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2007-2010 at CPHT

—————————————— TRIANGLE
2007-2010 Junior chair at the Triangle de la Physique ° PHYSIQUE
Unique environment: o~

CPHT, Institut d’Optique, Orsay, Saclay, ENS, College de France ...

Exceptional for correlated systems and cold atoms:

A. Georges, A. Aspect, J. Dalibard, C. Salomon, S. Biermann, M. Ferrero,
Leonid Pourovskii, O. Parcollet, G. Biroli, ...
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D'ACTIVITE PHYSIQUE

Un comportement sédentaire ou de Bouger & haute intensité: au moins 75 minutes par semaine
longues périodes ininterrompues en

position assise, c'est tout ce que vous

Répartissez vos moments d'activité physique, par exemple a raison
=7 de chaque fois 25 minutes, trois fiois par semaine. Et vous ne

faites lorsque vous &tes couché ou —8 devez pas forcément effectuer ces 25 minutes d'une seule traite
assls, et pour quol vous nutilisez * dew fois au mains10 minutes par jour, C'est parfait!
que trés peu dénergle. Le L Par ex : jogger, nager énergiquement, falre du vélo & allure soutenue,

bécher le jardin,
Vous pouver encore y djouter deux fols par semaine des activités
& derenforcement des os et des muscles,

somméll n'en falt pas partle
Nous nous sentons mieux
dans notre peaw tant physi-
quement que  mentale-
ment $i nous limitons
les longues pérodes
en position assise et
les  Interrompons
riguligrement

I Bouger b intensité modérée: au moins
N =2 150 minutes par semaine
Répartissez vos moments d"acthvieé physique, par
exemple b ralson de chaque fols une demi-heure,
b o ¢ing fois par semaine (Iidéal dtant de bouger

'y . tous les jours). Et vous ne deverz pas forcément
_,-n-a effectuer cette demi-heure d'une seule traite
que dirtez-vous de 3 fois 10 minutes par jour ?
Par ex.: marcher & ollure soutenue noger, faire du

1]

SE LEVER e n wio, passer e rdteou au jardin,
TOUTES - ]
Ny LES DEMI- l - . 3 [Bouger b basse intensité, C'est bon pour vous
Veillez & vous lever suffisamment, & vous

it s 1 promener, 3 effectuer des tiches ménagéres
el R |égéres: tout ce qui ne vous fatigue pas. sans
_ pour autant rester assis. Faites-le idéalement

péndant toute | journde

! HEURES

gerendleven be
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A minute change of the conditions triggers a dramatic effect

e I F o TE gt Yo o AT ST W o H i B  wikipedia



Phase Transitions

"
o~ 3
= .

R N ..
superconductor superfluid He Bose-Einstein condensation

universitétbonnl



Long-range order

Emergence of long-range order ,spontaneously“ breaks the symmetry of the Hamiltonian

Magnetism Rotational symmetry of the spin

Bose-Einstein condensation Phase of the wave function

Symmetries are important
y

f

Condensate wave function
Y = |Y|ei®

X characterized by angle ¢

Spin rotating in the xy-plane
characterized by angle ¢
— /

——
universitétbonnl

Same universality class => same critical behaviour



Bose-Einstein condensation

1. Observing the momentum distribution as the temperature is lowered.

universitétbonnl



Bose-Einstein condensation
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Phys. Rev. Lett. 77, 4984 (1996)

condensate fraction

1. Observing the momentum distribution as the temperature is lowered.

2. Condensate fraction vs. temperature %: 1—(%}

C

3. critical exponents agree approx. with mean-field and liquid He .
universitétbonnl



Universal phenomena
- |m memd T,

Nuclear matter n 1038 1012 K
Electron gas m, 1023 50000 K
Superfluid He  4He 102 5K
Atomic gas 40K 1073 100 nK

very different orders of magnitude
universal phenomena are the same

universitétbonnl



Spontaneous symmetry breaking

Gibbs free energy can be expanded in power series of order parameter (Landau)

F = a|¥Y|? + B|¥|* + ..

Temperature-dependent coefficients

High T: « > 0,8 > 0 => minimum of free energy at |¥| = 0.

Low T: @ < 0,8 > 0 => minimum of free energy at |¥| > 0. F(|¥))

This costs too much
energy! | think I'll
hang out down there,

Every phase angle ¢ has the same energy '

=> system selects randomly a value of ¢

B [ 4
universitatbonn



Fluctuations of the order parameter

F(I¥1)

This costs too much
energy! | think I'll
hang out down there,

Amplitude fluctuations
,</Anderson-Higgs mode”
(Nobel prize 2013)
Often unstable!

Phase fluctuations
,Nambu-Goldstone mode*
(Nobel prize 2008)
Always present!

Magnet: spin waves
BEC: phonons }for =0

u niversitétbonnl



Higgs mode: Previous observations

Particle physics Condensed matter physics

_ no linear response coupling to normal probes
ATLAS & CMS collaboration , , ,

Cold atoms (bosons):

a J
0 0.03 0.06 0.09 012 0.15

" (arbitrary units)

Mot Superfluid ©

1k Insulator

Raman spectra in NbSe2 indirect coupling via CDW
R. Sooryakumar, M.V. Klein, PRL 45, 8 (1980)
M.-A. Méasson et al, PRB 89, 060503 (2014)

0 0.5 2.5

ile I‘ ' in spin systems: Riegg et al, PRL 100, 205701
Stoferle et al., PRL 92 (2004) in 3He: review by Halperin & Varoguax (1999)
Bissbort et al PRL 106 (2011) \ v
Endres et al., Nature 487, 454 (2012) . .
Hoang et al., PNAS 113, 9475 (2016). weakly interacting

Leonard et al., arxiv (2017)

See also review by Pekker and Varma . o "
(2015) universitatbonn



BCS-BEC crossover in fermionic quantum gases

BCS strongly interacting BEC of molecules
oA e e e o
/NN o ~ o

; . . ||-".III X@"'"‘%\L{L . \“‘mq}
.\I -.Ill e N j:\: 6\
o o © \‘\d b
Ny
stable Higgs mode ?2??? no stable Higgs mode
—
BCS BEC

tuning of scattering length

via magnetic field
universitétbonnl



Excitation scheme

? %107
3> T
T f dressing
N 12> o
x pairing
U 1>
Time evolution at effective Rabi frequency 0 50 100 150 200 250 300 350 400

Qg =4/0% + 62

Periodic drive leads to modulation of the superconducting gap

1.002 | | | | |
1 -
0.998

|A(t=0)]

= 0.996

Al

T 0.994f .

0 50 100 150 200 250 300 350 400

tE:/R .
U niversitétbonnl

Alternative proposals: rapid quench of interaction strength (Volkov & Kogan, Stringari)



Numerical simulation

Higgs mode Fourier transform of
the time evolution of
<C—k:,2ckz,1>
External drive
Log[A(o)]
d qor =¥
) I
<
= |l 9
E
‘g 05 R -10
= 11
2
S
L 0

o

Quasiparticle
excitations

u niversitétbonnl



Experimental results on BCS side

4x10° 6Li atoms trapped in harmonic potential, T/Tz~0.07
far red-detuned rf-excitation
observation of condensate fraction (by projection)

1(k-a)= =0.6

. 9 . . ® i
V:r/' Higgs mode

1 2 3 4 5
Modulation frequency (E/h)

-
—_—
— e — —

-
-
o

condensate fraction

-> clear mode at 2 A ~ 0.6 E¢

universitétbonnl



Experimental results across crossover

]
BCS > -IV"_. * | clear mode at 2 A ~0.6E;
I
I
|

0.0 . .
I _ || 1

0.2 o kFa = -
|
|

ol : [ ]

g 00

g kFa O I 1 I

2 025} v 1 still present at unitarity

M©

5

£ 0.00 : ' :

O 1/(k-8)=0.3 ' ' '
0.25} -
0-00 [ 1 [ [ ] [

1/(kca)=1.0 ' ' '

|
: |

v a _.'/_‘ ] WaShed OUt on BEC Side
BEC -

0.0 ' : : . '
0 1 2 3 4 5 "
Modulation frequency (E/h) universitétbonn




Frequency of the mode

2.00 . . . . . . —

® Spectra data /,"
N ke Mean field theory P
L75F —e— QMC (Chang, 2004) 7 .
o— QMC (Gezerlis, 2008) ot
1.50 F QMC (Bulgac, 2008) ,"/ -
Particle-hole channel (Chen, 2016) ,-’/
//‘
§ 1.25 F e * . -
- -
"g-m 1.00 | ,”/ +’ i
s2 BCS o=+ ; — BEC
= 0.75 | _==" -
8 - +
= ﬂ_.__,‘-"” -4 + -
R T S Provides lower bound
. for gap at unitarity
| (universal number)
P00 —0.8 —0.6 —0.4 —0.2 0.0 0.2 0.4

1/(kpa)

universitétbonnl



Summary

» Quantum gases are models for tunable superconductors
» Equilibrium properties reveal 2nd order phase transition
» Non-equilibrium: collective Higgs mode

Thanks to
J. Kombe and J-S Bernier & experimental group M. Kohl
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Summary

» Cold atomic gases are model system for tuneable superconductors
» Equilibrium properties reveal 2nd order phase transition

» Non-equilibrium: collective Goldstone and Higgs mode

Thanks to
J. Kombe and J-S Bernier & experimental group M. Kohl

universitétbonnl



Spinning a strongly interacting Fermi gas

|

u niversitétbonnl



Observation of superfluidity

Spinning a strongly interacting Fermi gas

laser beam for

. Magnetic field coils
confining atoms

trapped atoms

laser beam for
rotating atoms

universitétbonnl



Vortex lattices: a sign of the superfluidity

M.W. Zwierlein, J.R. Abo-Shaeer, A. Schirotzek, C.H. Schunck, W.
Nature 435, 1047-105
universitatbonn



S

ummary: Higgs mode in fermionic gases

red-detuned rf-excitation scheme
->direct coupling to Higgs mode

» stable Higgs mode at 2A on BCS side
» relatively narrow mode close to unitarity

Thanks to
J. Kombe and J-S Bernier

&
experimental group M. Konhl

Energy

0.2 || _Mkea)=-0.3
|
I
c I
S 00 | ] 1 1
g M/(kea)=0.0 i
2 025} -
@ I
5 I
'g 0.00 | L L 1
[e] T T
O 1{(k-a)=0.3
0.25
0-00 L 1 1 L L
1/(kca)=1.0 o1 ' '
o1F | -
|
0.0 | L | 1 L
0 1 2 3 4

Modulation frequency (E/h)




Width of the mode

width of peak

FWHM (E. /h)

2.5 . . . . .
20 i‘ .
BEC side

1.5} -

1.0} -
BCS side -

05 B S |

' + 4o oo e
D.D | | | | |
-1.00 -075 -0,50 -0.25 0.00 0.25

1/(kca)

0.50

~ expected broadening
from excitation scheme
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Is it a collective mode?

Combine spectroscopy with momentum resolution

a [

Quasiparticles: o Inlkcaz) =-0.1
Pronounced dispersion

(Feld et al., Nature 2011) o e Y

L 1 L 1 L 1 L | L 1 L 1 L |
0.00 025 050 0.75 1.00 125 150 1.75
k (ke)

Expand for quarter period in weak trap

o ' ' : s
sob e, 1 Higgs excitation:
o |*,4 w_ | Sameresonance
. = . -
o o 1.5 = "*¢ 4 frequency for all momenta
® 0 .
3 T o e *e, % { within condensate
é @) .. o®®
05F = “° -
. *ece®

9o 2 ]
00 l—e i 2 2800222
—-40 -30 -20 . ttb"
pixels Modulation frequency (kHz) universitatbonn



BCS-equations of motion + 3rd state

change of order parameter

hQR

81;(0 k,3Ck1) = {—

0
P (el i a0-k3) =

871;9,1
ot
on_. 2

ot
han_k,g _
ot
plus self-consistency condition
(no final state interaction)

h

h

i{—2er(c—k,2¢k,1) —

(C—k2¢k,1) — (2€x —

H{ A" (c_ k3ck1>—|—ﬁ5<c k,2C— k,3)

—2Im(A* (c_k 2¢k,1)) + MQRIm((c!  ye_k3))

Im(A)

R
L

hd){c_kack1) + Ale!  sooks)}

hQg

—T(n k2 —TN— kS)}

—2Im(A*(c_k,2¢k,1))

—hQRIm((Ct_k,zc—kB))

Energy
A

Couples to the amplitude
of the order parameter
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Energy »

Excited state

& HTE,

' Y T U

Off-resonant
It dressing

Equilibrium state

) -
Kk Momentum

Ny 3

Far-off resonant rf-excitation scheme

0.008

0.006

0.004

0.002

B T T

0.000

0 20 0 80 100

F

effectively a periodic driving
with a (momentum dependent) frequency

Qg = /0% + 82

u niversitétbonnl




Dynamics within BCS theory

C ! ' — = : 1
— 1.000 -
3
= w
S 0.995 H | .
< 10} 0 200 400-
= tE_/h
5 N
Z Higgs mode
©
|_
- abs(A
8 05k (3) i
]
@)
L
2A
——

.0 ] X
000 025 050 075 100 1.25 1.50 "
hw/Eg universititbonn




How to measure the Bose-Einstein condensate

universitétbonnl
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