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Quasi-Particles

3

a QP is a “free particle” with:
@ renormalized mass
@ self-energy
@ shielded interactions
@ lifetime

Landau’s idea:
who cares about real particles?

 Excitations behave
 as quasi-particles!

Wednesday, November 10, 2010



The impurity problem

a single   impurity

free particle                    QP (polaron)                          molecule

Attraction strengthBCS BEC

non-interacting   Fermi sea (N>>1)

Observation of Fermi Polarons in a Tunable Fermi Liquid of Ultracold Atoms

André Schirotzek, Cheng-Hsun Wu, Ariel Sommer, and Martin W. Zwierlein
Department of Physics, MIT-Harvard Center for Ultracold Atoms, and Research Laboratory of Electronics,

Massachusetts Institute of Technology, Cambridge, Massachusetts 02139, USA
(Received 17 February 2009; revised manuscript received 9 April 2009; published 8 June 2009)

We have observed Fermi polarons, dressed spin-down impurities in a spin-up Fermi sea of ultracold

atoms. The polaron manifests itself as a narrow peak in the impurities’ rf spectrum that emerges from a

broad incoherent background. We determine the polaron energy and the quasiparticle residue for various

interaction strengths around a Feshbach resonance. At a critical interaction, we observe the transition from

polaronic to molecular binding. Here, the imbalanced Fermi liquid undergoes a phase transition into a

Bose liquid, coexisting with a Fermi sea.

DOI: 10.1103/PhysRevLett.102.230402 PACS numbers: 05.30.Fk, 03.75.Ss, 32.30.Bv, 67.60.Fp

The fate of a single impurity interacting with its environ-
ment determines the low-temperature behavior of many
condensed matter systems. Awell-known example is given
by an electron moving in a crystal lattice, displacing
nearby ions and thus creating a localized polarization.
The electron, together with its surrounding cloud of lattice
distortions, phonons, forms the lattice polaron [1]. It is a
quasiparticle with an energy and mass that differ from that
of the bare electron. Polarons are central to the under-
standing of colossal magnetoresistance materials [2], and
they affect the spectral function of cuprates, the parent
material of high-TC superconductors [3]. Another famous
impurity problem is the Kondo effect, where immobile spin
impurities give rise to an enhanced resistance in metals
below the Kondo temperature [4]. In contrast to the elec-
tron moving in a phonon bath, a bosonic environment, in
the latter case the impurity interacts with a fermionic
environment, the Fermi sea of electrons.

Here we study a small concentration of spin-down im-
purities immersed in a spin-up Fermi sea of ultracold
atoms. This system represents the limiting case of spin-
imbalanced Fermi gases and has been recognized to hold
the key to the quantitative understanding of the phase
diagram of imbalanced Fermi mixtures [5–16]. Unlike in
liquid 3He, the s-wave interaction potential between the
impurities and the spin-up atoms in this novel spin-
imbalanced Fermi liquid is attractive. The vicinity of a
Feshbach resonance allows tuning of the interaction
strength at will, characterized by the ratio of the interpar-
ticle distance!1=kF to the scattering length a, where kF is
the spin-up Fermi wave vector [17]. Figure 1 depicts the
scenario for a single impurity: For weak attraction
(1=kFa " #1) the impurity propagates freely in the
spin-up medium of density n" ¼ k3F=6!

2 [Fig. 1(a)]. It
merely experiences the familiar attractive mean field en-
ergy shiftE# ¼ 4!@2an"=m < 0. However, as the attractive
interaction grows, the impurity can undergo momentum
changing collisions with environment atoms, and thus
starts to attract its surroundings. The impurity ‘‘dressed’’
with the localized cloud of scattered fermions constitutes

the Fermi polaron [Fig. 1(b)]. Dressing becomes important
once the mean free path !1=n"a

2 of the bare impurity in
the medium becomes comparable to the distance !1=kF
between environment particles or when ðkFaÞ2 ! 1.
Collisions then reduce the bare impurity’s probability of
free propagation, the quasiparticle residue Z, from unity.
The dressed impurity can instead move freely through the
environment, with an energy E# shifted away from the
simple mean field result. This polaronic state is stable until,
for strong attraction (1=kFa! 1), equivalent to a deep
effective potential well, the spin-down impurity will bind
exactly one spin-up atom, thus forming a tightly bound
molecule [Fig. 1(c)]. This molecule is itself a dressed
impurity, albeit a bosonic one [13].
To prepare and observe Fermi polarons, we start with a

spin-polarized cloud of 6Li atoms in the lowest hyperfine
state j1i (spin-up), confined in a cylindrically symmetric
optical trap (125 "m waist, 145 Hz=22:3 Hz radial/axial
trapping frequency) at a magnetic field of 690 G [17]. A
two-photon Landau-Zener sweep transfers a small fraction
into state j3i (spin-down), and further cooling results in a
cloud containing 2% j3i impurities immersed in a degen-
erate Fermi gas of 5' 106 j1i atoms at a temperature T ¼
0:14ð3ÞTF, where TF is the Fermi temperature. A 100 G
wide Feshbach resonance for scattering between these
states is centered at 690 G. For various fields around the

FIG. 1 (color online). From polarons to molecules. (a) For
weak attraction, an impurity (blue) experiences the mean field
of the medium (red). (b) For stronger attraction, the impurity
surrounds itself with a localized cloud of environment atoms,
forming a polaron. (c) For strong attraction, molecules of size a
form despite Pauli blocking of momenta @k < @kF " @=a by the
environment.
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Polaron Ansatz

non-interacting   Fermi sea

the   impurity

|ψp� = φ0|p�↓ |0�↑ +
k>kF�

q<kF

φqk|p+ q− k�↓ c†k↑
cq↑ |0�↑

Particle-Hole dressing

(F. Chevy, PRA 2006)

The variational treatment has a diagrammatic equivalent.
It corresponds to the forward scattering, or ladder, approximation.

This Ansatz gives a very good agreement with MC results for the energy and m*,
even at unitarity.

(Combescot et al., PRL 2007)
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QP parameters

Theory (QMC, variational, diagrammatic): Prokof’ev&Svistunov, Chevy, Recati, Lobo, Stringari,
    Combescot, Leyronas, Massignan&Bruun, Zwerger, Punk, Stoof, Mora,...

Experiments: MIT, ENS

Self-energy Σ Effective mass m*

P-P Interactions: Mora&Chevy, PRL 2010; Zhenhua, Zöllner&Pethick, arXiv:1006.4723
P&M lifetimes: Bruun&Massignan, PRL 2010

polaron

molecule

cr
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g!

P
M

P
M
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Bottom line:
 long life to quasi-particles!
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Long lifetimes
 ∼ 10-100msΓP ∼ ZM (kFa) (m

∗
M )3/2 (∆ω)9/2

ΓM ∼ ZP (kFa) (m
∗
P )

3/2 (|∆ω|)9/2

Bruun&Massignan, PRL 2010

cr
os

sin
g!

∆ω = ωP − ωM
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Experimental observation
RF spectra

Collective modes
to measure m* vs. time

No decay to deeply
bound molecular states

Phase separation?

stabilized by finite T

work with m↓≠m↑

use bosonic impurities

Issues:

Methods:
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Figure 2: BEC-BCS crossover. Blue line: Polaron. Red line: Molecule. The dotted line
marks the critical interaction strength 1

kF↑ac
� 0.9.

A. Polaron→Molecule + hole

B. Polaron→Molecule + 2 holes + particle

C. Polaron (p)→ Polaron (p� < p) + particle− hole pair

States resulting from processes including more particle-hole pairs (e.g. Molecule+
3 holes+2 particles) have the same energy threshold as the state resulting from
process B. The stability of such processes is, therefore, the same as that of pro-
cess B. Their respective decay rates are, however, expected to be lower since
they involve more particles in the final state. We parameterise the stability of
the polaron by defining PA/B

Critical as the lowest momentum at which the processes
A/ B may occur assuming energy and momentum conservation (Fig.3). Process
C can occur at any finite momentum.
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Polaron 2

43210432106543210
rf offset / εF

ato
m t

ran
sfe

r / a
.u.

6420

a) b) c) d)

FIG. 2: rf spectroscopy on polarons. Shown are spatially resolved, 3D reconstructed rf spectra of the environment (blue, state
|1〉) and impurity (red, state |3〉) component in a highly imbalanced spin-mixture. a) Molecular limit, b), c) Emergence of the
polaron, a distinct peak exclusively in the minority component. d) At unitarity, the peak dominates the impurity spectrum.
For the spectra shown as dashed lines in d) the roles of states |1〉 and |3〉 are exchanged. Impurity concentration was x = 5(2)%
for all spectra, the interaction strengths 1/kF a were a) 0.76(2) b) 0.43(1) c) 0.20(1), d) 0 (Unitarity).

in previous work, spectra are spatially resolved and to-
mographically 3D reconstructed [18] via an inverse Abel
transform, and are thus local and free from broadening
due to density inhomogeneities. In addition, phase con-
trast images yield the in-situ density distribution n↑, n↓

and thus the local Fermi energy εF of the environment
atoms and the local impurity concentration x = n↓

n↑
. The

Rabi frequencies ΩR for the impurity and environment rf
transitions are measured (on fully polarized samples) to
be identical to within 5%.

Rf spectroscopy directly probes short-range correla-
tions between particles and is thus ideally suited to ob-
serve the emergence of the polaron. Fig. 2 shows the
observed spectra of the spin down impurities and that
of the spin up environment at low local impurity con-
centration. The bulk of the environment spectrum is
found at zero offset, corresponding to the free (Zeeman
plus hyperfine) energy splitting between states |1〉 and
|2〉. However, interactions between impurity and spin up
particles lead to a spectral contribution that is shifted:
The rf photon must supply additional energy to transfer
a particle out of its attractive environment into the final,
non-interacting state [19]. In Fig. 2a), impurity and en-
vironment spectra above zero offset exactly overlap, sig-
nalling two-body molecular pairing. The steep threshold
gives the binding energy, the high-frequency wings arise
from molecule dissociation into remnants with non-zero
momentum [19, 20, 21]. As the attractive interaction is
reduced, however, a narrow peak appears in the impurity
spectrum that is not matched by the response of the envi-
ronment (Fig. 2b,c,d). This narrow peak, emerging from
a broad incoherent background, signals the formation of
a long-lived quasiparticle, the Fermi polaron. The width
of the polaron peak is consistent with a delta function
within the experimental resolution, as calibrated by the
spectra of fully polarized clouds. The background is per-
fectly matched by the rf spectrum of the environment.
This is expected at high rf energies !ω " εF that are

probing high momenta k " kF and thus distances short
compared to the interparticle spacing. Here, an impurity
particle will interact with only one environment particle,
leading to overlapping spectra.

F. Chévy has provided an instructive trial wavefunc-
tion [5, 9] that captures the essential properties of the
polaron, even on a quantitative level [16] when compared
with Monte-Carlo (MC) calculations [6, 12, 13]:

|Ψ〉 = ϕ0 |0〉↓ |FS〉↑+
∑

|q|<kF <|k|

ϕkqc†k↑cq↑ |q − k〉↓ |FS〉↑

(1)
The first part describes an impurity with a well-defined

wavevector (k↓ = 0) that is not localized and free to
propagate in the Fermi sea of up spins |FS〉↑. In the
second part the impurity particle recoils off environment
particles that are scattered out of the Fermi sea and leave
holes behind. This describes the dressing of the impurity
with particle-hole excitations. The probability of free
propagation is given by the first, unperturbed part, Z =
|ϕ0|2. The two portions of |Ψ〉 give rise to two distinct
features of the impurity rf spectrum Γ(ω) (ω is the rf
offset from the bare atomic transition):

Γ(ω) = 2π!Ω2
R Zδ(!ω + E↓) + Γincoh.(ω) (2)

The first part in |Ψ〉 contributes, according to Fermi’s
Golden Rule, a coherent narrow quasiparticle peak ∝
Zδ(!ω + E↓) to the minority spectrum. Its position is a
direct measure of the polaron energy E↓, its integral gives
the quasiparticle residue Z. The particle-hole excitations
in the second part give rise to an incoherent background
Γincoh.(ω) ∝

∑

q,k |φqk|
2 δ(!ω−εq−k−εk+εq+E↓): The

polaron energy E↓ is released as the impurity at momen-
tum q − k is transferred into the final state, leaving be-
hind an environment particle in k above and a hole within
the Fermi sea at q. This part of the spectrum starts at
!ω = |E↓| like Γ(ω) ∝ (!ω − |E↓|)

2, less steeply than a
molecular dissociation spectrum (∝

√

!ω − |EB |), as the

Molecule 2
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FIG. 2: rf spectroscopy on polarons. Shown are spatially resolved, 3D reconstructed rf spectra of the environment (blue, state
|1〉) and impurity (red, state |3〉) component in a highly imbalanced spin-mixture. a) Molecular limit, b), c) Emergence of the
polaron, a distinct peak exclusively in the minority component. d) At unitarity, the peak dominates the impurity spectrum.
For the spectra shown as dashed lines in d) the roles of states |1〉 and |3〉 are exchanged. Impurity concentration was x = 5(2)%
for all spectra, the interaction strengths 1/kF a were a) 0.76(2) b) 0.43(1) c) 0.20(1), d) 0 (Unitarity).

in previous work, spectra are spatially resolved and to-
mographically 3D reconstructed [18] via an inverse Abel
transform, and are thus local and free from broadening
due to density inhomogeneities. In addition, phase con-
trast images yield the in-situ density distribution n↑, n↓

and thus the local Fermi energy εF of the environment
atoms and the local impurity concentration x = n↓

n↑
. The

Rabi frequencies ΩR for the impurity and environment rf
transitions are measured (on fully polarized samples) to
be identical to within 5%.

Rf spectroscopy directly probes short-range correla-
tions between particles and is thus ideally suited to ob-
serve the emergence of the polaron. Fig. 2 shows the
observed spectra of the spin down impurities and that
of the spin up environment at low local impurity con-
centration. The bulk of the environment spectrum is
found at zero offset, corresponding to the free (Zeeman
plus hyperfine) energy splitting between states |1〉 and
|2〉. However, interactions between impurity and spin up
particles lead to a spectral contribution that is shifted:
The rf photon must supply additional energy to transfer
a particle out of its attractive environment into the final,
non-interacting state [19]. In Fig. 2a), impurity and en-
vironment spectra above zero offset exactly overlap, sig-
nalling two-body molecular pairing. The steep threshold
gives the binding energy, the high-frequency wings arise
from molecule dissociation into remnants with non-zero
momentum [19, 20, 21]. As the attractive interaction is
reduced, however, a narrow peak appears in the impurity
spectrum that is not matched by the response of the envi-
ronment (Fig. 2b,c,d). This narrow peak, emerging from
a broad incoherent background, signals the formation of
a long-lived quasiparticle, the Fermi polaron. The width
of the polaron peak is consistent with a delta function
within the experimental resolution, as calibrated by the
spectra of fully polarized clouds. The background is per-
fectly matched by the rf spectrum of the environment.
This is expected at high rf energies !ω " εF that are

probing high momenta k " kF and thus distances short
compared to the interparticle spacing. Here, an impurity
particle will interact with only one environment particle,
leading to overlapping spectra.

F. Chévy has provided an instructive trial wavefunc-
tion [5, 9] that captures the essential properties of the
polaron, even on a quantitative level [16] when compared
with Monte-Carlo (MC) calculations [6, 12, 13]:

|Ψ〉 = ϕ0 |0〉↓ |FS〉↑+
∑

|q|<kF <|k|

ϕkqc†k↑cq↑ |q − k〉↓ |FS〉↑

(1)
The first part describes an impurity with a well-defined

wavevector (k↓ = 0) that is not localized and free to
propagate in the Fermi sea of up spins |FS〉↑. In the
second part the impurity particle recoils off environment
particles that are scattered out of the Fermi sea and leave
holes behind. This describes the dressing of the impurity
with particle-hole excitations. The probability of free
propagation is given by the first, unperturbed part, Z =
|ϕ0|2. The two portions of |Ψ〉 give rise to two distinct
features of the impurity rf spectrum Γ(ω) (ω is the rf
offset from the bare atomic transition):

Γ(ω) = 2π!Ω2
R Zδ(!ω + E↓) + Γincoh.(ω) (2)

The first part in |Ψ〉 contributes, according to Fermi’s
Golden Rule, a coherent narrow quasiparticle peak ∝
Zδ(!ω + E↓) to the minority spectrum. Its position is a
direct measure of the polaron energy E↓, its integral gives
the quasiparticle residue Z. The particle-hole excitations
in the second part give rise to an incoherent background
Γincoh.(ω) ∝

∑

q,k |φqk|
2 δ(!ω−εq−k−εk+εq+E↓): The

polaron energy E↓ is released as the impurity at momen-
tum q − k is transferred into the final state, leaving be-
hind an environment particle in k above and a hole within
the Fermi sea at q. This part of the spectrum starts at
!ω = |E↓| like Γ(ω) ∝ (!ω − |E↓|)

2, less steeply than a
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(a)

T2=

(b)

(1)

(2) = T2 T2 + T2 T2

= +T2 T2P
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Pol→Mol decay
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G↓(p, z)
−1 = G0

↓(p, z)
−1 − ΣP (p, z)Polaron: 

Hole expansion: ΣP (p, z) = Σ(1)
P (p, z) + Σ(2)

P (p, z) + . . .

no damping
 in the ladder approx.

Decay rate: 

dressed molecule

∆ω = ωP − ωM > 0

(a)

T2=

(b)

(1)

(2) = T2 T2 + T2 T2

= +T2 T2P

P

H

Next order:

Ladder:

ΓP = −ImΣP (p = 0, ωP )

3-body process
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molecule w.f.
 in vacuum: φq =

√
8πa3

1 + q2a2

dressed molecule: D(p, ω) � ZM

ω − ωM − p2/2m∗
M

.

ΓP =
g2ZM

2

�
d3k d3q d3q�

(2π)9
[F (q,k, ωP )− F (q�,k, ωP )]

2
δ

�
∆ω + ξq↑ + ξq�↑ − ξk↑ −

(q+ q� − k)2

2m∗
M

�

F (q,k, ω) = T2(q, ω + ξq↑)G
0
↓(q− k, ω + ξq↑ − ξk↑)

q, q� < kF , k > kF

or

atom-molecule
 coupling:

1

g(p, z)
=

�
d3q

(2π)3
φq

1− f(ξp−q↑)

z − ξp−q↑ − ξq↓
∼ −

�
m2

ra

2π
●=

(Bruun&Pethick, PRL 2004)
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∆ω � �F
q � k � k� � kF

In the neighborhood of the P-M crossing,

q q’
k
θ

q + q� − k ∼ 0
The P+H+H form an equilateral triangle,
since 

Expand matrix element around the equilateral shape to get an extra factor of Δω:

F (q,k, ωP )− F (q�,k, ωP )

At the crossing, Fermi antisymmetry 
yields a vanishing of the matrix element!

the angular dependence
 of F is only on θ

�
d3k d3q d3q�

(2π)9
δ (. . .) ∼ (m∗

M )3/2(∆ω)7/2

ΓP ∼ ZM (kFa) (m
∗
M )3/2 (∆ω)9/2

1st order transition between the P&M states (no coupling at the crossing)
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Mol→Pol decay
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∆ω = ωP − ωM < 0

Molecule: D(p, z)−1 = D0(p, z)
−1 − ΣM (p, z)

Decay rate: ΓM = −ImΣM (p = 0, ωM )

(b)

(a)

M =
T2 T2 +

T2 T2

=
D0

+ T2

PP
HP

P
H

polaron

Vacuum: D0(p, z) =

�
d3q̌φ2

q
1− f(ξp−q↑)

z − ξp−q↑ − ξq↓
+

T2(p, z)

g(p, z)2

3-body process
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ΓM =
g2ZP

2

�
d3k d3k� d3q

(2π)9
[C(q,k, ωM )− C(q,k�, ωM )]

2
δ

�
|∆ω|+ ξq↑ − ξk↑ − ξk�↑ −

(q− k− k�)2

2m∗
P

�

ΓM ∼ ZP (kFa) (m
∗
P )

3/2 (|∆ω|)9/2In the neighborhood of the M-P crossing,

For both decay processes,
 very long lifetimes are ensured by:

 limited phase-space
 Fermi antisymmetry

a3 = 1.18a

ωM = − �2
2mra2

− �F + g3n↑

T2(p, ω) =
2πa/mr

1−
�

2mra2
�

p2

2mM
− ω − �F + g3n↑

�

In the numerics:

much longer than usual Fermi liquids
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Conclusions
The impurity problem contains
 a sharp Polaron-Molecule transition

At small momenta, the process coupling molecules and 
polarons requires at least 3-bodies

The P-M decay is strongly suppressed due to a 
combination of small final density of states
and Fermi statistics

Expected lifetimes ∼ 10-100ms

G. M. Bruun and P. Massignan, Phys. Rev. Lett. 105, 020403 (2010).
14

Wednesday, November 10, 2010



15
Wednesday, November 10, 2010



16

Vacuum: D0(p, z) =

�
d3q̌φ2

q
1− f(ξp−q↑)

z − ξp−q↑ − ξq↓
+

T2(p, z)

g(p, z)2

atom-molecule
 coupling:

1

g(p, z)
=

�
d3q

(2π)3
φq

1− f(ξp−q↑)

z − ξp−q↑ − ξq↓
∼ −

�
m2

ra

2π
●=
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Repulsive polaron
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A 40K impurity in a Fermi sea of 6Li

repulsive

attractive

Decay rate
energy
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Impurity
spectral function

(kFa)-1

en
er

gy

A=-Im[G↑(k=0,ω)]
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