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* | am a theorist, and my research focuses on

> Quantum Optics

> Advanced materials
> First principles simulations and modelling

> Nanophysics

> Soft condensed matter & biophysics

solid state systems ultracold atoms

Collective phenomena in strongly correlated
systems, macroscopic phase coherence,
superfluidity in and out of equilibrium, ...
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Programa de Mentoria @IFIMAC para estudiantes de fisica @QUAM

it provides female role models Z
* it raises awareness & empowers mentors AN
« it establishes a network for women in S ieye L
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https://www.ifimac.uam.es/mentoring-24-25/

What Is
condensed matter
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Three infinities in physics []. Dalibard]

 Infinitely big (structure of the Universe) * Infinitely small (elementary particles)

electron

nucleus

* Infinitely complex
= condensed matter physics, a way to enter this realm!
= cut a complex material apart to its smallest constituents not always the best
strategy!

* Quantum & classical many-body systems

“More 1is cﬁﬁferent” [P.W. Anderson]
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Emergent behaviou
IN quantum system




» Excitation of a multi-particle system with particle dispersion: dressed particle

particle dressed particle by the quantum bath
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Quasiparticles and the impurity problem (polaron)

« Excitation of a multi-particle system with particle dispersion: dressed particle

particle dressed particle by the quantum bath
|

@ @

V’lﬁ -

[L. Landau]

e
o 0°q

Landau (1933) & Pekar (1946) ~90 years of polaron history!

Fréhlich (1950) Multiple realisations

> ... proton
impurity in a

neutron star!

[Chevy Physics (2016)]
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Other examples of emergent lbehaviour in quantum matter -

Quantum collective behaviour at “macro” scales?
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Superfluidos
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Other examples of emergent lbehaviour in quantum matter -

 Quantum collective behaviour at “macro” scales?

QUANTUM : CLASSICAL
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Bose-Einstein condensation

>
length scale [m]

70 um N~10° atoms

-

« Collective

mMacroscopic

quantum phase i T~100nK
coolest
systems in
the

universe

coherence

[Gaun et al. PRL (2013)]
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Light interference

<> Double-slit experiment (1801)

light

50—
barrier

interference
pattern
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Particles as waves

<> Double-slit experiment (1801)
< With particles (e.g., electrons) (1961)
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<> Double-slit experiment (1801)
< With particles (e.g., electrons) (1961)
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Particles as waves

<> Double-slit experiment (1801)
< With particles (e.g., electrons) (1961)
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<> Double-slit experiment (1801)
< With particles (e.g., electrons) (1961)

//‘\\~

the electron is interfering with itself |

— Emergent phenomena in quantum (matter-light) systems




Particles as waves

)

(1801
., electrons) (1961)

slit experiment
(e.9

< With particles

<> Double

=
)
%)
=
e
=
=
(@)
S
| -
)
T
)
—+
=
R
-
O
-
4+
O
L0
)
)
L
-+

Emergent phenomena in quantum (matter-light) systems



« A qué escala de longitud se manifiestan las propiedades ondulatorias (cuanticas) de las

particulas?

<
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« A qué escala de longitud se manifiestan las propiedades ondulatorias (cuanticas) de las

particulas?
> pelotadetenis ™ = 008 » r
v =10 ms < >
A~10733m
< ;l h <>
> electrén en un metal  A~107% m = 10 nm A~ 2T ~ 2T A

p mv
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« A qué escala de longitud se manifiestan las propiedades ondulatorias (cuanticas) de las

particulas?
> pelotadetenis ™ = 008 » r
v =10 ms < >
A~10733m
< > ) &>
> electron enun metal 4~1078m = 10 nm A~ 2mh _ 2mh ~ 2rh A
p mv mT
* A qQué temperaturas?
T1 Tz < Tl

Vv

Ay > A
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Quantum statistical syncronisation

Let'sdolit...

Emergent phenomena in quantum (matter-light) systems



<> The double-slit experiment with two condensates
= all atoms in a single quantum state --- GIANT MATTER WAVE

A\

position
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<> The double-slit experiment with two condensates
= all atoms in a single quantum state --- GIANT MATTER WAVE

> .
position
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Macroscopic quantum phase coherence _

<> The double-slit experiment with two condensates
= all atoms in a single quantum state --- GIANT MATTER WAVE

>
? position
.
n >
time w
>
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Macroscopic quantum phase coherence _

<> The double-slit experiment with two condensates
= all atoms in a single quantum state --- GIANT MATTER WAVE

25
S50 WO [M. R. Andrews et al. Science 275, 637 (1997)]

[From R. Grimm’s group (recent)]
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A revolutionary (& long) history of Bose Emstem Condensates

1924: A. Einstein

1995: first BEC in alkali atoms (8’Rb, 23Na, “Li, ...)

B
4 3

Now on board of the ISS!!!

—

A. Einstein

cold atom lab

J 17 Ly

- C Wieman &
E. Cornell

W. Ketterle

[Aveline et al. Nature (2020)]
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. Qué hace tan
condensados




4 estados de la materia

LIQUID

PLASMA
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El 5° estado de la materia: jjlos SUPERS!

. — LIQUID
Gases atémicos Liquidos ————
SUPERLFUIDOS SUPERLFUIDOS

Metales SUPERCONDUCTORES

_E' S PLASMA
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Bosons

gregarious

condensacidn
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Bosons

A superfluid cannot not rotate as
an ordinary fluid (rigid body)

Rofo\‘t\;v\: Flus ds

gregarious

________________

Normal

P. Kapltsa

. e = Flu: )
i | condensacion

i i | superfluidez e _

: i S — \ e e

i i \\J '.'- ..' . ’.' ... -._ .

ﬂUJO sin friccion |

[fromn W. Ketterle’s web page]

Emergent phenomena in quantum (matter-light) systems



Bosons vs Fermions

Bosons Fermions

S g

gregarious

quantum individualists

S e
P. Kapitsa,

! s\\\ ! condensacidn
] _

superfluidez

________________

N
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~flujo sin friccion | U
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Bosons vs Fermions

Bosons Fermions
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History of quantum condensates

1986 Cuprate 2010 e
Superconductors Photons!!!
1924 7 2005
Bose-Einstein| /L9 BEC-BCS
- Statistics crossover
(ah 1911
. Superconductivity <)) o
1938 1995 2006 =i
Superfluid Polaritons
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Some of these them
thought in the 4t ye
course




tion of bosons, fermion
polaron physics can occur

e system:
old atoms \&
ons & polaritons In
iconductor heterostructures




« Balanced Fermi mixtures 0

l > interaction
koa ( )
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« Balanced Fermi mixtures 0

l > interaction
koa ( )

i

BCS state of loosely
bound Cooper pairs
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BEC-BCS crossover in ultracold atoms

« Balanced Fermi mixtures 0
l > (interaction)
® ® kra
@ ® o
© ® o
@ ®@ @
® o © © @

® Q@ .
® 0 0 |0 0°
BCS state of loosely Crossover BEC of tightly
bound Cooper pairs bound molecules

[Zwierlein et al. Nature (2005)]
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BEC-BCS crossover in ultracold atoms _

Imbalanced Fermi mixtures
| . .
> g (Eeraction)  ranin of a1 PRL (2006))
o® o0|p ®
® ®
e ®
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® ® © @ ‘ ‘ Macrooscpic phase
) @ separation between SF
©) ™ ® o ® and N phases
Frustrated BCS Bose-Fermi B?S ¢ |
state mixutre e — N
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0

-4 -2 0 > 14
[Parish, Marchetti et al. Nature Physics (2007)] kra
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Polaron physics in ultracold atoms _

« Extreme imbalance 0
l > ra (interaction)
AN o 00 Qi ° 0
o g® o® o

@ ®
® ®
0989 oo o OOQQQ

attractive polaron molecule repulsive polaron
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Polaron physics in semiconductor heterostructures

« Extreme imbalance entangled superposition |matter) + |light)+ |charge)
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attractive polaron molecule repulsive polaron

®
@®
®

[Tan et al PRX (2020)]
[Carusotto Physics (2020)]
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Semiconductor struc
strong matter-light in
polaritons
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Strong light-matter coupling: polarlt_

> Light-matter coupling g oc =

g > Y S’[I’Oﬂg eﬂel’gy tranSfeI’ between |p0larit0ns)= |matter) + |llght>
excitons and photons
\

g~Eg  very hybridization of different
strong excitonic levels

v

o Sl
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Polariton condensation and beyond

PHENOMENOLOGY OF NON-LINEAR CLASSICAL WAVES

> Spontaneous

collective
coherence

> Suppression of scattering

30 um

[Amo et al. Nat Phot (2009)]
[Lerario et al. Nat Phys (2017)]

DBR

QW

DBR

[St-Jean et al. Nat Phot (2017)]

> Condensation in topological BIC

1.522

P =4.56 pJ cm™

Energy (eV)

1.520

1.518

-03 -0.2 -01 0

01 02 g3
Wavevector (um-1)

[Ardizzone et al. Nature (2022)]

-02 -0.1 0 0.1 02 03

Wavevector (um-1)

> Persistency of currents

Y (um)

-20

0 20 40
X (um)

[Sanvitto, FMM et al.
Nat Phys (2010)]

> Polariton simulators

\
!/ AN
‘

[Berloff et al. Nat Mat (2017)]
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Towards strongly interacting polaritons

> Enhancing non-linearities by full confinement

V(x,y) (meV

< ==

[Kuriakose et al. Nat Phys (2022)

Micropillar cavity

Circular

control in ’
(h, 1.k, = 0) ' 11

. . i =4K I
> Dipolar polaritons > Rydberg polaritons reex e
= ™ f—‘ 2164
N . - |':|'|
XG T B - 2.162 é
2
~—e  UP (data) 7+ 2160 ~—
[Daitta et al. Nature [Makhonin et al. Light: =y
Comm (R012)] Sci&App (2024)] B o '
[Louca et al. Nature _ : Y —L 2156
Comm (2023)] [OI’f&Il&le et al. Nat Mat (2022) 0.0 05 1:( 11)'5 20
pm-

Probing & tuning Fermi polaron (polaritons)



Interplay between strong light-matter coupling

> Fermi polaron
attractive repulsive [Tan et al PRX (2020)]

g [Carusotto Physics (2020)]
@G ® & @ ©

®
©6° ¢ |6 6°@

> Optical sensors of strongly > + magnetism (CrSBr) > Electrically driven condensation
correlated electronic phases e = ==
<= <= = =p =)
1.40 7—— —
...... Q. W f = 0.1
0’::---::,0'2: ----- —o‘:;o.':-—-":,o > 35 |=——— Bt
SF ARy o ...... i <L ; % 2 )
Q'--"","o_:::o'j: ..... Q9 _.’./q 5 [Schneider et al,
LA . Nature (2013)]
' : 0. [Bhattacharya
[Smolenski et al Nature (2021)] -0.3 B,?’(OT) 0.3 et al, PRL
[Shimazaki et al PRX (R021)] | | [Tabataba et al Nat Comm (2024)]| | (RO13)]
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