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Repulsive polarons in alkaline-earth-metal-like atoms across an orbital Feshbach resonance

Tian-Shu Deng, "> Zhuo-Cheng Lu,® Yue-Ran Shi,* Jin-Ge Chen,®> Wei Zhang,>*" and Wei Yi'>
'Key Laboratory of Quantum Information, University of Science and Technology of China,
Chinese Academy of Sciences, Hefei, Anhui 230026, China
2Synergetic Innovation Center of Quantum Information and Quantum Physics,
University of Science and Technology of China, Hefei, Anhui 230026, China

3Department of Physics, Renmin University of China, Beijing 100872, China

4Beijing Key Laboratory of Opto-electronic Functional Materials and Micro-nano Devices,
Renmin University of China, Beijing 100872, China

® (Received 26 October 2017; published 30 January 2018)

We characterize properties of the so-called repulsive polaron across the recently discovered orbital Feshbach
resonance in alkaline-earth-metal-like atoms. Being a metastable quasiparticle excitation at the positive energy,
the repulsive polaron is induced by the interaction between an impurity atom and a Fermi sea. By analyzing
in detail the energy, the polaron residue, the effective mass, and the decay rate of the repulsive polaron, we
reveal interesting features that are intimately related to the two-channel nature of the orbital Feshbach resonance.
In particular, we find that the lifetime of the repulsive polaron is nonmonotonic in the Zeeman-field detuning
between the two channels, and has a maximum on the BEC-side of the resonance. Further, by considering the
stability of a mixture of the impurity and the majority atoms against phase separation, we show that the itinerant
ferromagnetism may exist near the orbital Feshbach resonance at appropriate densities. Our results can be readily
probed experimentally, and have interesting implications for the observation of itinerant ferromagnetism near an

orbital Feshbach resonance.
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I. INTRODUCTION

The recently discovered orbital Feshbach resonance (OFR)
in '"3Yb opens up the avenue of investigating strongly interact-
ing many-body physics using alkaline-earth-metal-like atoms
[1-3]. In an OFR, the spin-exchange interaction between the
ground 'Sy and the long-lived excited P, hyperfine manifolds
can be tuned by an external magnetic field. It follows that
the wealth of precision quantum control techniques, which
have been developed for the purpose of quantum metrology
and quantum information using the clock-state manifolds
({!So.>Pp}), can be employed to engineer highly nontrivial
many-body scenarios [4-31]. Recent studies in this regard
range from interaction-induced topological states [32,33], to
impurity problems such as the Kondo effects [34-39] and
the polaron to molecule transitions [40,41]. Naturally, the key
properties of these phenomena are firmly based on the features
of interactions of an OFR.

Like the interactions of Feshbach resonance in alkali-metal
atoms, the interactions of OFR can be understood as the
resonant scattering between an open and a closed channel.
Consider two alkaline-earth-metal-like atoms, respectively, in
the 'S, (denoted as |g)) and the 3p, (denoted as |e)) manifolds,
as J = O for these so-called clock-state manifolds, the nuclear
and the electronic spin degrees of freedom are decoupled.
Denoting a particular nuclear spin state m; (m;1;) in each

*wzhangl @ruc.edu.cn
twyiz@ustc.edu.cn

2469-9926/2018/97(1)/013635(8)

013635-1

manifold as [1) (]| )), we may associate the open channel with
the |g |) and |e 1) states, and the closed channel with the
|g 1) and |e |) states. Due to the differential Zeeman shift in
the clock-state manifolds [42,43], an external magnetic field
can conveniently shift the detuning between the open- and
the closed-channel scattering thresholds. Further, as the short-
range interaction of the OFR occurs either in the electronic
spin-singlet and nuclear spin-triplet channel, or the electronic
spin-triplet and nuclear spin-singlet channel, it couples the
closed and the open channels together. The scattering reso-
nance occurs when the energy of a bound state in the closed
channel is tuned to the open-channel scattering threshold, or
when the energy of a bound state in the open channel is tuned
to the closed-channel scattering threshold. As a result of OFR,
a crossover from the Bardeen-Cooper-Schrieffer (BCS) to the
Bose-Einstein condensation (BEC) regime can be realized in
alkaline-earth-metal-like atoms by tuning the magnetic field,
which is similar to the magnetic Feshbach resonance in the
alkali-metal atom. However, the existence of multiple nuclear
spin states, as well as the spin-exchange interactions in the
OFR complicate the two-body scattering process, and lead to
rich physics in the many-body setting.

An illuminating example here is the system consisting of
a mobile impurity interacting with its environment. As the
limiting case of a many-body system in the large polarization
limit, mobile impurity and its associated quasiparticle excita-
tions contain valuable information of the underlying system.
Whereas impurity problems in the background of Bose gases
or Fermi condensates have attracted considerable attention in
recent years [44—63], here we focus on the case of an impurity
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FIG. 1. (a) Level diagram of an OFR in alkaline-earth-metal-like
atoms. An impurity of |e, 1) is immersed in a majority Fermi sea
of |g, |) atoms, and can be scattered to the other two atomic states
forming the closed channel via interaction. A, = g,upB and A, =
8. p B are the Zeeman shifts of the |g) and |e) manifolds, respectively.
(b) The one-hole polaron self-energy ¥ near an OFR. The solid lines
with arrows indicate free propagator G° for |g, | ) or |e, 1), and the
square 7% indicates the 7' matrix with the incoming and the outgoing
states being both in the open channel.

against a noninteracting Fermi sea. In alkali-metal atoms, it has
been shown that the impurity can either form a tightly bound
molecule with a majority atom, or induce collective particle-
hole excitations in the Fermi sea and form the so-called Fermi
polaron [64-69]. A polaron to molecule transition has been
observed experimentally, as the interaction is tuned. Further,
at positive energies, a so-called repulsive polaron branch exists,
which is metastable and associated with the elusive itinerant
ferromagnetism [68-78]. In OFR, a recent theoretical study
suggests that the transition between the attractive polaron and
the molecule also exists when tuning the magnetic field [40,41].
However, the existence and properties of the repulsive polaron
branch have not been investigated.

In this work, we characterize properties of the repulsive
polaron across the OFR, using the parameters of '">Yb atoms
as a concrete example. As illustrated in Fig. 1, we consider a
single impurity atom in the |e 1) state, which interacts with
a Fermi sea of atoms in the |g |) state. While the impurity
and the background atoms are initially in the open channel,
the spin-exchange interactions would scatter atoms into the
closed channel. Adopting the T-matrix formalism [72,74], we
demonstrate the existence of a metastable repulsive polaron
branch at positive energies across the OFR. We characterize
various properties of the repulsive polaron, such as the energy,
the polaron residue, the effective mass, and the decay rate. In

particular, we identify unique features in all of these quantities,
which are intimately related to the two-channel nature of the
OFR. An interesting result of the interchannel scattering is
that the lifetime of the repulsive polaron is nonmonotonic
in the effective interaction strength, and has a maximum
on the BEC-side of the resonance. We further analyze the
condition for the existence of itinerant ferromagnetism in
these atoms near an OFR. By considering the stability of a
homogeneous mixture of the impurity |e, 1) atoms and the
majority |g, | ) atoms against phase separation, we show that a
phase-separated state, and hence the itinerant ferromagnetism,
can be stabilized beyond a critical Zeeman-field detuning.
Since such a conclusion is conditional on the stability of the
repulsive polaron, we further demonstrate that for appropriate
atomic densities, a parameter window exists where the system
favors phase separation and the repulsive polaron is long-lived
and away from the molecule-hole continuum. Our findings
can be readily probed experimentally, and have interesting
implications for the observation of itinerant ferromagnetism
near an OFR.

The paper is organized as follows. In Sec. II, we present
the T-matrix formalism for Fermi polarons in the context of an
OFR. We demonstrate the existence of the repulsive polaron,
and characterize its energy by calculating the spectral function
in Sec. III. We then study in detail the polaron residue and
the effective mass in Sec. IV, where kinks in these properties
are identified and associated with resonant scatterings in the
many-body background. We characterize the decay rate of the
repulsive polaron in Sec. V, and discuss in detail the potential
stability region of the itinerant ferromagnetism near an OFR
in Sec. VI. Finally, we summarize in Sec. VII.

II. T-MATRIX FORMALISM

We start from the noninteracting Hamiltonian correspond-
ing to the configuration in Fig. 1(a),

Ho = Zeﬁ(a;ikag,ik + a:,mka&ﬁ.k)
k
+ Z Eli(ag,ikaedk + a;ﬂ;“mk)» (D
k

where a;mk (a; ) creates (annihilates) an atom in the corre-
sponding pseudospin state |j,o) (j € {g.e}, o € {1,]}) with
momentum k. Here, ¢ = /1°k?/2m and { = 1i*k>/2m + §/2.
The detuning between the two channels § = A, — A, = (g, —
g.)up B originates from the differential Zeeman shift of the
clock states in the presence of a magnetic field B, where g,
(g.) is the Lande g factor for the |g) (]e)) manifold, and g is
the Bohr magneton.

The typical interorbital spin-exchange interaction of an
OFR can be written as

Hy = 523 Al@Aar@+ 5 Y Al @a@. @
q q

where we have

Ai(q) = Z(ae,i,kag,T,qfk:Fae,T,kag,i,qfk)s 3)
K
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and the interaction strengths g are related to the physical ones
via the renormalization relation 1/gy =1/g+ — Y, 1/2¢;
with g+ = 4mh%a./m. Throughout this work, we adopt the
parameters of 'Yb atoms, with a; = 1900ay and a_ =
219.5ay [2,3,79,80].

Diagrammatically, the polaron properties can be calculated
using the retarded self-energy of the impurity atom [72], which
is given by [see Fig. 1(b)]

d d
X(Q.E) = 4 /—ngi(q,w)T""(q—i—Q,E—i—w),

@)y | 2n
4)

where Gg’ 1(q.0) = (@+i0" —el)™! is the free-fermion
propagator of the majority atoms, and 77° is the T matrix de-
scribing the open-channel scattering processes. Here E and Q
are, respectively, the energy and the center-of-mass momentum
of the self-energy, and w is the Matsubara frequency. Due to
the spin-exchange nature of the interaction, the open- and the
closed-channel scattering matrices are coupled. Accordingly,
there should be four kinds of 7 matrices 77, T%¢, T“°, and
T°¢, with the incoming and the outgoing states being in
either the open or the closed channel, as indicated by the
superscript labels. As discussed in Ref. [31], under the ladder
approximation, we may write down a set of coupled equations
for the T matrices, which lead to the solution,

Hgr+8)—gr8-x°
1— 28+ +8)(X% + x) + 8+8-x°x°

T*(q.0) = ®)

Here, the pair propagators for the closed and the open channel
x(q,w) and x’(q,w) can be written as

1
‘(q.0) = , 6
x“(q,0) ;w+i0+_eﬁ_€;_k 6)
1
CROE : , (7)
|k|Z>1;p o +i0" — e —€q

where the Fermi wave vector k is related to the Fermi energy

Er of |g, |) atoms as Ep = hzk%/Zm. From the equations

above, we see that x’(q,w) and x “(q,w) are isotropic in q. For

the convenience of discussion, we define ¢ = |q|.
Substituting Eq. (5) into (4), we obtain

Z(Q.E)
1/1 1 o o
= |:§<~—+g—>—)( (q+Q,E+eq)

1 ( 11 )2 1 }1
4\&+ & %(é + i) — % (q+Q.E +€))

(®)

where the renormalized pair propagator ¥ = x“ + >, 1/2¢;

and 3° = x° 4+ >\ 1/2¢;. With Dyson’s equation, the Green’s

function of an impurity |e, 1) dressed by a Fermi sea of |g |)
atoms can therefore be written as

1
E+i0t — ey — Z(Q.E)’

G (Q.E) = €))

-

FIG. 2. False color plot of the spectral function A(Q = 0,E)
square root of an impurity |e, 1) in a Fermi sea of noninteracting |g |)
particles on the 6 —E plane. The solid black lines depict the polaron
energies given by Eq. (11), and the dashed red line is the molecular
energy. The light-blue area in between the two polaronic branches
is the molecule-hole continuum. The upper repulsive polaron branch
merges into the molecule-hole continuum for § > 3.8 E,. Here, we
define the unit of energy E, = hzkg /2m, where the unit Fermi wave
vector ki = 67°ng and the unit density 7o = 5 x 10" cm~>. In this
plot, we take n = ny.

from which we may extract various properties of the quasipar-
ticle excitations.

III. SPECTRAL FUNCTION AND THE POLARON ENERGY

We first calculate the spectral function at zero temperature
(T =0,

AQ,E) = -2ImG4(Q,E). (10)

In Fig. 2, we plot A(Q = 0, E) in the 5—F plane. The spectral
function is strongly peaked at the energies of polaron excita-
tions satisfying

Ey =Re[2(Q,EL)]. an

As is apparent in Fig. 2, there exist two solutions for Eq. (11).
The lower branch with E = E_ < 0 corresponds to the attrac-
tive polaron, and the upper branch with £ = E > 0 corre-
sponds to the repulsive polaron. In contrast to the attractive
polaron, which is undamped under the ladder approximation
here, the repulsive polaron, being a mestastable quasipaticle
excitation with E; > 0, features a finite width in the spectral
function as illustrated in Fig. 3, which originates from the decay
into low-lying states. Under the interorbital spin-exchange
interactions of the OFR, as we will show later, the finite
spectral width and hence the decay of the repulsive polaron
mainly come from the resonant coupling of the quasiparticle
excitation to the open- and the closed-channel scattering
continuum. In particular, the very broad wing surrounding the
repulsive polaron peak at negative § is a direct result of the
coupling between the repulsive polaron and the closed-channel
scattering states. Finally, we notice the existence of a broad
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FIG. 3. The spectral function A(Q = 0, E) as functions of E with
different detunings. We have taken the same parameters as those in
Fig. 2.

wing between the two polaron peaks as shown in Fig 3, which
corresponds to the molecule-hole continuum.

IV. IMPURITY RESIDUE AND THE EFFECTIVE MASS

We now characterize the impurity residue and the effective
mass of the repulsive polaron. For a polaron excitation, the
quasiparticle residue is defined as [72]

1
7y = ——c—— , (12)
TR E,
and its effective mass as
my 1 1 (13)

m Zi | 4 Re[%&’“’)] ‘Q_o,w_Ei

where the subscript + (—) labels the repulsive (attractive)
branch of polarons.

We have shown the quasiparticle residue as well as the
effective mass of the repulsive polaron in Fig. 4. For compar-
ison, we have also plotted the residue and the effective mass

FIG. 4. (a) Quasiparticle residues Z. for the attractive (blue
dashed) and repulsive (red solid) polarons as functions of §. (b)
Effective masses of the attractive (blue dashed) and the repulsive (red
solid) polarons as functions of §.

of the attractive polaron. We note that the divergence of the
effective polaron mass in the attractive branch in Fig. 4(b)
indicates the acquisition of a finite center-of-mass momentum
by the attractive polaron. Physically, this suggests that the
attractive polaron becomes unstable against a shallow-bound
molecular state [40]. In an OFR and under the setup illustrated
in Fig. 1, the resonance occurs at §y ~ 3.06E(, and the system
is on the BCS side of the resonance for § > §y. In Fig. 4,
we see that as § increases (i.e., moves towards the BCS side
of the resonance), Z, decreases and mi increases, which is
qualitatively consistent with the case of alkali-metal atoms.
A prominent difference in the current case is the existence
of kinks in both the residue and the effective mass at § =
E, and § = E; + Ef/2. The occurrence of these kinks can
be explained by the qualitative difference, between regions
with different values of §, in the way that the atoms in the
open-channel Fermi sea are scattered into the closed-channel
continuum in forming the repulsive polaron.

The location of the kinks can be determined analytically by
considering the scattering process between the impurity and the
majority atoms, in which the outgoing states are at the closed-
channel scattering threshold. In particular, because § represents
the closed-channel detuning of the two atoms and E is the
interaction-induced energy shift of the impurity atom, at § =
E animpurity atom with zero momentum and a majority atom
atthe bottom of the Fermi sea (with g = 0) interact with one an-
other, which are resonantly scattered to two atoms in the closed-
channel scattering threshold. Likewise, at§ = E 4+ Ef/2, an
impurity atom with zero momentum and a majority atom on the
Fermi surface (with ¢ = k F') interact with one another, which,
under the momentum conservation, are resonantly scattered
to two atoms in the closed channel each with a momentum
q = kr /2. The process can therefore be qualitatively described
as resonant scatterings in the many-body background.

To further demonstrate this point, in Figs. 5(a) and 5(b), we
explicitly show the imaginary parts of the pair propagators in
the open and the closed channel, respectively, on the §-¢ plane.
As the imaginary parts of the pair propagators are related to
the removable singularities in the summation of Egs. (6) and
(7), they reflect the contribution to the polaron self-energy as
atoms in the Fermi sea with momentum ¢ < kp is resonantly
coupled to the scattering states in the open(closed)-channel
continuum, forming particle-hole excitations. In the case of
the open-channel pair propagator, for any given §, a finite
imaginary part exists only when the magnitude of the center-
of-mass momentum of the hole excitation ¢ is below a critical
value. This implies that, for any given &, part of the Fermi sea is
blocked by the energy and momentum conservation conditions
such that atoms therein cannot be resonantly scattered into the
open-channel continuum. The case of the closed-channel pair
propagator is more complicated. For § < E, x.(q,EL + &)
features a finite imaginary part for all ¢ < kr. Therefore, all
atoms in the Fermi sea can be resonantly scattered into the
closed-channel continuum to form the particle-hole excita-
tions. For 6 > E + Er/2, on the other hand, x.(q,E, + €4)
can be completely real for any ¢ < kr. Hence, none of the
atoms in the Fermi sea can be resonantly scattered into the
closed-channel continuum, and the particle-hole excitations in
the repulsive polaron is open-channel dominated. Therefore, in
different regions of §, the closed-channel scattering continuum
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FIG. 5. (a) Imaginary part of the closed-channel pair propagator
X(q,E+ + €3) on the —g plane. (b) Imaginary part of the open-
channel pair propagator x°(q,E, + €g) on the —g plane. (c) I'(q)
on the 6—q plane. (d) The decay rate I" as function of . In (a)—(c),
we take n = ng. In (d), the green dashed line, red solid line, and
blue dash-dotted line correspond to cases of n = 1.2ny, ngy, and 0.8n,,
respectively.

contribute in qualitatively different ways to the polaron self-
energy, which gives rise to the appearance of kinks at the
boundaries of these regions.

V. DECAY RATE OF THE REPULSIVE POLARON

Being a metastable state, the repulsive polaron can decay
into low-lying states. Experimentally, it has been shown that
for alkali-metal atoms, the dominating decay channel for the
repulsive polaron is the coupling to the bare impurity state
in the attractive-polaron branch, so long as the interaction is
not in the deep BEC regime [77]. We assume that the case
with alkaline-earth-metal-like atoms is similar. One should
then include the corresponding decay channel in the diagrams
leading to the repulsive polaron self-energy. Such a decay rate
can be calculated as [77]

I = —2Z,[Im3(0,E,)], (14)

where Z, is the residue for the repulsive polaron. Further,
following the practice in Ref. [77], we replace the free-fermion
propagator G, with (1 — Z,)G?, in the self-energy %, which
implies substituting x with (1 — Z;)x?. This is because the
final state of the decay channel, i.e., a bare impurity in the
attractive-polaron branch, exists with a probability approxi-
mately given by (1 — Z,). We then have I' =}, , T'(q)
with

1
I'(q)=Im{ —2Z, [E(g;‘ +g-h

—(1=Z)3°@Q,E+ + €q)

@' -g'y

-1
1

SR . (5)
43@ 2D - @ Es + Eq):|

We plot the calculated I'(q) and I in Figs. 5(c) and 5(d),
respectively. In Fig. 5(c), we see that the decay rate consists
of two different contributions, which can be numerically
associated with contributions from the pair propagators ¥, and
Xc. At large and positive 8, the decay of the repulsive polaron
is open-channel dominated, which increases as the system is
tuned further towards the BCS side. At smaller or negative
3, the closed-channel contribution becomes important, which
increases as the system is tuned towards the BEC regime. We
note that this result is consistent with the previous analysis
of the pair propagators, as well as with the broadening of the
repulsive polaron peak in Fig. 1. The competition between the
two channels gives rise to the nonmonotonic behavior of I"
as shown in Fig. 5(d), where the lowest decay rate occurs
near 6 = E, + Er/2. Notably, as illustrated in Fig. 5(d),
the decay rate is density dependent, and in most cases, we
have I' « E, which suggests that the repulsive polaron is
a well-defined quasiparticle throughout the OFR. We also
note that further into the BCS side with large enough §, the
repulsive polaron branch would eventually enter the molecule-
hole continuum as illustrated in Fig. 2, where the repulsive
polaron would become unstable. However, at large § but before
the repulsive polaron branch merges into the molecule-hole
continuum, the decay rate appears to decrease with increas-
ing §, which is due to the decreasing quasiparticle residue
Z, atlarge §.

VI. PHASE SEPARATION

One of the reasons for the recent interest in repulsive
polarons is the potential existence of itinerant ferromag-
netism in repulsively interacting two-component fermions.
Previous theoretical studies have shown that itinerant fer-
romagnetism may be stabilized for alkali-metal fermionic
atoms in the repulsive branch [70-75]. However, a direct
experimental confirmation is still lacking. A natural question
is whether itinerant ferromagnetism exists in alkaline-earth-
metal-like atoms under the spin-exchange interactions near an
OFR.

In an effort to answer this question, here we consider a
system of N, impurity atoms of the state |e, 1) immersed in
N| majority atoms of the state |g, | ). Following the treatment
in Ref. [74], we derive the free energy of a homogeneous
mixture and study the condition for the occurrence of a phase
separation. For a highly polarized mixture with y = N, /(N +
N,) < 1, the energy per particle for a homogeneous mixture
at zero temperature can be written as

3 3
Epix = gE;”(l — ¥+ gEﬁf)y +yE{(N,8),  (16)

where E (Fl) and £ ;2) are the Fermi energies of the atoms in the
lg, ) and the |e, 1) states, respectively. £, (Ny,d) in the last
term of the expression above is the energy of a single |e, 1) im-
purity atoms interacting with Ny |g, |) atoms in the repulsive
branch, which can be related to the repulsive polaron energy as
E.(Ny,8) = E{(1 — y)*3, where E, is the repulsive polaron
energy discussed in the previous sections with a total parti-
cle number N = N; + N,. By applying the usual Maxwell
construction to Ey,x [74], we obtain the critical polarization
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FIG. 6. Phase diagrams in terms of the detuning & and the
polarization P = (N; — N,)/(N; + N;). Above and to the left of
the line is the mixed phase, while below and to the right of the
line is the phase-separated state. The green dashed, red solid, and
blue dash-dotted curves correspond to n = 1.2n¢, ng, and 0.8ny,
respectively.

from the minimum of Ey,x. In Fig. 6, we plot the resulting
phase diagram on the plane of detuning § and polarization P =
(N1 — N3)/(N1 + N3). In the large polarization limit P ~ 1,
the mixture becomes unstable towards phase separation beyond
acritical §., which is density dependent due to the nonuniversal
nature of the OFR. Note that by writing down Eq. (16), we are
essentially treating impurity atoms as a noninteracting Fermi
gas of quasiparticles in the repulsive polaron branch, with
the quasiparticle energy given by E. . Additionally, when the
polarization decreases, the increased occupation of the closed
channel can lead to inelastic collisions between atoms in the
states |e 1) and |e | ), which should affect the stability of the re-
pulsive polarons. The calculated phase boundary therefore only
provides a qualitative picture away from the large polarization
limit.

The stability region of the phase-separated state shown
in Fig. 6 is conditional on the stability of the repulsive
polaron. More specifically, the repulsive polaron should
be a long-lived, well-defined quasiparticle away from the
molecule-hole continuum to justify the free-energy consid-
erations leading to the phase diagram in Fig. 6. To pro-
vide further perspective on this point, we show in Fig. 7
the phase diagram in the large polarization limit P = 1 on
the §-n plane, against the false color plot of the polaron
decay rate. We conclude that the phase-separated state, and
hence the itinerant ferromagnetism, may be stabilized to
the immediate left of the red-dotted line, where the decay
rate I' < 0.1 Ej and the phase-separated state is energetically
favorable.

0.2

0.15

0.1

n/n0

0.05

FIG. 7. Phase diagram for the stability of the phase-separated
state on the §-n plane. The background color shows the decay rate
I'/ Ey of the repulsive polaron. The black dashed line indicates the
phase boundary between the mixed and the phase-separated states.
The red solid line is the boundary where the repulsive polaron merges
into the molecule-hole continuum. Here we take the large polarization
limit with P = 1.

VII. SUMMARY

We have characterized in detail the key properties of the
repulsive polaron near an OFR, using the parameters of 7> Yb.
We find that the two-channel nature of the OFR has significant
impact on the properties of the repulsive polaron. In particular,
the decay rate features a minimum at small magnetic field,
on the BEC side of the resonance point. The dressing of the
repulsive polaron by the closed-channel scattering states would
also give rise to visible kinks in both the residue and the
effective mass of the repulsive polaron. We also estimate the
parameter region where the itinerant ferromagnetism may be
stabilized and observed. Further, in light of a recent experiment
[78], we expect that the ferromagnetic behavior can also be
probed by monitoring the spin dynamics of the alkaline-
earth-metal-like atoms close to the OFR. Our results can be
readily checked using the existing experimental techniques in
alkaline-earth-metal-like atoms.

ACKNOWLEDGMENTS

We thank Pietro Massignan, Francesco Scazza, and Zhen-
hua Yu for helpful comments and discussions. This work
is supported by the National Natural Science Foundation of
China (Grants No. 60921091, No. 11274009, No. 11374283,
No. 11434011, No. 11522436, No. 11522545, and No.
11774425), the National Key R&D Program (Grant No.
2016YFA0301700), the NKBRP (Grant No. 2013CB922000),
and Research Funds of Renmin University of China (Grants
No. 10XNLO16 and No. 16XNLQO3). W.Y. acknowledges
support from the “Strategic Priority Research Program(B)” of
the Chinese Academy of Sciences (Grant No. XDB01030200).

[1] R. Zhang, Y. Cheng, H. Zhai, and P. Zhang, Phys. Rev. Lett. 115,
135301 (2015).

[2] G.Pagano, M. Mancini, G. Cappellini, L. Livi, C. Sias, J. Catani,
M. Inguscio, and L. Fallani, Phys. Rev. Lett. 115,265301 (2015).

013635-6


https://doi.org/10.1103/PhysRevLett.115.135301
https://doi.org/10.1103/PhysRevLett.115.135301
https://doi.org/10.1103/PhysRevLett.115.135301
https://doi.org/10.1103/PhysRevLett.115.135301
https://doi.org/10.1103/PhysRevLett.115.265301
https://doi.org/10.1103/PhysRevLett.115.265301
https://doi.org/10.1103/PhysRevLett.115.265301
https://doi.org/10.1103/PhysRevLett.115.265301

REPULSIVE POLARONS IN ALKALINE-EARTH-METAL- ...

PHYSICAL REVIEW A 97, 013635 (2018)

[3] M. Hofer, L. Riegger, F. Scazza, C. Hofrichter, D. R. Fernandes,
M. M. Parish, J. Levinsen, 1. Bloch, and S. Félling, Phys. Rev.
Lett. 115, 265302 (2015).

[4] M. Takamoto, F. L. Hong, R. Higashi, and H. Katori, Nature
(London) 435, 321 (2005).

[5] A. D. Ludlow, M. M. Boyd, T. Zelevinsky, S. M. Foreman, S.
Blatt, M. Notcutt, T. Ido, and J. Ye, Phys. Rev. Lett. 96, 033003
(20006).

[6] M. D. Swallows, M. Bishof, Y. Lin, S. Blatt, M. J. Martin, A. M.
Rey, and J. Ye, Science 331, 1043 (2011).

[7] B.J. Bloom, T. L. Nicholson, J. R. Williams, S. L. Campbell, M.
Bishof, X. Zhang, W. Zhang, S. L. Bromley, and J. Ye, Nature
(London) 506, 71 (2014).

[8] M. A. Cazalilla and A. M. Rey, Rep. Prog. Phys. 77, 124401
(2014).

[9] A. V. Gorshkov, A. M. Rey, A. J. Daley, M. M. Boyd, J.
Ye, P. Zoller, and M. D. Lukin, Phys. Rev. Lett. 102, 110503
(2009).

[10] C. Wu, J.-P. Hu, and S.-C. Zhang, Phys. Rev. Lett. 91, 186402
(2003).

[11] T. Fukuhara, Y. Takasu, M. Kumakura, and Y. Takahashi, Phys.
Rev. Lett. 98, 030401 (2007).

[12] M. A. Cazalilla, A. F. Ho, and M. Ueda, New J. Phys. 11, 103033
(2009).

[13] S. Stellmer, M. K. Tey, B. Huang, R. Grimm, and F. Schreck,
Phys. Rev. Lett. 103, 200401 (2009).

[14] B. J. DeSalvo, M. Yan, P. G. Mickelson, Y. N. Martinez de
Escobar, and T. C. Killian, Phys. Rev. Lett. 105, 030402 (2010).

[15] K. Kobayashi, M. Okumura, Y. Ota, S. Yamada, and M. Machida,
Phys. Rev. Lett. 109, 235302 (2012).

[16] H. Nonne, M. Moliner, S. Capponi, P. Lecheminant, and K.
Totsuka, Euro. Phys. Lett. 102, 37008 (2013).

[17] K. Duivenvoorden and T. Quella, Phys. Rev. B 87, 125145
(2013).

[18] X. Zhang, M. Bishof, S. L. Bromley, C. V. Kraus, M. S.
Safronova, P. Zoller, A. M. Rey, and J. Ye, Science 345, 1467
(2014).

[19] F. Scazza, C. Hofrichter, M. Hofer, P. C. De Groot, 1. Bloch, and
S. Folling, Nat. Phys. 10, 779 (2014); 11, 514 (2015).

[20] G. Cappellini, M. Mancini, G. Pagano, P. Lombardi, L. Livi,
M. Siciliani de Cumis, P. Cancio, M. Pizzocaro, D. Calonico, F.
Levi, C. Sias, J. Catani, M. Inguscio, and L. Fallani, Phys. Rev.
Lett. 113, 120402 (2014); 114, 239903 (2015).

[21] M. Mancini, G. Pagano, G. Cappellini, L. Livi, M. Rider, J.
Catani, C. Sias, P. Zoller, M. Inguscio, M. Dalmonte, and L.
Fallani, Science 349, 1510 (2015).

[22] V. Bois, S. Capponi, P. Lecheminant, M. Moliner, and K.
Totsuka, Phys. Rev. B 91, 075121 (2015).

[23] A. Roy and T. Quella, arXiv:1512.05229.

[24] C. Hofrichter, L. Riegger, F. Scazza, M. Hofer, D. R. Fernandes,
I. Bloch, and S. Folling, Phys. Rev. X 6, 021030 (2016).

[25] V. Bois, P. Fromholz, and P. Lecheminant, Phys. Rev. B 93,
134415 (2016).

[26] S. Capponi, P. Lecheminant, and K. Totsuka, Ann. Phys. 367,
50 (2016).

[27] M. L. Wall, A. P. Koller, S. Li, X. Zhang, N. R. Cooper, J. Ye,
and A. M. Rey, Phys. Rev. Lett. 116, 035301 (2016).

[28] S. Kolkowitz, S. L. Bromley, T. Bothwell, M. L. Wall, G. E.
Marti, A. P. Koller, X. Zhang, A. M. Rey, and J. Ye, Nature
(London) 542, 66 (2017).

[29] L. F. Livi, G. Cappellini, M. Diem, L. Franchi, C. Clivati, M.
Frittelli, F. Levi, D. Calonico, J. Catani, M. Inguscio, and L.
Fallani, Phys. Rev. Lett. 117, 220401 (2016).

[30] B. Song, C. He, S. Zhang, E. Hajiyev, W. Huang, X.-J. Liu, and
G.-B. Jo, Phys. Rev. A 94, 061604 (2016).

[31] J. Xu, R. Zhang, Y. Cheng, P. Zhang, R. Qi, and H. Zhai, Phys.
Rev. A 94, 033609 (2016).

[32] X. Zhou, J.-S. Pan, Z.-X. Liu, W. Zhang, W. Yi, G. Chen, and S.
Jia, Phys. Rev. Lett. 119, 185701 (2017).

[33] F. Iemini, L. Mazza, L. Fallani, P. Zoller, R. Fazio, and M.
Dalmonte, Phys. Rev. Lett. 118, 200404 (2017).

[34] A. V. Gorshkov, M. Hermele, V. Gurarie, C. Xu, P. S. Julienne,
J. Ye, P. Zoller, E. Demler, M. D. Lukin, and A. M. Rey, Nat.
Phys. 6, 289 (2010).

[35] A.Carmi, Y. Oreg, and M. Berkooz, Phys. Rev. Lett. 106, 106401
(2011).

[36] M. Nakagawa and N. Kawakami, Phys. Rev. Lett. 115, 165303
(2015).

[37] L. Isaev and A. M. Rey, Phys. Rev. Lett. 115, 165302 (2015).

[38] R. Zhang, D. Zhang, Y. Cheng, W. Chen, P. Zhang, and H. Zhai,
Phys. Rev. A 93, 043601 (2016).

[39] Y. Cheng, R. Zhang, P. Zhang, and H. Zhai, Phys. Rev. A 96,
063605 (2017).

[40] J.-G. Chen, T.-S. Deng, W. Yi, and W. Zhang, Phys. Rev. A 94,
053627 (2016).

[41] J. Xu and R. Qi, arXiv:1710.00785.

[42] S. G. Porsev, A. Derevianko, and E. N. Fortson, Phys. Rev. A
69, 021403 (2004).

[43] R. Santra, K. V. Christ, and C. H. Greene, Phys. Rev. A 69,
042510 (2004).

[44] G.E. Astrakharchik and L. P. Pitaevskii, Phys. Rev. A 70, 013608
(2004).

[45] F. M. Cucchietti and E. Timmermans, Phys. Rev. Lett. 96,
210401 (2006).

[46] R. M. Kalas and D. Blume, Phys. Rev. A 73, 043608 (2006).

[47] M. Bruderer, W. Bao, and D. Jaksch, Euro. Phys. Lett. 82, 30004
(2008).

[48] R. Schmidt and T. Enss, Phys. Rev. A 83, 063620 (2011).

[49] S. P. Rath and R. Schmidt, Phys. Rev. A 88, 053632 (2013).

[50] W. Li and S. Das Sarma, Phys. Rev. A 90, 013618 (2014).

[51] W. Casteels and M. Wouters, Phys. Rev. A 90, 043602 (2014).

[52] A. Shashi, F. Grusdt, D. A. Abanin, and E. Demler, Phys. Rev.
A 89, 053617 (2014).

[53] J. Vlietnick, W. Casteels, K. V. Houcke, J. Tempere, J. Rycke-
busch, and J. T. Devreese, New J. Phys. 17, 033023 (2015).

[54] A. G. Volosniev, H.-W. Hammer, and N. T. Zinner, Phys. Rev.
A 92, 023623 (2015).

[55] J. Levinsen, M. M. Parish, and G. M. Bruun, Phys. Rev. Lett.
115, 125302 (2015).

[56] R.S. Christensen, J. Levinsen, and G. M. Bruun, Phys. Rev. Lett.
115, 160401 (2015).

[57] L. A. Pefia Ardila and S. Giorgini, Phys. Rev. A 92, 033612
(2015).

[58] M.-G. Hu, M. J. Van de Graaff, D. Kedar, J. P. Corson, E. A.
Cornell, and D. S. Jin, Phys. Rev. Lett. 117, 055301 (2016).

[59] N. B. Jgrgensen, L. Wacker, K. T. Skalmstang, M. M. Parish, J.
Levinsen, R. S. Christensen, G. M. Bruun, and J. J. Arlt, Phys.
Reyv. Lett. 117, 055302 (2016).

[60] Y. E. Shchadilova, R. Schmidt, F. Grusdt, and E. Demler, Phys.
Rev. Lett. 117, 113002 (2016).

013635-7


https://doi.org/10.1103/PhysRevLett.115.265302
https://doi.org/10.1103/PhysRevLett.115.265302
https://doi.org/10.1103/PhysRevLett.115.265302
https://doi.org/10.1103/PhysRevLett.115.265302
https://doi.org/10.1038/nature03541
https://doi.org/10.1038/nature03541
https://doi.org/10.1038/nature03541
https://doi.org/10.1038/nature03541
https://doi.org/10.1103/PhysRevLett.96.033003
https://doi.org/10.1103/PhysRevLett.96.033003
https://doi.org/10.1103/PhysRevLett.96.033003
https://doi.org/10.1103/PhysRevLett.96.033003
https://doi.org/10.1126/science.1196442
https://doi.org/10.1126/science.1196442
https://doi.org/10.1126/science.1196442
https://doi.org/10.1126/science.1196442
https://doi.org/10.1038/nature12941
https://doi.org/10.1038/nature12941
https://doi.org/10.1038/nature12941
https://doi.org/10.1038/nature12941
https://doi.org/10.1088/0034-4885/77/12/124401
https://doi.org/10.1088/0034-4885/77/12/124401
https://doi.org/10.1088/0034-4885/77/12/124401
https://doi.org/10.1088/0034-4885/77/12/124401
https://doi.org/10.1103/PhysRevLett.102.110503
https://doi.org/10.1103/PhysRevLett.102.110503
https://doi.org/10.1103/PhysRevLett.102.110503
https://doi.org/10.1103/PhysRevLett.102.110503
https://doi.org/10.1103/PhysRevLett.91.186402
https://doi.org/10.1103/PhysRevLett.91.186402
https://doi.org/10.1103/PhysRevLett.91.186402
https://doi.org/10.1103/PhysRevLett.91.186402
https://doi.org/10.1103/PhysRevLett.98.030401
https://doi.org/10.1103/PhysRevLett.98.030401
https://doi.org/10.1103/PhysRevLett.98.030401
https://doi.org/10.1103/PhysRevLett.98.030401
https://doi.org/10.1088/1367-2630/11/10/103033
https://doi.org/10.1088/1367-2630/11/10/103033
https://doi.org/10.1088/1367-2630/11/10/103033
https://doi.org/10.1088/1367-2630/11/10/103033
https://doi.org/10.1103/PhysRevLett.103.200401
https://doi.org/10.1103/PhysRevLett.103.200401
https://doi.org/10.1103/PhysRevLett.103.200401
https://doi.org/10.1103/PhysRevLett.103.200401
https://doi.org/10.1103/PhysRevLett.105.030402
https://doi.org/10.1103/PhysRevLett.105.030402
https://doi.org/10.1103/PhysRevLett.105.030402
https://doi.org/10.1103/PhysRevLett.105.030402
https://doi.org/10.1103/PhysRevLett.109.235302
https://doi.org/10.1103/PhysRevLett.109.235302
https://doi.org/10.1103/PhysRevLett.109.235302
https://doi.org/10.1103/PhysRevLett.109.235302
https://doi.org/10.1209/0295-5075/102/37008
https://doi.org/10.1209/0295-5075/102/37008
https://doi.org/10.1209/0295-5075/102/37008
https://doi.org/10.1209/0295-5075/102/37008
https://doi.org/10.1103/PhysRevB.87.125145
https://doi.org/10.1103/PhysRevB.87.125145
https://doi.org/10.1103/PhysRevB.87.125145
https://doi.org/10.1103/PhysRevB.87.125145
https://doi.org/10.1126/science.1254978
https://doi.org/10.1126/science.1254978
https://doi.org/10.1126/science.1254978
https://doi.org/10.1126/science.1254978
https://doi.org/10.1038/nphys3061
https://doi.org/10.1038/nphys3061
https://doi.org/10.1038/nphys3061
https://doi.org/10.1038/nphys3061
https://doi.org/10.1038/nphys3338
https://doi.org/10.1038/nphys3338
https://doi.org/10.1038/nphys3338
https://doi.org/10.1103/PhysRevLett.113.120402
https://doi.org/10.1103/PhysRevLett.113.120402
https://doi.org/10.1103/PhysRevLett.113.120402
https://doi.org/10.1103/PhysRevLett.113.120402
https://doi.org/10.1103/PhysRevLett.114.239903
https://doi.org/10.1103/PhysRevLett.114.239903
https://doi.org/10.1103/PhysRevLett.114.239903
https://doi.org/10.1126/science.aaa8736
https://doi.org/10.1126/science.aaa8736
https://doi.org/10.1126/science.aaa8736
https://doi.org/10.1126/science.aaa8736
https://doi.org/10.1103/PhysRevB.91.075121
https://doi.org/10.1103/PhysRevB.91.075121
https://doi.org/10.1103/PhysRevB.91.075121
https://doi.org/10.1103/PhysRevB.91.075121
http://arxiv.org/abs/arXiv:1512.05229
https://doi.org/10.1103/PhysRevX.6.021030
https://doi.org/10.1103/PhysRevX.6.021030
https://doi.org/10.1103/PhysRevX.6.021030
https://doi.org/10.1103/PhysRevX.6.021030
https://doi.org/10.1103/PhysRevB.93.134415
https://doi.org/10.1103/PhysRevB.93.134415
https://doi.org/10.1103/PhysRevB.93.134415
https://doi.org/10.1103/PhysRevB.93.134415
https://doi.org/10.1016/j.aop.2016.01.011
https://doi.org/10.1016/j.aop.2016.01.011
https://doi.org/10.1016/j.aop.2016.01.011
https://doi.org/10.1016/j.aop.2016.01.011
https://doi.org/10.1103/PhysRevLett.116.035301
https://doi.org/10.1103/PhysRevLett.116.035301
https://doi.org/10.1103/PhysRevLett.116.035301
https://doi.org/10.1103/PhysRevLett.116.035301
https://doi.org/10.1038/nature20811
https://doi.org/10.1038/nature20811
https://doi.org/10.1038/nature20811
https://doi.org/10.1038/nature20811
https://doi.org/10.1103/PhysRevLett.117.220401
https://doi.org/10.1103/PhysRevLett.117.220401
https://doi.org/10.1103/PhysRevLett.117.220401
https://doi.org/10.1103/PhysRevLett.117.220401
https://doi.org/10.1103/PhysRevA.94.061604
https://doi.org/10.1103/PhysRevA.94.061604
https://doi.org/10.1103/PhysRevA.94.061604
https://doi.org/10.1103/PhysRevA.94.061604
https://doi.org/10.1103/PhysRevA.94.033609
https://doi.org/10.1103/PhysRevA.94.033609
https://doi.org/10.1103/PhysRevA.94.033609
https://doi.org/10.1103/PhysRevA.94.033609
https://doi.org/10.1103/PhysRevLett.119.185701
https://doi.org/10.1103/PhysRevLett.119.185701
https://doi.org/10.1103/PhysRevLett.119.185701
https://doi.org/10.1103/PhysRevLett.119.185701
https://doi.org/10.1103/PhysRevLett.118.200404
https://doi.org/10.1103/PhysRevLett.118.200404
https://doi.org/10.1103/PhysRevLett.118.200404
https://doi.org/10.1103/PhysRevLett.118.200404
https://doi.org/10.1038/nphys1535
https://doi.org/10.1038/nphys1535
https://doi.org/10.1038/nphys1535
https://doi.org/10.1038/nphys1535
https://doi.org/10.1103/PhysRevLett.106.106401
https://doi.org/10.1103/PhysRevLett.106.106401
https://doi.org/10.1103/PhysRevLett.106.106401
https://doi.org/10.1103/PhysRevLett.106.106401
https://doi.org/10.1103/PhysRevLett.115.165303
https://doi.org/10.1103/PhysRevLett.115.165303
https://doi.org/10.1103/PhysRevLett.115.165303
https://doi.org/10.1103/PhysRevLett.115.165303
https://doi.org/10.1103/PhysRevLett.115.165302
https://doi.org/10.1103/PhysRevLett.115.165302
https://doi.org/10.1103/PhysRevLett.115.165302
https://doi.org/10.1103/PhysRevLett.115.165302
https://doi.org/10.1103/PhysRevA.93.043601
https://doi.org/10.1103/PhysRevA.93.043601
https://doi.org/10.1103/PhysRevA.93.043601
https://doi.org/10.1103/PhysRevA.93.043601
https://doi.org/10.1103/PhysRevA.96.063605
https://doi.org/10.1103/PhysRevA.96.063605
https://doi.org/10.1103/PhysRevA.96.063605
https://doi.org/10.1103/PhysRevA.96.063605
https://doi.org/10.1103/PhysRevA.94.053627
https://doi.org/10.1103/PhysRevA.94.053627
https://doi.org/10.1103/PhysRevA.94.053627
https://doi.org/10.1103/PhysRevA.94.053627
http://arxiv.org/abs/arXiv:1710.00785
https://doi.org/10.1103/PhysRevA.69.021403
https://doi.org/10.1103/PhysRevA.69.021403
https://doi.org/10.1103/PhysRevA.69.021403
https://doi.org/10.1103/PhysRevA.69.021403
https://doi.org/10.1103/PhysRevA.69.042510
https://doi.org/10.1103/PhysRevA.69.042510
https://doi.org/10.1103/PhysRevA.69.042510
https://doi.org/10.1103/PhysRevA.69.042510
https://doi.org/10.1103/PhysRevA.70.013608
https://doi.org/10.1103/PhysRevA.70.013608
https://doi.org/10.1103/PhysRevA.70.013608
https://doi.org/10.1103/PhysRevA.70.013608
https://doi.org/10.1103/PhysRevLett.96.210401
https://doi.org/10.1103/PhysRevLett.96.210401
https://doi.org/10.1103/PhysRevLett.96.210401
https://doi.org/10.1103/PhysRevLett.96.210401
https://doi.org/10.1103/PhysRevA.73.043608
https://doi.org/10.1103/PhysRevA.73.043608
https://doi.org/10.1103/PhysRevA.73.043608
https://doi.org/10.1103/PhysRevA.73.043608
https://doi.org/10.1209/0295-5075/82/30004
https://doi.org/10.1209/0295-5075/82/30004
https://doi.org/10.1209/0295-5075/82/30004
https://doi.org/10.1209/0295-5075/82/30004
https://doi.org/10.1103/PhysRevA.83.063620
https://doi.org/10.1103/PhysRevA.83.063620
https://doi.org/10.1103/PhysRevA.83.063620
https://doi.org/10.1103/PhysRevA.83.063620
https://doi.org/10.1103/PhysRevA.88.053632
https://doi.org/10.1103/PhysRevA.88.053632
https://doi.org/10.1103/PhysRevA.88.053632
https://doi.org/10.1103/PhysRevA.88.053632
https://doi.org/10.1103/PhysRevA.90.013618
https://doi.org/10.1103/PhysRevA.90.013618
https://doi.org/10.1103/PhysRevA.90.013618
https://doi.org/10.1103/PhysRevA.90.013618
https://doi.org/10.1103/PhysRevA.90.043602
https://doi.org/10.1103/PhysRevA.90.043602
https://doi.org/10.1103/PhysRevA.90.043602
https://doi.org/10.1103/PhysRevA.90.043602
https://doi.org/10.1103/PhysRevA.89.053617
https://doi.org/10.1103/PhysRevA.89.053617
https://doi.org/10.1103/PhysRevA.89.053617
https://doi.org/10.1103/PhysRevA.89.053617
https://doi.org/10.1088/1367-2630/17/3/033023
https://doi.org/10.1088/1367-2630/17/3/033023
https://doi.org/10.1088/1367-2630/17/3/033023
https://doi.org/10.1088/1367-2630/17/3/033023
https://doi.org/10.1103/PhysRevA.92.023623
https://doi.org/10.1103/PhysRevA.92.023623
https://doi.org/10.1103/PhysRevA.92.023623
https://doi.org/10.1103/PhysRevA.92.023623
https://doi.org/10.1103/PhysRevLett.115.125302
https://doi.org/10.1103/PhysRevLett.115.125302
https://doi.org/10.1103/PhysRevLett.115.125302
https://doi.org/10.1103/PhysRevLett.115.125302
https://doi.org/10.1103/PhysRevLett.115.160401
https://doi.org/10.1103/PhysRevLett.115.160401
https://doi.org/10.1103/PhysRevLett.115.160401
https://doi.org/10.1103/PhysRevLett.115.160401
https://doi.org/10.1103/PhysRevA.92.033612
https://doi.org/10.1103/PhysRevA.92.033612
https://doi.org/10.1103/PhysRevA.92.033612
https://doi.org/10.1103/PhysRevA.92.033612
https://doi.org/10.1103/PhysRevLett.117.055301
https://doi.org/10.1103/PhysRevLett.117.055301
https://doi.org/10.1103/PhysRevLett.117.055301
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/10.1103/PhysRevLett.117.055302
https://doi.org/10.1103/PhysRevLett.117.055302
https://doi.org/10.1103/PhysRevLett.117.113002
https://doi.org/10.1103/PhysRevLett.117.113002
https://doi.org/10.1103/PhysRevLett.117.113002
https://doi.org/10.1103/PhysRevLett.117.113002

DENG, LU, SHI, CHEN, ZHANG, AND YI

PHYSICAL REVIEW A 97, 013635 (2018)

[61] T. Rentrop, A. Trautmann, F. A. Olivares, F. Jendrzejewski, A.
Komnik, and M. K. Oberthaler, Phys. Rev. X 6, 041041 (2016).

[62] Y. Nishida, Phys. Rev. Lett. 114, 115302 (2015).

[63] W. Yi and X. Cui, Phys. Rev. A 92, 013620 (2015).

[64] A. Schirotzek, C.-H. Wu, A. Sommer, and M. W. Zwierlein,
Phys. Rev. Lett. 102, 230402 (2009).

[65] S. Nascimbéne, N. Navon, K. J. Jiang, L. Tarruell, M. Teich-
mann, J. McKeever, F. Chevy, and C. Salomon, Phys. Rev. Lett.
103, 170402 (2009).

[66] F. Chevy and C. Mora, Rep. Prog. Phys. 73, 112401 (2010).

[67] P. Massignan, M. Zaccanti, and G. M. Bruun, Rep. Prog. Phys.
77, 034401 (2014).

[68] C. Kohstall, M. Zaccanti, M. Jag, A. Trenkwalder, P. Massignan,
G. M. Bruun, F. Schreck, and R. Grimm, Nature (London) 485,
615 (2012).

[69] M. Koschorreck, D. Pertot, E. Vogt, B. Frohlich, M. Feld, and
M. Kohl, Nature (London) 485, 619 (2012).

[70] X. Cui and H. Zhai, Phys. Rev. A 81, 041602(R) (2010).

[71] S. Pilati, G. Bertaina, S. Giorgini, and M. Troyer, Phys. Rev.
Lett. 105, 030405 (2010).

[72] P. Massignan and G. M. Bruun, Eur. Phys. J. D 65, 83
(2011).

[73] L. He and X.-G. Huang, Phys. Rev. A 85, 043624 (2012).

[74] P. Massignan, Z. Yu, and G. M. Bruun, Phys. Rev. Lett. 110,
230401 (2013).

[75] L. He, X.-J. Liu, X.-G. Huang, and H. Hu, Phys. Rev. A 93,
063629 (2016).

[76] M. Cetina, M. Jag, R. S. Lous, L. Fritsche, J. T. M. Waldraven,
R. Grimm, J. Levinsen, M. M. Parish, R. Schmidt, M. Knap, and
E. Demler, Science 354, 96 (2016).

[77] E. Scazza, G. Valtolina, P. Massignan, A. Recati, A. Amico, A.
Burchianti, C. Fort, M. Inguscio, M. Zaccanti, and G. Roati,
Phys. Rev. Lett. 118, 083602 (2017).

[78] G. Valtolina, FE. Scazza, A. Amico, A. Burchianti, A. Recati, T.
Enss, M. Inguscio, M. Zaccanti, and G. Roati, Nat. Phys. 13, 704
(2017).

[79] L. He, J. Wang, S.-G. Peng, X.-J. Liu, and H. Hu, Phys. Rev. A
94, 043624 (2016).

[80] Y. Cheng, R. Zhang, and P. Zhang, Phys. Rev. A 95, 013624
(2017).

013635-8


https://doi.org/10.1103/PhysRevX.6.041041
https://doi.org/10.1103/PhysRevX.6.041041
https://doi.org/10.1103/PhysRevX.6.041041
https://doi.org/10.1103/PhysRevX.6.041041
https://doi.org/10.1103/PhysRevLett.114.115302
https://doi.org/10.1103/PhysRevLett.114.115302
https://doi.org/10.1103/PhysRevLett.114.115302
https://doi.org/10.1103/PhysRevLett.114.115302
https://doi.org/10.1103/PhysRevA.92.013620
https://doi.org/10.1103/PhysRevA.92.013620
https://doi.org/10.1103/PhysRevA.92.013620
https://doi.org/10.1103/PhysRevA.92.013620
https://doi.org/10.1103/PhysRevLett.102.230402
https://doi.org/10.1103/PhysRevLett.102.230402
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
https://doi.org/10.1103/PhysRevLett.103.170402
https://doi.org/10.1103/PhysRevLett.103.170402
https://doi.org/10.1088/0034-4885/73/11/112401
https://doi.org/10.1088/0034-4885/73/11/112401
https://doi.org/10.1088/0034-4885/73/11/112401
https://doi.org/10.1088/0034-4885/73/11/112401
https://doi.org/10.1088/0034-4885/77/3/034401
https://doi.org/10.1088/0034-4885/77/3/034401
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/nature11065
https://doi.org/10.1038/nature11065
https://doi.org/10.1038/nature11065
https://doi.org/10.1038/nature11065
https://doi.org/10.1038/nature11151
https://doi.org/10.1038/nature11151
https://doi.org/10.1038/nature11151
https://doi.org/10.1038/nature11151
https://doi.org/10.1103/PhysRevA.81.041602
https://doi.org/10.1103/PhysRevA.81.041602
https://doi.org/10.1103/PhysRevA.81.041602
https://doi.org/10.1103/PhysRevA.81.041602
https://doi.org/10.1103/PhysRevLett.105.030405
https://doi.org/10.1103/PhysRevLett.105.030405
https://doi.org/10.1103/PhysRevLett.105.030405
https://doi.org/10.1103/PhysRevLett.105.030405
https://doi.org/10.1140/epjd/e2011-20084-5
https://doi.org/10.1140/epjd/e2011-20084-5
https://doi.org/10.1140/epjd/e2011-20084-5
https://doi.org/10.1140/epjd/e2011-20084-5
https://doi.org/10.1103/PhysRevA.85.043624
https://doi.org/10.1103/PhysRevA.85.043624
https://doi.org/10.1103/PhysRevA.85.043624
https://doi.org/10.1103/PhysRevA.85.043624
https://doi.org/10.1103/PhysRevLett.110.230401
https://doi.org/10.1103/PhysRevLett.110.230401
https://doi.org/10.1103/PhysRevLett.110.230401
https://doi.org/10.1103/PhysRevLett.110.230401
https://doi.org/10.1103/PhysRevA.93.063629
https://doi.org/10.1103/PhysRevA.93.063629
https://doi.org/10.1103/PhysRevA.93.063629
https://doi.org/10.1103/PhysRevA.93.063629
https://doi.org/10.1126/science.aaf5134
https://doi.org/10.1126/science.aaf5134
https://doi.org/10.1126/science.aaf5134
https://doi.org/10.1126/science.aaf5134
https://doi.org/10.1103/PhysRevLett.118.083602
https://doi.org/10.1103/PhysRevLett.118.083602
https://doi.org/10.1103/PhysRevLett.118.083602
https://doi.org/10.1103/PhysRevLett.118.083602
https://doi.org/10.1038/nphys4108
https://doi.org/10.1038/nphys4108
https://doi.org/10.1038/nphys4108
https://doi.org/10.1038/nphys4108
https://doi.org/10.1103/PhysRevA.94.043624
https://doi.org/10.1103/PhysRevA.94.043624
https://doi.org/10.1103/PhysRevA.94.043624
https://doi.org/10.1103/PhysRevA.94.043624
https://doi.org/10.1103/PhysRevA.95.013624
https://doi.org/10.1103/PhysRevA.95.013624
https://doi.org/10.1103/PhysRevA.95.013624
https://doi.org/10.1103/PhysRevA.95.013624



