model that leverages the sepa-
ration of the Raman spectra into two contributions: the
nearly symmetric coherent polaron response and an asym-
metric background arising from the incoherent response of
polarons and from molecules. From the measured Raman
spectra we obtain the polaron energy, the quasiparticle
spectral weight, and the contact parameter.

In order to gain a better understanding of our measure-
ments, we have devised a theoretical model based on a
variational description of polarons and molecules that takes
into account finite impurity density and temperature. The
physical picture that arises from our experimental and
theoretical observations is intriguing: All measured quan-
tities show a smooth transition with no sudden changes
around the predicted polaron-to-molecule transition. As we
show theoretically, this is explained by the population of
polarons and molecules at finite momenta, resulting from
the finite impurity density and temperature. The excellent
agreement between the theoretical model and the exper-
imental data strongly suggests a coexistence phase of
polarons and molecules around the interaction strength
where the first-order transition in the single-impurity limit
takes place. We stress that this coexistence region and the
smooth transition from polarons to molecules is a general
characteristic of any realistic scenario where many impu-
rities are present.

To interpret our experimental data we have employed a
quasiparticle theory, in which the many-body Hilbert space
of impurity particles is spanned by single-particle states
obtained from variational wave functions. The approximate
nature of this approach is reflected by the fact that polarons
and molecules are effectively created by composite impu-
rity-bath operators that maintain their respective commu-
tation relations only approximately. Correspondingly, both
impurity-induced correlations between majority fermions,
as well as quasiparticle interactions (polaron-polaron,
polaron-molecule, and molecule-molecule), induced by
the Fermi sea, are neglected. The accurate inclusion of
such correlation effects, which could, for instance, describe
an instability of a Fermi polaron gas toward p-wave
superfluidity [81,82], presents a formidable theoretical
challenge. While the finite density of impurities can be
included in quantum field theory approaches, the system-
atic study of polaron-polaron interactions requires the
inclusion of extended sets of vertex functions [48,83,84]
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that are beyond the reach of mean-field approximations.
Similarly, the development of wave-function-based
approaches that systematically include a finite number of
impurities is challenging. Here, a major task is the inclusion
of higher-order particle-hole excitations that become cru-
cial not only in order to account for induced correlations,
but also to ensure that the polaron dressing of each
individual impurity is fully accounted for [85].

While the development of such approaches remains an
outstanding challenge, it holds promise to shed further light
on the nature of the phase diagram of highly imbalanced
quantum gases [47—49]. Our findings suggest that close to
the interaction where the polaron-to-molecule transition
takes place, polarons and molecules coexist when the
temperature is above the critical temperature of molecular
Bose-Einstein condensation. At lower temperatures, the
phase diagram is not yet understood and contrasting
predictions have been made. On the one hand, at zero
temperature, the polaron-to-molecule transition marks the
end point of a fermionic polaron phase, where its finite
Fermi surface volume vanishes and a polarized superfluid
phase consisting of molecules is expected to take over
[38,86]. On the other hand, considering the strong atom-
dimer interactions close to the transition point [87], it has
been predicted that the system might become unstable
toward phase separation between superfluid and normal
phases [49]. The application of Raman spectroscopy in an
imbalanced Fermi gas at lower temperature [88] and
homogeneous traps [89—92] might help to distinguish these
scenarios and allow one to experimentally determine, e.g.,
the transition temperature toward phase separation.

Furthermore, away from the transition point a plethora of
phases has been discussed in the literature, ranging from p-
wave pairing of polarons to the Fulde, Ferrell, Larkin and
Ovchinnikov (FFLO) phase [46,47,93,94]. Interestingly,
our results in the impurity limit already hint at some of
these possibilities. As shown in Fig. 3, we find that excited
molecules in the polaronic regime feature a dispersion
relation with a minimum at finite momentum (see also
Refs. [33,95] and a recent discussion in Ref. [44]). This
effect may be regarded as a precursor of the long-sought-
after FFLO phase in the imbalanced BEC-BCS crossover
[93,94,96-98], which emerges due to the macroscopic
occupation of such molecular states at finite momentum.
Intriguingly, our calculation of the momentum-resolved
spectral function of polarons shows that they as well feature
a rotonlike minimum at finite momentum in their excited
state. This raises the question of whether these finite-
momentum states can be prepared in a controlled way,
which could subsequently lead to the formation of a
metastable, nonequilibrium polaron gas with a nontrivial
Fermi surface topology [99,100].

One possible way to study these questions is the extension
of Raman spectroscopy to Raman injection spectroscopy.
Similar to rf injection spectroscopy [31,32,101,102], the

system is initially prepared in a weakly interacting state and
driven to a state where impurities strongly interact with their
environment. Thus, with Raman injection one can prepare
polarons at a specific momentum. This enables a direct
measurement of key polaron properties, such as the momen-
tum-dependent effective mass, residue, and lifetime. In
addition, Raman injection could potentially facilitate the
population and observation of the elusive finite-momentum
polaron and molecular states as precursors of exotic phases in
the BEC-BCS crossover. Moreover, Raman injection may
also provide a promising means to probe unoccupied
excitation branches of the spectral function [65]. Such
experiments could enable the controlled study of the
momentum relaxation rate of polarons, which is currently
investigated as a pathway for the realization of polaron-
polariton-induced optical gain in two-dimensional semi-
conductor heterostructures [103].

Finally, in cold atom experiments, both fermionic and
bosonic impurities can be implemented. This opens the
exciting perspective of studying the fate of the polaron-to-
molecule transition in highly imbalanced Bose-Fermi
mixtures. This question has recently become the focus
of experimental and theoretical studies of interacting
exciton-electron gases in two-dimensional transition-metal
dichalcogenides [104], where the coexistence between
molecular exciton-electron bound trion states and Fermi
polarons may lead to novel electronic and optical properties
[15-17,105-107].
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APPENDIX A: LOCAL DENSITY
APPROXIMATION FOR
SPIN-IMBALANCED GAS

To account for the nonuniform atomic density, we
compare measurements to average quantities calculated
in the LDA. To this end, we assume that the distribution of
the majority atoms is not affected by the presence of the
minority atoms; hence it can be calculated as for non-
interacting fermions. The minority density distribution
n;(r) is calculated by taking into account the interactions
with the majority atoms through a renormalization of the
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confining potential: V,(r) = V,(r)(1 — ), /er), where
V(r) is the potential felt by the majority atoms [108].
We neglect the weak interactions between polarons [109].
The expected value of any observable A is then given
by the minority-weighted local density average: (A) =
[[ drA(r)n;(r)/ [ d®rn;(r)]. Note that when we compare
experimental results to theory as a function of (kya)~!, the
Fermi wave vector k. is that of the trap, namely the local kp
at the center of the trap.

APPENDIX B: DEPENDENCE OF THE
COHERENT SPECTRUM PEAK ON THE
TRANSFERRED PHOTON MOMENTUM

In this Appendix, we examine the correlation between
the peak position of the coherent polaronic spectrum and
the energy of the zero-momentum attractive polaron. As
experimentally observed in Ref. [11], at finite impurity
density there is a temperature-dependent shift of the rf
spectrum peak position relative to the zero-momentum
polaron energy. Our theoretical model captures correctly
this phenomenon and shows that it is absent in Raman
spectroscopy.

In order to calculate this shift, we compute the peak
position of the coherent polaron contribution [first term of
Eq. (20) within Eq. (5)] as a function of the photon transfer
momentum. The results at unitarity, shifted by the recoil
energy, are shown in Fig. 9 for three relevant temperatures.
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FIG. 9. Coherent spectral peak position at unitarity. Using the
full many-body model for the Raman spectra [first term of
Eq. (20)], we plot the coherent peak position versus transferred
photon momentum for polaron temperatures 7, = 0.17; (blue
circles), 0.15T (red squares), and 0.27 (black triangles) at
(kpa)™' = 0 with n; = 0.15n. We observe convergence to the
zero-temperature value €, = —0.6066¢, (dashed line) for pho-
ton momentum transfer larger than 0.lkr. Specifically, with
Raman spectroscopy in our experiment (g = 1.9k), no shift is
expected. Inset: temperature dependence of the spectral peak
position with conventional rf spectroscopy (g = 0).

In rf spectroscopy (g — 0), we find that the peak is shifted
to energies lower than the zero-momentum polaron energy
(€po1» dashed line). As the photon transfer momentum
increases, however, this shift rapidly vanishes. Already
for g 2 0.1kp, a value easily reached in Raman spectros-
copy experiments even with a small angle between the
Raman beams, the shift is negligible. This establishes a
major advantage of Raman spectroscopy over conventional
rf spectroscopy.

In the inset of Fig. 9, we calculate the shift in the rf
spectroscopy peak at unitarity as a function of temperature, at
finite impurity density. The calculated rf shift initially
decreases and then increases with temperature. This non-
monotonic dependence follows the trend of the initial-to-
final state energy gap at the maximally populated momentum
value. Interestingly, even without considering a finite-
temperature reservoir, we find that for 7', 2 0.17Tp, the shift
increases with temperature, as observed in Ref. [11] and
discussed in Refs. [43,110-112].

APPENDIX C: RAMAN TRANSITION RATE
OF THE COHERENT POLARON
CONTRIBUTION IN THE LDA

In this Appendix, we provide more detail on the
derivation of the Raman rate for the coherent polaron
contribution under the LDA.

Equation (10) gives the rate for a homogeneous system.
Here, we treat the case of a harmonically trapped gas. The
occupation averaged coherent response is given by

_ 272
Fcoh(a)): % '/dSrzAcoh(ka)
k

0
m €0l
Xnp [epol(k)_ﬂ+§wﬁo<l_%>r2’Tp]’ (C1)
F

where A.p(w,k) is given in Eq. (8), and @y, =
er/(6N )1/ 3 denotes the geometrically averaged harmonic
trapping frequency. In cylindrical coordinates the integral
over k within Eq. (C1) decomposes into a two-dimensional
integral of k| over directions perpendicular to q and an
integral over k; along the direction of q. The condition
imposed by the § function within A, is then given by

KR+ /1 1 7 g*
%(E—%>+%—w—egol+%—0, (C2)
and can be solved for k.

At low temperatures and for most interaction strengths,
we find that k(1 — m/m*) < g for momenta which are not
suppressed by the Fermi distribution. We thus neglect the
first term proportional to (1 —m/m*) in Eq. (C2) when
evaluating the 6 function in Eq. (C1). Carrying out the
integrations in Eq. (C1) we then obtain that
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I_‘coh<a)) = 2ﬂmQ§Ncoth [ké ((1))]/6—], <C3)

where nplk] is given in Eq. (12) and kz(w) is given in

Eq. (11). Correspondingly, the fugacity {p = e G/ Ty

within Eq. (12) is set by the normalization [ dw[ .y, (0) =
27Q2N o, Which gives

xZ [8F(€F - 6301)] 32

Lis(~=(y) = == |—— (C4)
3( 2) WT%?

6

APPENDIX D: RAMAN TRANSITION RATE OF
THE INCOHERENT POLARONIC AND
MOLECULAR CONTRIBUTIONS

Here we derive the response of a thermal ensemble of
molecules, each of which is made of a single impurity and a
single bath particle and considered to be in vacuum. As a
wave function Ansatz for the molecule, we use

kC.mA +
pken) =3 piemelidfy, 10). (D1)
1

Note that the only difference from Eq. (3) is that, here, we
do not consider the Fermi sea of background particles. This
simplification is made in order to obtain a closed-form
expression for the fitting function which is feasible to
calculate numerically. Using Eq. (D1) as the initial state |7)
for Eq. (4), one obtains

A(w’ u/kc.m. )
kem.

Kem |2
= ol w—e—€  _jugt+E,+—— .
El lyre™| ( 1~ Ekep—l+q T Ep T 4m>

(D2)

The variational parameter y:{“"- has to be obtained by the
minimization of (y*em |H — Ely¥en). Within this calcula-
tion the relative momentum after the Raman dissociation is
given by k. =14 (k. +q)/2. After changing varia-
bles 1 to k,,, evaluating the & function implements the
energy conservation of Eq. (14). The probability F (k) of
Eq. (15) is then given directly by the matrix element

|7ll§:11(kc.m. ) /2|2. Averaging the Raman spectral function
over all momenta k., weighted by a thermal Boltzmann
distribution yields

Aw) = / P Alw,y*n) - G(Kep. Typ).  (D3)

The final expression in Eq. (16) is obtained by subsequent
integration of k., over directions perpendicular to q.

APPENDIX E: VALIDATION OF THE FITTING
MODEL

In this Appendix, we discuss the applicability of our
fitting model, i.e., Egs. (13) and (16), to the Raman spectra
of the impurity problem. To this end, we compare the two
parts of the fitting function to theoretical calculations.

Coherent polaron response.—In Fig. 10 we present a
comparison between the first part of the fitting model,
namely Py, (dashed lines), and the full solution of our
theoretical model introduced in Sec. III (solid lines). As can
be seen, the approximation is excellent at unitarity and at
(kpa)~' = 0.3. Closer to the predicted transition, minor
differences develop at k, ~ kp. There are two causes to this
behavior. First, the increase of m* leads to a small
asymmetry. Second, the polarons do not populate high-
momentum states since the width of the excitation branch
increases dramatically as the momentum increases, leading
to a narrowing of the theoretical Raman spectrum.
Importantly, the center peak position coincides for both
spectra, which allows us to use Eq. (17) for the extraction
of €0

Background signal.—Here, we analyze the applicability
of the second part of our fitting function, Py, to fit the
background spectrum that combines the incoherent and
molecular contributions. In Fig. 11, we compare the best fit
of Py, to the background signal, as calculated by the full
many-body model. Overall they match well, especially at
high frequencies. The difference at low frequencies stems
from the neglect of the majority specie’s Fermi surface in
the fitting model.
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Raman two-photon detuning, w (g /h)

o

FIG. 10. Comparison of coherent part Raman spectra. Using the
full many-body model for the Raman spectra [first term of
Eq. (20), solid lines] and the approximation due to Eq. (13)
(dashed lines), the coherent Raman rate is shown for three
interaction strengths. In these calculations we use the effective
mass and polaron energy obtained from the polaron Ansatz. For
clarity, the second and third graphs from the bottom are shifted by
0.1 and 0.2, respectively.
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FIG. 11. Comparison of background Raman spectra. Using the
full many-body model for the Raman spectra [incoherent and
molecular terms in Eq. (5), solid lines] and the approximation
obtained by fitting the simplified model Eq. (13) to the theoretical
spectra (dashed lines), Raman spectra are shown for three
interaction strengths. For clarity, the second and third graphs
from the bottom are shifted by 0.02 and 0.04, respectively.

We should consider systematic errors in extracted
observables that may arise due to this approximation.
Ty, affects almost solely the low-frequency part of the
spectrum. Therefore, it should be chosen to compensate for
the absence of Pauli blocking in our fitting model and
minimize errors in the extracted Z. The effective binding
energy E,, on the other hand, affects mainly the high-
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FIG. 12. Fitting simulated background Raman spectra with
fixed effective temperature T,. The black line denotes the
homogeneous many-body quasiparticle weight computed for
T = 0.2Tf, x = 0.15. Error bars mark the fitted residue using
an effective temperature of 0.27 5 (yellow diamonds), T (blue
circles), 2T - (black triangles), and 47 1 (red squares). Inset: root-
mean-square deviation of the extracted residue from the com-
puted one, exhibiting a minimal deviation at approximately 27,
the value we use for fitting the experimental data.

frequency part of the spectrum, where the fit and numerical
data are in excellent agreement.

We find the optimal value for Ty, by fitting theoretical
Raman spectra of the background signal (incoherent
polaron and molecule) due to Eq. (5) at eight interaction
strengths. In Fig. 12, we plot the fit results for the
quasiparticle residue, obtained with four exemplifying
values of Ty,. The effect of varying T, is a systematic
shift of the residue. The inset of Fig. 12 presents the root-
mean-square difference between the simulated and the
fitted quasiparticle residue as a function of the fixed value
for the effective temperature. We observe a minimal
discrepancy at Ty, ~ 27 . Figure 12 clearly shows that
even at suboptimal values of T}, the qualitative behavior of

Z does not change. The reason for this is that Z measures
the spectral weight of the roughly symmetric peak, and
therefore it is rather insensitive to variations in the fitting
procedure.

APPENDIX F: SETTING THE CHEMICAL
POTENTIAL

In this Appendix, we elaborate on the behavior of the
chemical potential with respect to the polaron and molecule
dispersions, intending to highlight the mechanism by which
the bands are populated. Throughout this paper, we tune the
chemical potentials such that under application of Eq. (19)
the respective densities are reproduced, which means that
the polaron and the molecule are populated according to
fermionic and bosonic statistics, respectively.

Tuning the chemical potential 4 — —oo yields a vanish-
ing density. As the chemical potential is increased, the two
bands begin to be populated accordingly such that a small
impurity density begins to form. Tuning the chemical
potential further, eventually it will reach the minimum of
the lower-lying dispersion. If the polaron dispersion is
lower lying, it may surpass the minimum, effectively
forming a Fermi surface. Tuning even further, the chemical
potential will reach the minimum of the molecule
dispersion. As we populate according to bosonic statistics,
at sufficiently low temperature, the molecules will thus
begin to condense in the corresponding state and a
molecular BEC will form within the fermionic bath. The
chemical potential may therefore not surpass this minimum
and will remain pinned to it even for larger impurity
densities.

In Fig. 13 the energy gap between the chemical potential
and the lowest-lying polaronic (triangles, dashed lines) and
molecular (circles, solid lines) states is shown for different
interaction strengths. We show this gap for the case of a
single impurity (blue), at finite density (n; = 0.15xr) and
T = 0 (red), as well as at finite density and finite temper-
ature (T = 0.2Tf, n; = 0.15n, black). In the single-impu-
rity limit, the chemical potential is tuned to the minimum of
€pot (P) below the transition and to the minimum of €, (p)
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FIG. 13. Polaronic and molecular energy gap. Energy gap

between the lowest-lying polaron and molecule modes and the
chemical potential versus interaction strength. The blue lines
show the gap for the case of a single impurity at 7 = 0, while the
red and black lines show the gaps for finite density at 7 = 0 and
T > 0, respectively. The solid lines with circle markers denote the
gap between the lowest-lying molecular state and the chemical
potential, whereas the dashed lines with triangle markers denote
the polaronic gaps.

above. Thus, below the transition the gap of the molecular
dispersion marks the energy gap between the polaronic
ground state and the excited molecular state, and vice versa
above the transition.

At finite density and zero temperature, below the
transition a Fermi surface of polarons forms. When the
chemical potential approaches the lowest-lying molecular
state (solid line, red) at around (kpa)~! ~ 1.1 molecules
begin to condense. Beyond the transition, the polaronic
Fermi surface vanishes (positive energy gap) and all
impurities condense in the molecular ground state. At
finite temperature, a polaronic Fermi surface forms initially
[(kra)~' <0.2], but eventually the polaron and the mol-
ecule are both populated thermally, as visible from their
positive energy gaps. Note that the lowest point of the
dispersion relations does not necessarily lie at p = 0.

APPENDIX G: SINGLE-IMPURITY CONTACT
COEFFICIENTS

Here we provide generalized expressions for the single-
impurity contact at finite momentum, as derived for p =0
in Refs. [38,113]. They read

Cpol [pv epol(p)]
nela

1 /
_qu|1 R 1 |2

U~ V<Zik €pol (P)—Ek —€q-k-+pT&q

(G1)

for the polaron, and

Cmol [p » €mol (p)]
Ny
-m [VZI(

for the molecule. From this, the full many-body contact
coefficient C can be calculated via Eq. (23).
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2} T @)

[1] L.D. Landau, On the Motion of Electrons in a Crystal
Lattice, Phys. Z. Sowjetunion 3, 664 (1933),
ISBN:9781483152707.

[2] G. Lindemann, R. Lassnig, W. Seidenbusch, and E.
Gornik, Cyclotron Resonance Study of Polarons in GaAs,
Phys. Rev. B 28, 4693 (1983).

[3] N. F. Mott, Polaron Models of High-Temperature Super-
conductors, J. Phys. Condens. Matter 5, 3487 (1993).

[4] R. D. Popp and R. B. Murray, Diffusion of the V -Polaron
in Alkali Halides: Experiments in Nal and Rbl, J. Phys.
Chem. Solids 33, 601 (1972).

[5] S. Moser, L. Moreschini, J. Ja¢imovi¢, O. S. Barisi¢, H.
Berger, A. Magrez, Y.J. Chang, K. S. Kim, A. Bostwick,
E. Rotenberg, L. Forrd, and M. Grioni, Tunable Polaronic
Conduction in Anatase TiO,, Phys. Rev. Lett. 110, 196403
(2013).

[6] D. Emin, Polarons (Cambridge University Press,
Cambridge, England, 2012).

[7] A.S. Alexandrov and J. T. Devreese, Advances in Polaron
Physics (Springer, Berlin, 2010).

[8] W.H. Sio, C. Verdi, S. Poncé, and F. Giustino, Polarons
from First Principles, without Supercells, Phys. Rev. Lett.
122, 246403 (2019).

[9] M.-G. Hu, M. J. Van de Graaff, D. Kedar, J. P. Corson, E.
A. Cornell, and D.S. Jin, Bose Polarons in the Strongly
Interacting Regime, Phys. Rev. Lett. 117, 055301 (2016).

[10] N.B. Jgrgensen, L. Wacker, K.T. Skalmstang, M. M.
Parish, J. Levinsen, R. S. Christensen, G. M. Bruun, and
J. 1. Arlt, Observation of Attractive and Repulsive Polar-
ons in a Bose-Einstein Condensate, Phys. Rev. Lett. 117,
055302 (2016).

[11] Z.Z. Yan, Y. Ni, C. Robens, and M. W. Zwierlein, Bose
Polarons near Quantum Criticality, Science 368, 190
(2020).

[12] M. Lemeshko and R. Schmidt, Molecular Impurities
Interacting with a Many-Particle Environment: From
Ultracold Gases to Helium Nanodroplets, in Theoretical
and Computational Chemistry Series (Royal Society of
Chemistry, Cambridge, 2017), pp. 444-495, https://
doi.org/10.1039/9781782626800.

[13] J. Kondo and T. Soda, Theory of lon Mobility in Liquid
3He, J. Low Temp. Phys. 50, 21 (1983).

[14] P. Massignan, M. Zaccanti, and G. M. Bruun, Polarons,
Dressed Molecules and Itinerant Ferromagnetism in
Ultracold Fermi Gases, Rep. Prog. Phys. 77, 034401
(2014).

[15] M. Sidler, P. Back, O. Cotlet, A. Srivastava, T. Fink, M.
Kroner, E. Demler, and A. Imamoglu, Fermi Polaron-
Polaritons in Charge-Tunable Atomically Thin Semicon-
ductors, Nat. Phys. 13, 255 (2017).

041019-17


https://doi.org/10.1103/PhysRevB.28.4693
https://doi.org/10.1088/0953-8984/5/22/003
https://doi.org/10.1016/0022-3697(72)90069-8
https://doi.org/10.1016/0022-3697(72)90069-8
https://doi.org/10.1103/PhysRevLett.110.196403
https://doi.org/10.1103/PhysRevLett.110.196403
https://doi.org/10.1103/PhysRevLett.122.246403
https://doi.org/10.1103/PhysRevLett.122.246403
https://doi.org/10.1103/PhysRevLett.117.055301
https://doi.org/10.1103/PhysRevLett.117.055302
https://doi.org/10.1103/PhysRevLett.117.055302
https://doi.org/10.1126/science.aax5850
https://doi.org/10.1126/science.aax5850
https://doi.org/10.1039/9781782626800
https://doi.org/10.1039/9781782626800
https://doi.org/10.1007/BF00681837
https://doi.org/10.1088/0034-4885/77/3/034401
https://doi.org/10.1088/0034-4885/77/3/034401
https://doi.org/10.1038/nphys3949

GAL NESS et al.

PHYS. REV. X 10, 041019 (2020)

[16] D. K. Efimkin and A. H. MacDonald, Many-Body Theory
of Trion Absorption Features in Two-Dimensional Semi-
conductors, Phys. Rev. B 95, 035417 (2017).

[17] C. Fey, P. Schmelcher, A. Imamoglu, and R. Schmidt,
Theory of exciton-electron scattering in atomically thin
semiconductors, Phys. Rev. B 101, 195417 (2020).

[18] P. W. Anderson, Infrared Catastrophe in Fermi Gases with
Local Scattering Potentials, Phys. Rev. Lett. 18, 1049
(1967).

[19] A. Rosch, Quantum-Coherent Transport of a Heavy
Particle in a Fermionic Bath, Adv. Phys. 48, 295 (1999).

[20] F. Chevy and C. Mora, Ultra-Cold Polarized Fermi Gases,
Rep. Prog. Phys. 73, 112401 (2010).

[21] R. Schmidt, M. Knap, D. A. Ivanov, J.-S. You, M. Cetina,
and E. Demler, Universal Many-Body Response of Heavy
Impurities Coupled to a Fermi Sea: A Review of Recent
Progress, Rep. Prog. Phys. 81, 024401 (2018).

[22] C. Chin, R. Grimm, P. Julienne, and E. Tiesinga, Feshbach
Resonances in Ultracold Gases, Rev. Mod. Phys. 82, 1225
(2010).

[23] M. W. Zwierlein, A. Schirotzek, C. H. Schunck, and W.
Ketterle, Fermionic Superfluidity with Imbalanced Spin
Populations, Science 311, 492 (2006).

[24] G.B. Partridge, W. Li, R. 1. Kamar, Y.-a. Liao, and R. G.
Hulet, Pairing and Phase Separation in a Polarized Fermi
Gas, Science 311, 503 (2006).

[25] Y. Shin, M. W. Zwierlein, C. H. Schunck, A. Schirotzek,
and W. Ketterle, Observation of Phase Separation in a
Strongly Interacting Imbalanced Fermi Gas, Phys. Rev.
Lett. 97, 030401 (2006).

[26] F. Chevy, Universal Phase Diagram of a Strongly Inter-
acting Fermi Gas with Unbalanced Spin Populations,
Phys. Rev. A 74, 063628 (2006).

[27] N. Prokof’ev and B. Svistunov, Fermi-Polaron Problem:
Diagrammatic Monte Carlo Method for Divergent Sign-
Alternating Series, Phys. Rev. B 77, 020408(R) (2008).

[28] X. Cui and H. Zhai, Stability of a Fully Magnetized
Ferromagnetic State in Repulsively Interacting Ultracold
Fermi Gases, Phys. Rev. A 81, 041602(R) (2010).

[29] R. Schmidt and T. Enss, Excitation Spectra and rf
Response near the Polaron-to-Molecule Transition from
the Functional Renormalization Group, Phys. Rev. A 83,
063620 (2011).

[30] P. Massignan and G. M. Bruun, Repulsive Polarons and
Itinerant Ferromagnetism in Strongly Polarized Fermi
Gases, Eur. Phys. J. D 65, 83 (2011).

[31] C. Kohstall, M. Zaccanti, M. Jag, A. Trenkwalder, P.
Massignan, G.M. Bruun, F. Schreck, and R. Grimm,
Metastability and Coherence of Repulsive Polarons in a
Strongly Interacting Fermi Mixture, Nature (London) 485,
615 (2012).

[32] M. Koschorreck, D. Pertot, E. Vogt, B. Frohlich, M. Feld,
and M. Kohl, Attractive and Repulsive Fermi Polarons in
Two Dimensions, Nature (London) 485, 619 (2012).

[33] R. Schmidt, T. Enss, V. Pietild, and E. Demler, Fermi
Polarons in Two Dimensions, Phys. Rev. A 85, 021602(R)
(2012).

[34] V. Ngampruetikorn, J. Levinsen, and M. M. Parish, Re-
pulsive Polarons in Two-Dimensional Fermi Gases, Euro-
phys. Lett. 98, 30005 (2012).

[35] N.D. Oppong, L. Riegger, O. Bettermann, M. Hofer,
J. Levinsen, M. M. Parish, I. Bloch, and S. Folling,
Observation of Coherent Multiorbital Polarons in a
Two-Dimensional Fermi Gas, Phys. Rev. Lett. 122,
193604 (2019).

[36] R. Combescot, A. Recati, C. Lobo, and F. Chevy, Normal
State of Highly Polarized Fermi Gases: Simple Many-
Body Approaches, Phys. Rev. Lett. 98, 180402 (2007).

[37] C. Mora and F. Chevy, Ground State of a Tightly Bound
Composite Dimer Immersed in a Fermi Sea, Phys. Rev. A
80, 033607 (2009).

[38] M. Punk, P. T. Dumitrescu, and W. Zwerger, Polaron-to-
Molecule Transition in a Strongly Imbalanced Fermi Gas,
Phys. Rev. A 80, 053605 (2009).

[39] N. V. Prokof’ev and B. V. Svistunov, Bold Diagrammatic
Monte Carlo: A Generic Sign-Problem Tolerant Tech-
nique for Polaron Models and Possibly Interacting Many-
Body Problems, Phys. Rev. B 77, 125101 (2008).

[40] R. Combescot, S. Giraud, and X. Leyronas, Analytical
Theory of the Dressed Bound State in Highly Polarized
Fermi Gases, Europhys. Lett. 88, 60007 (2009).

[41] D. M. Edwards, A Smooth Polaron—Molecule Crossover in
a Fermi System, J. Phys. Condens. Matter 25, 425602
(2013).

[42] J.-G. Chen, T.-S. Deng, W. Yi, and W. Zhang, Polarons
and Molecules in a Fermi Gas with Orbital Feshbach
Resonance, Phys. Rev. A 94, 053627 (2016).

[43] H. Tajima and S. Uchino, Many Fermi Polarons at
Nonzero Temperature, New J. Phys. 20, 073048 (2018).

[44] X. Cui, Fermi Polaron Revisited: Polaron-Molecule Tran-
sition and Coexistence, arXiv:2003.11710.

[45] P. Nikoli¢ and S. Sachdev, Renormalization-Group Fixed
Points, Universal Phase Diagram, and 1/N Expansion for
Quantum Liquids with Interactions near the Unitarity
Limit, Phys. Rev. A 75, 033608 (2007).

[46] The BCS-BEC Crossover and the Unitary Fermi Gas,
Lecture Notes in Physics, Vol. X VI, edited by W. Zwerger
(Springer, New York, 2012).

[47] W. Zwerger, in Strongly Interacting Fermi Gases, Pro-
ceedings of the International School of Physics “Enrico
Fermi,” Course 191 (IOS Press, Washington DC, 2016),
p- 63, ISBN:978-1-61499-693-4.

[48] B. Frank, J. Lang, and W. Zwerger, Universal Phase
Diagram and Scaling Functions of Imbalanced Fermi
Gases, J. Exp. Theor. Phys. 127, 812 (2018).

[49] S. Pilati and S. Giorgini, Phase Separation in a Polarized
Fermi Gas at Zero Temperature, Phys. Rev. Lett. 100,
030401 (2008).

[50] A. Schirotzek, C.-H. Wu, A. Sommer, and M. W. Zwierlein,
Observation of Fermi Polarons in a Tunable Fermi
Liquid of Ultracold Atoms, Phys. Rev. Lett. 102, 230402
(2009).

[51] S. Nascimbene, N. Navon, K.J. Jiang, L. Tarruell, M.
Teichmann, J. McKeever, F. Chevy, and C. Salomon,
Collective Oscillations of an Imbalanced Fermi Gas: Axial
Compression Modes and Polaron Effective Mass, Phys.
Rev. Lett. 103, 170402 (2009).

[52] F. Scazza, G. Valtolina, P. Massignan, A. Recati, A.
Amico, A. Burchianti, C. Fort, M. Inguscio, M. Zaccanti,
and G. Roati, Repulsive Fermi Polarons in a Resonant

041019-18


https://doi.org/10.1103/PhysRevB.95.035417
https://doi.org/10.1103/PhysRevB.101.195417
https://doi.org/10.1103/PhysRevLett.18.1049
https://doi.org/10.1103/PhysRevLett.18.1049
https://doi.org/10.1080/000187399243446
https://doi.org/10.1088/0034-4885/73/11/112401
https://doi.org/10.1088/1361-6633/aa9593
https://doi.org/10.1103/RevModPhys.82.1225
https://doi.org/10.1103/RevModPhys.82.1225
https://doi.org/10.1126/science.1122318
https://doi.org/10.1126/science.1122876
https://doi.org/10.1103/PhysRevLett.97.030401
https://doi.org/10.1103/PhysRevLett.97.030401
https://doi.org/10.1103/PhysRevA.74.063628
https://doi.org/10.1103/PhysRevB.77.020408
https://doi.org/10.1103/PhysRevA.81.041602
https://doi.org/10.1103/PhysRevA.83.063620
https://doi.org/10.1103/PhysRevA.83.063620
https://doi.org/10.1140/epjd/e2011-20084-5
https://doi.org/10.1038/nature11065
https://doi.org/10.1038/nature11065
https://doi.org/10.1038/nature11151
https://doi.org/10.1103/PhysRevA.85.021602
https://doi.org/10.1103/PhysRevA.85.021602
https://doi.org/10.1209/0295-5075/98/30005
https://doi.org/10.1209/0295-5075/98/30005
https://doi.org/10.1103/PhysRevLett.122.193604
https://doi.org/10.1103/PhysRevLett.122.193604
https://doi.org/10.1103/PhysRevLett.98.180402
https://doi.org/10.1103/PhysRevA.80.033607
https://doi.org/10.1103/PhysRevA.80.033607
https://doi.org/10.1103/PhysRevA.80.053605
https://doi.org/10.1103/PhysRevB.77.125101
https://doi.org/10.1209/0295-5075/88/60007
https://doi.org/10.1088/0953-8984/25/42/425602
https://doi.org/10.1088/0953-8984/25/42/425602
https://doi.org/10.1103/PhysRevA.94.053627
https://doi.org/10.1088/1367-2630/aad1e7
https://arXiv.org/abs/2003.11710
https://doi.org/10.1103/PhysRevA.75.033608
https://doi.org/10.1134/S1063776118110031
https://doi.org/10.1103/PhysRevLett.100.030401
https://doi.org/10.1103/PhysRevLett.100.030401
https://doi.org/10.1103/PhysRevLett.102.230402
https://doi.org/10.1103/PhysRevLett.102.230402
https://doi.org/10.1103/PhysRevLett.103.170402
https://doi.org/10.1103/PhysRevLett.103.170402

OBSERVATION OF A SMOOTH POLARON-MOLECULE ...

PHYS. REV. X 10, 041019 (2020)

Mixture of Ultracold °Li Atoms, Phys. Rev. Lett. 118,
083602 (2017).

[53] Z. Yan, P. B. Patel, B. Mukherjee, R. J. Fletcher, J. Struck,
and M. W. Zwierlein, Boiling a Unitary Fermi Liquid,
Phys. Rev. Lett. 122, 093401 (2019).

[54] N. Navon, S. Nascimbene, F. Chevy, and C. Salomon, The
Equation of State of a Low-Temperature Fermi Gas with
Tunable Interactions, Science 328, 729 (2010).

[55] M. Cetina, M. Jag, R.S. Lous, I. Fritsche, J.T. M.
Walraven, R. Grimm, J. Levinsen, M. M. Parish, R.
Schmidt, M. Knap, and E. Demler, Ultrafast Many-Body
Interferometry of Impurities Coupled to a Fermi Sea,
Science 354, 96 (2016).

[56] C. Shkedrov, Y. Florshaim, G. Ness, A. Gandman, and Y.
Sagi, High-Sensitivity rf Spectroscopy of a Strongly
Interacting Fermi Gas, Phys. Rev. Lett. 121, 093402
(2018).

[57] C. Shkedrov, G. Ness, Y. Florshaim, and Y. Sagi, In situ
Momentum-Distribution Measurement of a Quantum De-
generate Fermi Gas Using Raman Spectroscopy, Phys.
Rev. A 101, 013609 (2020).

[58] S. Tan, Large Momentum Part of a Strongly Correlated
Fermi Gas, Ann. Phys. (Amsterdam) 323, 2971 (2008).

[59] Y. Nishida, Probing Strongly Interacting Atomic Gases
with Energetic Atoms, Phys. Rev. A 85, 053643 (2012).

[60] R. Combescot and S. Giraud, Normal State of Highly
Polarized Fermi Gases: Full Many-Body Treatment, Phys.
Rev. Lett. 101, 050404 (2008).

[61] W.E. Liu, J. Levinsen, and M. M. Parish, Variational
Approach for Impurity Dynamics at Finite Temperature,
Phys. Rev. Lett. 122, 205301 (2019).

[62] C. Trefzger and Y. Castin, Impurity in a Fermi Sea on a
Narrow Feshbach Resonance: A Variational Study of the
Polaronic and Dimeronic Branches, Phys. Rev. A 85,
053612 (2012).

[63] K. Van Houcke, F. Werner, and R. Rossi, High-Precision
Numerical Solution of the Fermi Polaron Problem and
Large-Order Behavior of Its Diagrammatic Series, Phys.
Rev. B 101, 045134 (2020).

[64] T.-L. Dao, A. Georges, J. Dalibard, C. Salomon, and 1.
Carusotto, Measuring the One-Particle Excitations of
Ultracold Fermionic Atoms by Stimulated Raman Spec-
troscopy, Phys. Rev. Lett. 98, 240402 (2007).

[65] T.-L. Dao, I. Carusotto, and A. Georges, Probing Quasi-
particle States in Strongly Interacting Atomic Gases by
Momentum-Resolved Raman Photoemission Spectroscopy,
Phys. Rev. A 80, 023627 (2009).

[66] M. Veillette, E. G. Moon, A. Lamacraft, L. Radzihovsky,
S. Sachdev, and D. E. Sheehy, Radio-Frequency Spectros-
copy of a Strongly Imbalanced Feshbach-Resonant Fermi
Gas, Phys. Rev. A 78, 033614 (2008).

[67] C. Chin and P.S. Julienne, Radio-Frequency Transitions
on Weakly Bound Ultracold Molecules, Phys. Rev. A 71,
012713 (2005).

[68] A.L. Stancik and E.B. Brauns, A Simple Asymmetric
Lineshape for Fitting Infrared Absorption Spectra, Vib.
Spectrosc. 47, 66 (2008).

[69] S. Tan, Generalized Virial Theorem and Pressure Relation
for a Strongly Correlated Fermi Gas, Ann. Phys. (Am-
sterdam) 323, 2987 (2008).

[70] S. Tan, Energetics of a Strongly Correlated Fermi Gas,
Ann. Phys. (Amsterdam) 323, 2952 (2008).

[71] E. Braaten and L. Platter, Exact Relations for a Strongly
Interacting Fermi Gas from the Operator Product Ex-
pansion, Phys. Rev. Lett. 100, 205301 (2008).

[72] E. Braaten, D. Kang, and L. Platter, Universal Relations
for a Strongly Interacting Fermi Gas near a Feshbach
Resonance, Phys. Rev. A 78, 053606 (2008).

[73] E. Werner and Y. Castin, General Relations for Quantum
Gases in Two and Three Dimensions: Two-Component
Fermions, Phys. Rev. A 86, 013626 (2012).

[74] FE. Werner and Y. Castin, General Relations for Quantum
Gases in Two and Three Dimensions. Il. Bosons and
Mixtures, Phys. Rev. A 86, 053633 (2012).

[75] R. Rossi, T. Ohgoe, E. Kozik, N. Prokof’ev, B. Svistunov,
K. Van Houcke, and F. Werner, Contact and Momentum
Distribution of the Unitary Fermi Gas, Phys. Rev. Lett.
121, 130406 (2018).

[76] Y. Sagi, T. E. Drake, R. Paudel, R. Chapurin, and D. S. Jin,
Breakdown of the Fermi Liquid Description for Strongly
Interacting Fermions, Phys. Rev. Lett. 114, 075301
(2015).

[77] W. Schneider and M. Randeria, Universal Short-Distance
Structure of the Single-Particle Spectral Function of Dilute
Fermi Gases, Phys. Rev. A 81, 021601(R) (2010).

[78] The value of n; = 0.15n is taken as the typical value of the
experimentally realized (x).

[79] A. A. Abrikosov, Methods of Quantum Field Theory in
Statistical Physics (Dover Publications Inc., New York,
1975).

[80] If the polaron is a stable quasiparticle [Tm(w),) = 0], its Z
factor within the polaron Ansatz Eq. (2) is given by |af |*.
These definitions are, however, not equivalent if the
polaron acquires a finite lifetime [Im(w,) # 0]. This
discrepancy can be seen from comparing the definition
of Z, using the self-energy to the normalization condition
for |af|? as they differ in the placement of the absolute
value bars.

[81] A. Bulgac, M. M. Forbes, and A. Schwenk, Induced
P-Wave Superfluidity in Asymmetric Fermi Gases, Phys.
Rev. Lett. 97, 020402 (2006).

[82] Y. Nishida, Casimir Interaction among Heavy Fermions in
the BCS-BEC Crossover, Phys. Rev. A 79, 013629 (2009).

[83] A. Camacho-Guardian, L. A. P. Ardila, T. Pohl, and G. M.
Bruun, Bipolarons in a Bose-Einstein Condensate, Phys.
Rev. Lett. 121, 013401 (2018).

[84] R. Rossi, T. Ohgoe, K. Van Houcke, and F. Werner,
Resummation of Diagrammatic Series with Zero Conver-
gence Radius for Strongly Correlated Fermions, Phys.
Rev. Lett. 121, 130405 (2018).

[85] X.Li, E. Yakaboylu, G. Bighin, R. Schmidt, M. Lemeshko,
and A. Deuchert, Intermolecular Forces and Correlations
Mediated by a Phonon Bath, J. Chem. Phys. 152, 164302
(2020).

[86] S. Sachdev and K. Yang, Fermi Surfaces and Luttinger’s
Theorem in Paired Fermion Systems, Phys. Rev. B 73,
174504 (2006).

[87] D.S. Petrov, C. Salomon, and G. V. Shlyapnikov, Scatter-
ing Properties of Weakly Bound Dimers of Fermionic
Atoms, Phys. Rev. A 71, 012708 (2005).

041019-19


https://doi.org/10.1103/PhysRevLett.118.083602
https://doi.org/10.1103/PhysRevLett.118.083602
https://doi.org/10.1103/PhysRevLett.122.093401
https://doi.org/10.1126/science.1187582
https://doi.org/10.1126/science.aaf5134
https://doi.org/10.1103/PhysRevLett.121.093402
https://doi.org/10.1103/PhysRevLett.121.093402
https://doi.org/10.1103/PhysRevA.101.013609
https://doi.org/10.1103/PhysRevA.101.013609
https://doi.org/10.1016/j.aop.2008.03.005
https://doi.org/10.1103/PhysRevA.85.053643
https://doi.org/10.1103/PhysRevLett.101.050404
https://doi.org/10.1103/PhysRevLett.101.050404
https://doi.org/10.1103/PhysRevLett.122.205301
https://doi.org/10.1103/PhysRevA.85.053612
https://doi.org/10.1103/PhysRevA.85.053612
https://doi.org/10.1103/PhysRevB.101.045134
https://doi.org/10.1103/PhysRevB.101.045134
https://doi.org/10.1103/PhysRevLett.98.240402
https://doi.org/10.1103/PhysRevA.80.023627
https://doi.org/10.1103/PhysRevA.78.033614
https://doi.org/10.1103/PhysRevA.71.012713
https://doi.org/10.1103/PhysRevA.71.012713
https://doi.org/10.1016/j.vibspec.2008.02.009
https://doi.org/10.1016/j.vibspec.2008.02.009
https://doi.org/10.1016/j.aop.2008.03.003
https://doi.org/10.1016/j.aop.2008.03.003
https://doi.org/10.1016/j.aop.2008.03.004
https://doi.org/10.1103/PhysRevLett.100.205301
https://doi.org/10.1103/PhysRevA.78.053606
https://doi.org/10.1103/PhysRevA.86.013626
https://doi.org/10.1103/PhysRevA.86.053633
https://doi.org/10.1103/PhysRevLett.121.130406
https://doi.org/10.1103/PhysRevLett.121.130406
https://doi.org/10.1103/PhysRevLett.114.075301
https://doi.org/10.1103/PhysRevLett.114.075301
https://doi.org/10.1103/PhysRevA.81.021601
https://doi.org/10.1103/PhysRevLett.97.020402
https://doi.org/10.1103/PhysRevLett.97.020402
https://doi.org/10.1103/PhysRevA.79.013629
https://doi.org/10.1103/PhysRevLett.121.013401
https://doi.org/10.1103/PhysRevLett.121.013401
https://doi.org/10.1103/PhysRevLett.121.130405
https://doi.org/10.1103/PhysRevLett.121.130405
https://doi.org/10.1063/1.5144759
https://doi.org/10.1063/1.5144759
https://doi.org/10.1103/PhysRevB.73.174504
https://doi.org/10.1103/PhysRevB.73.174504
https://doi.org/10.1103/PhysRevA.71.012708

GAL NESS et al.

PHYS. REV. X 10, 041019 (2020)

[88] R.S. Lous, I. Fritsche, M. Jag, B. Huang, and R. Grimm,
Thermometry of a Deeply Degenerate Fermi Gas with a
Bose-Einstein Condensate,Phys. Rev. A 95,053627 (2017).

[89] B. Mukherjee, Z. Yan, P.B. Patel, Z. Hadzibabic, T.
Yefsah, J. Struck, and M. W. Zwierlein, Homogeneous
Atomic Fermi Gases, Phys. Rev. Lett. 118, 123401 (2017).

[90] K. Hueck, N. Luick, L. Sobirey, J. Siegl, T. Lompe, and H.
Moritz, Two-Dimensional Homogeneous Fermi Gases,
Phys. Rev. Lett. 120, 060402 (2018).

[91] B. Mukherjee, P. B. Patel, Z. Yan, R. J. Fletcher, J. Struck,
and M. W. Zwierlein, Spectral Response and Contact of
the Unitary Fermi Gas, Phys. Rev. Lett. 122, 203402
(2019).

[92] M. Bohlen, L. Sobirey, N. Luick, H. Biss, T. Enss, T.
Lompe, and H. Moritz, Sound Propagation and Quantum-
Limited Damping in a Two-Dimensional Fermi Gas, Phys.
Rev. Lett. 124, 240403 (2020).

[93] P. Fulde and R. A. Ferrell, Superconductivity in a Strong
Spin-Exchange Field, Phys. Rev. 135, A550 (1964).

[94] 1. A. Larkin and Y. N. Ovchinnikov, Nonuniform State of
Superconductors, Zh. Eksp. Teor. Fiz. 47, 1136 (1964) [,
Sov. Phys. JETP 20, 762 (1965)].

[95] R. Schmidt, From Few- to Many-Body Physics with
Ultracold Atoms, Ph. D. thesis, Technische Universitit
Miinchen, 2013.

[96] D.T. Son and M. A. Stephanov, Phase Diagram of a Cold
Polarized Fermi Gas, Phys. Rev. A 74, 013614 (2006).

[97] Y.-a. Liao, A.S.C. Rittner, T. Paprotta, W. Li, G.B.
Partridge, R.G. Hulet, S.K. Baur, and E.J. Mueller,
Spin-Imbalance in a One-Dimensional Fermi Gas, Nature
(London) 467, 567 (2010).

[98] F. Piazza, W. Zwerger, and P. Strack, FFLO Strange Metal
and Quantum Criticality in Two Dimensions: Theory and
Application to Organic Superconductors, Phys. Rev. B 93,
085112 (2016).

[99] K. Yang and S. Sachdev, Quantum Criticality of a Fermi
Gas with a Spherical Dispersion Minimum, Phys. Rev.
Lett. 96, 187001 (2006).

[100] S. Sachdev, Topological Order, Emergent Gauge Fields,
and Fermi Surface Reconstruction, Rep. Prog. Phys. 82,
014001 (2018).

[101] C. A. Regal and D.S. Jin, Measurement of Positive and
Negative Scattering Lengths in a Fermi Gas of Atoms,
Phys. Rev. Lett. 90, 230404 (2003).

[102] L. W. Cheuk, A.T. Sommer, Z. Hadzibabic, T. Yefsah,
W. S. Bakr, and M. W. Zwierlein, Spin-Injection Spectros-
copy of a Spin-Orbit Coupled Fermi Gas, Phys. Rev. Lett.
109, 095302 (2012).

[103] L.B. Tan, O. Cotlet, A. Bergschneider, R. Schmidt, P.
Back, Y. Shimazaki, M. Kroner, and A. Imamoglu,
Interacting  Polaron-Polaritons, Phys. Rev. X 10,
021011 (2020).

[104] K. E. Mak, K. He, C. Lee, G. H. Lee, J. Hone, T. F. Heinz,
and J. Shan, Tightly Bound Trions in Monolayer MoS,,
Nat. Mater. 12, 207 (2013).

[105] O. Cotlet, F. Pientka, R. Schmidt, G. Zarand, E. Demler, and
A. Imamoglu, Transport of Neutral Optical Excitations
Using Electric Fields, Phys. Rev. X' 9, 041019 (2019).

[106] M. M. Glazov, Optical Properties of Charged Excitons in
Two-Dimensional Semiconductors, J. Phys. Chem. 153,
034703 (2020).

[107] A. Imamoglu, O. Cotlet, and R. Schmidt, Exciton-Polar-
ons in Two-Dimensional Semiconductors and the Tavis-
Cummings Model, arXiv:2006.15963.

[108] C. Lobo, A. Recati, S. Giorgini, and S. Stringari, Normal
State of a Polarized Fermi Gas at Unitarity, Phys. Rev.
Lett. 97, 200403 (2006).

[109] C. Mora and F. Chevy, Normal Phase of an Imbalanced
Fermi Gas, Phys. Rev. Lett. 104, 230402 (2010).

[110] B. C. Mulkerin, X.-J. Liu, and H. Hu, Breakdown of the
Fermi Polaron Description near Fermi Degeneracy at
Unitarity, Ann. Phys. (Amsterdam) 407, 29 (2019).

[111] H. Tajima and S. Uchino, Thermal Crossover, Transition,
and Coexistence in Fermi Polaronic Spectroscopies, Phys.
Rev. A 99, 063606 (2019).

[112] W.E. Liu, Z.-Y. Shi, J. Levinsen, and M. M. Parish, Radio-
Frequency Response and Contact of Impurities in a
Quantum Gas, Phys. Rev. Lett. 125, 065301 (2020).

[113] M. Punk, Many-Particle Physics with Ultracold Gases,
Ph.D. thesis dissertation, Technische Universitit Miinchen,
2010.

041019-20


https://doi.org/10.1103/PhysRevA.95.053627
https://doi.org/10.1103/PhysRevLett.118.123401
https://doi.org/10.1103/PhysRevLett.120.060402
https://doi.org/10.1103/PhysRevLett.122.203402
https://doi.org/10.1103/PhysRevLett.122.203402
https://doi.org/10.1103/PhysRevLett.124.240403
https://doi.org/10.1103/PhysRevLett.124.240403
https://doi.org/10.1103/PhysRev.135.A550
https://doi.org/10.1103/PhysRevA.74.013614
https://doi.org/10.1038/nature09393
https://doi.org/10.1038/nature09393
https://doi.org/10.1103/PhysRevB.93.085112
https://doi.org/10.1103/PhysRevB.93.085112
https://doi.org/10.1103/PhysRevLett.96.187001
https://doi.org/10.1103/PhysRevLett.96.187001
https://doi.org/10.1088/1361-6633/aae110
https://doi.org/10.1088/1361-6633/aae110
https://doi.org/10.1103/PhysRevLett.90.230404
https://doi.org/10.1103/PhysRevLett.109.095302
https://doi.org/10.1103/PhysRevLett.109.095302
https://doi.org/10.1103/PhysRevX.10.021011
https://doi.org/10.1103/PhysRevX.10.021011
https://doi.org/10.1038/nmat3505
https://doi.org/10.1103/PhysRevX.9.041019
https://doi.org/10.1063/5.0012475
https://doi.org/10.1063/5.0012475
https://arXiv.org/abs/2006.15963
https://doi.org/10.1103/PhysRevLett.97.200403
https://doi.org/10.1103/PhysRevLett.97.200403
https://doi.org/10.1103/PhysRevLett.104.230402
https://doi.org/10.1016/j.aop.2019.04.018
https://doi.org/10.1103/PhysRevA.99.063606
https://doi.org/10.1103/PhysRevA.99.063606
https://doi.org/10.1103/PhysRevLett.125.065301

