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outline

- Ultrafast spectroscopies to investigate the electron dynamics in materials
C. Giannetti et al. Advances in Physics 65:2, 58-238 (2016)

- light pulses to UNDERSTAND equilibrium properties
= pairing glue in high-T. superconductors

- light pulses to MANIPULATE materials properties
= hidden states, transient photo-enhanced superconductivity

- light pulses to EXCITE specific degrees of freedom
= coherent lattice oscillations and Higgs modes



time-resolved optics

High-speed photography by E. Muybridge (1872, San Francisco)

Nobel Lecture by A. Zewail (1999)
ultrafast shutter? (femtochemistry)



stroboscopic pictures

stroboscopic light

=flashes of light shorter than

the timescale of the dynamics




stroboscopic pictures

how fast?

1 us shutter



ultrafast dynamics in solids

s it possible to snap the electron
dynamics in real materials? h=650 meV fs
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S. K. Sundaram & E. Mazur. Nature Materials 1, 217-224 (2002)



ultrafast lasers

= femtosecond flashes of lights

Nobel prize to A. Zewail (1999)
(femtochemistry) 10 fs

electromagnetic
field

1 femtosecond = 10-1° s = 0.000000000000001 s
optical cycle: 2 fs @ 600 nm



femto-photography

10 cm = 100 picoseconds @ speed velocity

femtocamera.info (MIT)


https://www.youtube.com/watch?v=no2AQghK-lQ
http://femtocamera.info
http://femtocamera.info

pump-probe spectroscopy In solids

C. Giannetti et al. Advances in Physics 65:2, 58-238 (2016)

Ti: Sapphire Laser
Oscillator or Amplified
730<A<920nm;
10<1<200fs;
0.01nJ<E,<1m)J

movies of chemical reactions and
electronic interactions in materials



electromaqnetic bandstructure
properties

how many degrees of freedom it
IS possible to probe?

Lattice long-range

orders



time-resolved ARPES

bandstructure

/X Shen, Stanford

Angle-Resolved-Photoemission-Electron-Spectroscopy

energy-momentum conservation mapping band

Erin = hw — ® — |E| dispersion:
':D Ep(k)

th — \/QWEkfm . sinf




time-resolved ARPES

Nodal-Gap dynamics in superconducting
copper oxides

conventional scheme
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high-harmonics generation

infrared/visible pulse
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E. Goulielmakis et al., Nature Photonics 16, 411-421 (2022)



time-resolved ARPES

PROBE
At photoemitted

e clectrons

Nodal-Gap dynamics in

superconducting copper oxides Collapse of long-range charge order in 17-TiSez
UV probe X-ray probe
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C. Smallwood et al., Phys. Rev. B 89, 115126 (2014) T. Rohwer et al., Nature 471, 490-494 (2011)



time-resolved electron diffraction

Lattice

pulse
Photocathode
Anode-pinhole
Magnetic lens
fs excitation pulse

Diffraction pattern-screer

| Sample

100 fs bunch of electrons

dynamics of the optical melting of

A.J. McCulloch et al., J. Phys. B: At. a charge density wave in TaSz

Mol. Opt. Phys. 49, 164004 (2016)

PHYSICS:
ephoto-induced structural phase
transitions

edynamics of the lattice

M. Eichberger et al., Time delay (ps)
Nature 468, 799 (2010)




Free Electron Lasers
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B.W.J. McNeil et al. X-ray free-electron lasers. Nature Photonics 4, 814-821 (2010)



time-resolved X-ray diffraction

Lattice
long-range orders

Scattering
Pattern

X-ray Probe £

Undulator

Detector /
At

X-ray FEL pulses



time-resolved X-ray diffraction

long-range orders

Fast-CCD
Detector

dynamics of the optical melting of intertwined charge
and spin orders in a striped nickelate

)
=11

o 9 SO-CO
SO v l At ! Z ' amplitude
reorientation recovery
so co /
recovery Y.D. Chuang et al., Phys.

Rev. Lett. (2012)




time-resolved Resonant Inelastic X-ray Scattering

Time
delay . \ Energy
— transfer
Optical, |,
pump:

b

Optical

M. Mitrano et al., COMMUNICATIONS PHYSICS (2020) 3:184




time-resolved Resonant Inelastic X-ray Scattering

probing short-range magnetic correlations:
dynamics of the Zhang-Rice singlet in CuGeOQOs
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time-resolved X-ray PEEM microscopy

hybrid injection mode
106 beamline @ Diamond Light Source (UK)
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time-resolved PEEM
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time-resolved PEEM

spontaneous formation of striped polydomains VQOff Ph?se diagram

oriented along the cristallographic hexagonal axes
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A. Ronchi et al. in press on Nature Communications. arXiv:2109.05116



time-resol

ved PEEM

spontaneous formation of striped polydomains
oriented along the cristallographic hexagonal axes

corundum
structure

before

emperature

paramagnetic
insulator (PI)

antiferromagnetic

V203 phase diagram

paramagnetic
metal (PM)

corundum
structure

insulator

monoclinic
structure

contrast rel.variation (%)
| |
—_ I
S

laser-X rays
-20- Cross
correlation
-251
[
-0.2

. Ronchi et al. in press on Nature

0.0 0.2 0.4
time delay (ns)

Communications. arXiv:2109.057116

after

mohnoclinic metal

/‘i ’\

‘ 0 . 1‘
e |

<
e



non-equilibrium spectroscopy

electromaqgnetic Praper%i;es

femtosecond
spectroscopy

coloured
light

electromagnetic
field

r\

/ 2
10-100 fs

diffraction
grating

C. Giannetti et al. Advances in Physics 65:2, 58-238 (2016)



non-equilibrium spectroscopy

from pump-probe to femtosecond spectroscopy J1
C d
T<e

coloured | femtf[)second
light spectroscopy

electromagnetic
field

diffraction

/ \ | || grating
/nﬁ

10-100 fs

C. Giannetti et al. Advances in Physics 65:2, 58-238 (2016)



non-equilibrium spectroscopy

from pump-probe to femtosecond spectroscopy J1
C d
T<e

coloured | femtf[)SGCOHd
light spectroscopy

electromagnetic
field

|
diffraction
grating

10-100 fs A
5—R(w, t) = R T W time (fs)

-

R Req(w)

time+frequency information - b
energy
C. Giannetti et al. Advances in Physics 65:2, 58-238 (2016)



the electromagnetic spectrum

w=211c/A\ 1 eV=1.24 ym 4 meV=1 THz=200 pm

Visible Light

THz

Radio Waves Microwaves Infrared

]
T T T T T T
300m 30 am Iem em D3cm  300um 30um Iam 0.3um 30nm 3nm D3 003 0,005
Wavelengths —

~1-4 meV superconducting
gap in BCS




the electromagnetic spectrum

w=211c/A\ 1 eV=1.24 ym 4 meV=1 THz=200 pm

Visible Light

THz

Radio Waves Microwaves Infrared

300m 30 am 3 D3cm  300um 30um Iam 0.3um 30nm 3 D3 003 0,005

Wavelengths p—t

YBa,Cuy04 4
\ 295 K
—-—-150 K

~30-90 meV infrared-active

phonon modes
C. Homes et al, Physica

C: Superconductivity
254, 265 (1995)
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the electromagnetic spectrum

w=211c/A\ 1 eV=1.24 ym 4 meV=1 THz=200 pm

Visible Light

THz

Radio Waves Microwaves Infrared
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~300 meV spin fluctuations
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the electromagnetic spectrum

w=211c/A\ 1 eV=1.24 ym 4 meV=1 THz=200 pm

Visible Light

THz

Radio Waves Microwaves Infrared

300m 30 am
Wavelengths
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S. Uchida et al, Phys. Rev. B 43, 7942 (1991)



light pulses to UNDERSTAND
equilibrium properties

= electron-boson coupling Iin

superconductors



copper oxides

bi-dimensional copper ~ .
oxides PP superconductivity on
T top of a very
unconventional
pseudogap ground statel!
100 K

superconducting d-wave superconductivity

Nobel Prize 1986: U
J.G. Bednorz, K.A. Muller

| .
d-wave _ ‘.‘
T ! dpnye

which glue in high-T¢
superconductors? ZX Shen’s group



retarded interaction and the “glue” problem

BCS

glue: lattice distortion

©0g0 0 ® 00O

® 000 6 ® 0 O

090 0 90 o
space

A=211/|Q| /\/

energy scale timescale
a2F(Q)
W.L. McMillan et al. —
Phys. Rev. Lett. 14, S—
108 (1965) CP
= repulsive
time

T=2r1/Qq=100 fs



retarded interaction and the “glue” problem

BCS

glue: lattice distortion

unconventional

d-wave: other glue?

space

a
=2vjQl T N\
energy scale timescale energy scale timescale
a2F(Q)) [1(Q)= a2F(Q)+/2x(Q)
= repulsive
/\ h/J (=6 fs)
time

J. Carbotte et al. Rep. Prog. Phys. 74, 066501 (2011)

T=2rt/Qq=100 fs T=2rt/J<10 fs



electron-boson coupling

electron-boson coupling affects the electron dynamics =

frequency-dependent electron self-energy: X()

for Fermi liquids: >, k,w,T 2F k ()L W,Q,T dQ
O

N\

bosonic function: the coupling kernel function: the population
frequency dependence temperature dependence
) O 7z |
5 € d
o :
= = w=0.25 eV
= - 8
3 - S
N 1 T o7
£ 5 £
T 5 a2F(Q) <
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energy relaxation pathways

pump probe on metals

o

metal

PROBE

effective-temperature model

8Te _ G(Hlat7 CZﬂlata Te) 4 p

ot Yele Yele G/C
determines the

1]+ G(Iat, Tiar, Te) — dynamics in the

Ot Clut time domain

P.B. Allen, Phys. Rev Lett. 59 1460 (1987)



energy relaxation pathways

pump probe on metals

o

metal

PROBE

effective-temperature model

8Te _ G(Hlat7 CZﬂlata Te) 4 p

ot Yele Yele G/C
determines the

1]+ G(Iat, Tiar, Te) — dynamics in the

ot Clut time domain

LB / AT, () [N (. Thay) — N(Q.T)]



energy relaxation pathways

pump probe on metals

o

PROBE

metal y

hierarchy in the dynamics

Te
o G(Hlat)
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9

time

effective-temperature model

aTe G(Hlat7 CFla,ta Te) P

875 B f)/eTe _I_ erTe

G/C
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01} at G (s, Tiat, Te) —®  dynamics in the
time domain

LB / AT, () [N (. Thay) — N(Q.T)]

OR/R«0Te/Te

v

In conventional metals:
single exponential decay
determines A
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be careful with the 2TM!

effective extended effective
temperature model temperature model

Hot Fermi-Dirac Non-thermal Fermi-Dirac
distribution distribution

EF

RN  Fcrmi-liquid theory:
the QP lifetime

energy energy diverges at Ef!!

L /Te<><(E-EF)2
Non-thermal
Bose-Einstein

distribution

™
W
c

Hot Bose-Einstein
distribution

energy energy

Boltzmann equations to account for fnT(E, )



non-equilibrium spectroscopy on metals
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AR (arb. s

A
~a

WkQBTe
Te—lat —
T 3RA(O2)

0

Eliashberg coupling A = 2 *F(Q)/QdS
0

single exponential decay



electron-phonon coupling in superconductors

the paradigmatic example of the isostructural MgB2 and AlB>

K.-P. Bohnen et al. Phys. Rev. Lett. 86, 5771 (2001)
Y. Kong et al. Phys. Rev. B 64, 020501R (2001)



electron-phonon coupling in superconductors

AlB2 (non superconducting) Mng (Tc=39 K)
02F(L2) a(9)
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> < Eon=73 meV = At=10 fs
£ 40+ 2 40-
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120 120

K.-P. Bohnen et al. Phys. Rev. Lett. 86, 5771 (2001)



electron-phonon coupling in superconductors

AlB> (non superconducting) M982 (Tc=39 K) D. Mou et al. Phys. Rev. Lett. (2015)
a2F(Q) 02F(Q)
MgB:>
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O_I [ I T O_I [ I T
3 S
£ 404 GE) 40 - —
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momentum



electron-phonon coupling in superconductors

AlBQ (non superconducting) MgBQ (Tc=39 K) D. Mou et al. Phys. Rev. Lett. (2015)
ARPES
_————
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scattering rate
]

i ' I ' l ! ' |
0.0 1.0 2.0 0.0 1.0 2.0 S. Dal Conte et al. in preparation
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electron-phonon coupling in superconductors

AlB2 (non superconducting) Mng (Tc=39 K)

scattering rate
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electron-phonon coupling in superconductors

AlB2 (non superconducting) Mng (Tc=39 K)

1N\

T1=300 fs ]
_ T1=100 fs
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electron-phonon coupling in superconductors

AlB2 (non superconducting) Mng (Tc=39 K)
*§ i i 12=300 fs
§ 1 W 11=300"s ] m=100fs
| ' | ' | | ' | ' I
0.0 1.0 2.0 0.0 1.0 2.0
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temperature
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electron-phonon coupling in superconductors

AlB2 (non superconducting) MQBQ (Tc=39 K)
o | j
T | T2=300 fs
2 - -
S — |
‘N T1=300 fs ] T1=100fs
| ' | ' | | ! | ! |
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electron-phonon coupling in unconventional superconductors

conventional metals
iron-based materials
copper oxides

MgB,

electron-phonon coupling
A\ obtained from time-
resolved techniques

C. Giannetti et al. Advances in
Physics 65:2, 58-238 (2016)
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CUPRATES:
some glue is missing!!!

60 80
experimental T.(K)

u*: effective Coulomb repulsion

Q : frequency log-average g<1 for d-wave superconductors

1.04(14+)\)

T. = 0.83Qe 9 =7 (110.62%))

P.B. Allen and R.C. Dynes, Phys. Rev B 12 905 (1975)
A. J. Millis, S. Sachdeyv, C. M. Varma, Phys. Rev. B 37, 4975 (1988)




non-equilibrium spectroscopy on cuprates

superconducting copper oxides

~0 fs = 1,=16+3 fs

buckling breathiig

1-exp(-t/T;)

00 02 04 06 0.8 >0 100
| | deléy (ps.) | | delay (fs)

OR(w)«0Tp

3 different electronic timescales!



comparing to conventional superconductors (MgB>)

Bi2212

Y-Bi2212p
La-Bi2201p
La-Bi2201,p
T122014p
MgB,

Cu

Au

4 2 4

6
1000

50 100 150 200 10 6100
delay (fs) rise time (fs)

1.04(14+X)

T. = 0.830e ™ 90—r*(10.621))

S. Dal Conte et al. Nature Physics 11, 421 (2015)



Hubbard model

single-band Hubbard model

H=- Z(ZJ w](;+c c)+UZ ;A | — ,uz

9]90

Iij
> 2nd order J=4¢2/U
_I‘_ _L _‘_ - % —$— energy gain for

* | antiferromagnetic ground
U state

t-J model in the U2 limit

— Z (C;rygéj,g —+ h.C.) -+ JZ S;- S
(Lj),o (Lj)

t=360 meV J=120 meV



Magnetic excitations in the copper sublattice

a - spin-wave dispersion

Imx(q,w=40 meV) Imy(q,w=200 meV) Imy(q,w=300 meV)

200 400

enerqgy (meV)

C. Giannetti et al. Advances in Physics 65:2, 58-238 (2016)



non-equilibrium t-d model

delay (fs)

Ultrafast coupling to high-energy short-
range AF spin fluctuations:

*10 fs coupling to short-range AF spin
background

hopping

s AT
mpg| e ||l | ; ® ;
iR oo - ’é’%’é ’
t=3 fs t=5fs t=10 fs \-/

h/t=2 fs

energy transfer to AF background

—time-dep. Schr. equation

H = —t, Z (C;r’aéj,g -+ h.C.) -+ JZ Sy - Sj
(L) )
t=360 meV J=120 meV

In 16 fs photoexcited carriers can exchange energy with bosons |/

S. Dal Conte et al. Nature Physics 11, 421 (2015)



retarded e-boson interaction

Spin

. Strongly coupled phonons Lattice
fluctuations gly P P

High T,
superconductor
(YBi2212)
T=83 K

BCS 1,=31%3fs

superconductor AN s
(MgB,)
T=39K €| E

]
7

A

o F

7,~600 fs
N

Hot electrons
Critical Temperature

Delay time

Direct observation of coupling with spin fluctuations (<20 fs) in copper oxides

S. Dal Conte et al. Nature Physics 11, 421 (2015)



retarded e-boson interaction

S. Dal Conte et al., Science 335, 1600 (2012)

0-100 fs 0-300 fs >300 fs

Spin current buckling SCP breathing SCP acoustic mode Raman c-axis

fluctuations loops optical mode

delay (ps) delay (ps) delay (ps)

0.0 0.1 0.2 . . . 0.1 0.2 0.3 0.4 0.0 0.1 0.2 0.3 0.4
energy (eV) energy (eV) energy (eV)

electronic contribution

retarded interaction (glue) of charge carriers with ultrafast
fluctuations in cuprates



light pulses to UNDERSTAND
equilibrium properties

= optical spectral-weight

transfer in superconductors



Interplay between the low- and high-energy scale in HTSC?

o0 2

nmne
spectral weight SW = o(w)dw =
m
0

optical conductivity superconductor

‘L'—}OO 2
ne’ | ne [

(@) = ——— T —
m T — L m

|
no(w) — —]

10

Ferrel-Glover-Tinkham sum rule

SWH — SWS¢ =D — SWA + SWwac

HTSC
Mott-like excitations Kinetic energy in a single conduction band within
/ ~~ the nearest-neighbour tight-binding model
~ ARV,
_ N SC
(K) = 75 5 SW:Y — SWr™|

T=As€

Adapted from M. R. Noman and C.
Pepin, Rep. Prog. Phys. 2003



Interplay between the low- and high-energy scale in HTSC?

Fundamental questions:

-Is high-T, a kinetic-energy driven phenomenon?

AQ 1 2 A2 : . ..
(EYsc — (E)N = v §N (0)A*| — 5a M. Tinkham, Introduction to Superconductivity
: (= ; PE

-Is the electronic structure modified at high-energy scales by the condensate?

time+spectral resolution

Problems of equilibrium optical spectroscopies:

-Finite cut-off for calculating SW
-Temperature dependent Drude broadening

Holcomb, PRL (1994)
Rubhausen, PRL (2001)
Molegraaf, Science (2002)
Boris, Science (2004)

Santander-Syro, PRB (2004) implf{ﬁieVg é';g?g of dyn:rr]gingS;/ (::f(g)igh-




reflectivity of cuprates

optimally doped Bi2Sr2Y0.0sCao.92Cu20s.s (YBi2212)
TC=96 K

Broadband time-resolved
spectroscopy probes the white-light
change of the scattering rate probe

due to the boson “heating”

coupling
to bosons

00 0.1 02 03 04
energy (eV)

0.5 1.0 1.5
energy (eV)

E. van Heumen et al., Phys.
Rev. B 79, 184512 (2009)



Time-resolved optical spectroscopy on Y-Bi2212

Bi2SroCaon.92Y0.08Cu20s.s

OR
_ 0 ¢ -=83 =96 =86
W 2t UD T;=83 K OP To=96 K OD T.=86 K
) 1.0 X
R 05 o
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< 1.8 2
S 17 E
Normal S 16 B
Q . o -
state 5 1.4 2
1.3 | 2
1.9 5
1.8 1% ny
1.6 2 g
Pseudogap 1.5 BT A E
1.4 T {2
state i oo 1 5

Superconducting
state

195
1.8 F
1.7

1.6 K
1.5 8
1.4 K
1.3

(spun-que) 4/4Q

Delay (ps)

C. Giannetti et al., Nature Commun. 2:353 (2011)



High-energy excitations and superconductivity

interband

Exten Dr ) iti
xtended Drude Z 7 W transitions

Do Y-
S

),
3.0

7,
model 725\

energy (eV)
1.8 2.0 2.2
| | |

L 82 | SR(w,)/R

BCS-like
Kramers-Kronig <K= Loss
constrained fit |

®

— 0o1(m,t)

8SW.,,, (meV” x 1,000)

do1/o1 (x1 0'3)

decrease of 801(w,t)/o1
I as the doping
12 Increases

/<K>gain% \
. | L —

0.10 0.20

wavenumber (1 0’ cm_1) P

C. Giannetti et al., Nature Commun. 2:353 (2011)




light pulses to UNDERSTAND
equilibrium properties

= anti-nodal Mottness



Mottness

band insulator Mott insulator
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Mottness

band insulator Mott insulator

o oo oo r Ol O O

U
LD /) N "
— : >  — : >
gap LHB UHB

optical
—> o L L excitation _—»
ol SRS R e oW
N-1 N-1
2N o m m A(i\
— — > —
electron-hole excitation variation of the Hubbard bands at U!

M.B.J. Meinders, H. Eskes, G.A. Sawatzky, Phys. Rev. B 48, 3916 (1993)



the puzzle of antinodal gap Iin cuprates

~
Fermi arcs
antinodal suppression of states T complete Fermi surface
J Q
(T[ O) [ } (0,0)
) SC /
A 5 . K‘
(7t,m)
R. Comin et al. Science 343, 390 (2014) M. Platé et al. Phys. Rev. Lett. 95, 077001 (2005)

Is the universal antinodal suppression of states a consequence of the correlations?

doping
ﬁ

It is already within the Hubbard model!

k-selective Mottness
E. Gull et al. Phys. Rev. B 82, 155101 (2010)

F. Cilento et al. Nat. Commun. 5:4353 (2014)



antinodal dynamics

DMFT Fermi surface

courtesy of M. Capone
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F. Cilento et al. Science Advances 4, eaar1998 (2018)

1.5eV

photoemitted
electrons

complete mapping of the
dynamics in the full
Brillouin zone in optimally-
doped (Tc=96K)
Bi2Sr2Cao.02Y0.08Cu20s8.6



AN dynamics

t=80 fs
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F. Cilento et al. Science Advances 4, eaar1998 (2018)



AN dynamics

=

0 T1=300+50 fs
O

O
10=1.5+0.5 ps
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* the AN increase of states (=100 fs) is decoupled
from the effective temperature

e the excitation at 1.5 eV drives the transient increase
of antinodal states, which become more metallic

F. Cilento et al. Science Advances 4, eaar1998 (2018)



light pulses to MANIPULATE
materials properties

= hidden states, transient photo-

enhanced superconductivity,
competition of different orders



properties on demand in quantum materials

Heterostructuring and
electrostatic gating

High pressure

Valley control
and Berry phase modulation
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Metastable states

=
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Free {
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new functionalities: methods for controlling quantum phases on demand

D.N. Basov, R.D. Averitt, D. Hsieh, Nat. Materials 16, 1077 (2017)



light pulses to MANIPULATE
materials properties

= hidden states



photo-induced hidden states

Ultrafast switching to a stable hidden state in 77-TaS:

Resistance (Ohm)

100 150 200
Temperature (K)

AU contacts

Sapphire
substrace

17-Tas,
(100 nm)

Resistance (Ohm)

L. Stojchevska et al.,
Science 344, 177 (2014)

Temperature (K)




light pulses to MANIPULATE
materials properties

= transient photo-enhanced

superconductivity



phonon pumping

‘ mid-IR
1.0 ¢
0.8::—
0.6
0.4§ 208 X
. 2 - - ;goxx YBa,Cu,0, .
wmid-IR enhancement of oo (e) =~ B T
superconductivity in high-Tc? N

. .‘YB e ‘o™
role of the lattice? %Cu0u T,=80K
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YBe ,Cu,0,, T, =53K

C.C. Homes et al., Phys. C: FREQUENCY (cm-!)
Supercond. 254, 265 (1995)

copper oxides




possible light-induced transient superconductivity

Equilibrium state

Transient state
R SRR

TR0 TR e T T T P T T SO T JISEER, . aS8800

- - ———
o=y

courtesy of A. Cavalleri
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Transient superconductivity by
removing a competing order

D. Fausti et al., Science 331, 189 (2011)



optical-control of phase transitions

transient enhancement of superconductivity in copper oxides

YBCO 6.45 (a1)fYBCO65 (b1)[YBCO6.6 (c1)]600
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S. Kaiser et al., Physical Review B 89, 184516 (2014)
W. Hu et al, Nature Materials 13, 705 (2014)
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gap enhancement via sub-gap excitation

BCS gap equation at finite temperature

thermal distribution of

o f (T) excitations
t=VNO) /_oo NEEw e

changing the distribution without injecting
new excitations

5Teff

de

/ \/ €2 +A2 (1)

electrons

A0 |

holes

electrons

holes



gap enhancement via sub-gap excitation

s microwave gap enhancement in Al
T. Kommers et al., Phys. Rev. Lett. 38, 1091 (1977)

wTHz gap enhancement in NbN
M. Beck et al., Phys. Rev. Lett. 110, 267003 (2013)

mmid-IR gap enhancement in Bi2Sr2Y0.08Ca0.02Cu20s+s
F. Giusti et al., Phys. Rev. Lett. 122, 067002 (2019)

4 6 8 10 12 O
time delay (ps)




light pulses to MANIPULATE
materials properties

= guenching the phase coherence



destroying phase coherence with light

What is Bose-Einstein condensation (BEC)?
High
Temperature T:
thermal velocity v
density d3
"Billiard balls"

Temperature T:
De Broglie wavelength

rgg=h/mv = T-12
"Wave packets"

T=Tcrit:
Bose-Einstein
Condensation

g =d
"Matter wave overlap”

Pure Bose
condensate
“"Giant matter wave"

thermal

Kinetic 1 2 3
—mv° = = KgT enerqy

energy 9 9

De Broglie wavelength

Planck const.

h |
ADB = — X —/=

mv /T

light can be used to destroy the phase coherence of
the condensate without heating it up



destroying phase coherence with light

What is Bose-Einstein condensation (BEC)?
High : .
Tempergature T: cartoon: light excitation of the

Cooper pair condensate

thermal velocity v
density d3

"Billiard balls"

Temperature T:
De Broglie wavelength

rag=h/mv o« T-12
"Wave packets"

T=Terit:
Bose-Einstein
Condensation

‘g =d
"Matter wave overlap”

courtesy of F. Boschini (UBC, Vancouver)

Pure Bose
condensate
"Giant matter wave"

light can be used to destroy the phase coherence of
the condensate without heating it up



superconducting to normal state transition

Open problems:

« what drives the ultrafats dynamics of
the superconducting condensate?

gap closing (BCS)
VS
loss of phase coherence

fragility of low-density (ns) superconductors
to phase fluctuations:

hQ@ — thfn(*O)a ~ kBTC

V.J. Emery and S.A. Kivelson. Nature 374, 434 (1995)




superconducting to normal state transition

GAP closing or filling?
what drives the non-thermal melting?
Open problems:

« what drives the ultrafats dynamics of
the superconducting condensate?

Y W94 OpIsu|

gap closing (BCS)
VS
loss of phase coherence
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>
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L
=

fragility of low-density (ns) superconductors
to phase fluctuations:

hﬂ@ — thfn(*O)a ~ kBTC

V.J. Emery and S.A. Kivelson. Nature 374, 434 (1995)

Delay (ps)
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C. Smallwood et al. et al, Phys. Rev. B 89, 115126 (2014)



destroying phase coherence with light

Collapse of high-T¢c superconductivity via ultrafast
quenching of the phase coherence in BioSroCaCu20s.s
=fragility of low-density (ns)
superconductors to phase
fluctuations:

e = rs@a g T

V.J. Emery and S.A. Kivelson. Nature 374, 434 (1995)

On the ultrafast timescale it is
possible to quench the macroscopic
phase coherence without changing
the gap and the pairing strength!

=new time-window for exploring

qguantum phase transitions

F. Boschini et al., Nature Materials 17, 416-420 (2018)



the phase diagram of copper oxides

B. Keimer et al. Nature 518, 179-186 (2015)
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Hole doping, p

what is the interplay between Charge Density Waves and
superconductivity?



light pulses to MANIPULATE
materials properties

= competition between charge-

order and superconductivity
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X-ray laser




A Homogeneous SC-CDW

B SC-CDW phase separation
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light pulses to EXCITE
specific degrees of freedom

= coherent lattice oscillations

and Higgs modes



coherent lattice driving

coherent excitation
impulsive Raman

bandwidth



coherent lattice driving

coherent excitation
impulsive Raman

coherent oscillation

bandwidth : : : :
inducing macroscopic magnetic orded

via coherent phonons in BaFezAs>

Coherent phonon oscillation in FeSe

J—
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J.P. Paglione et al. Nat.
Phys. 6, 645 (2010)
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S. Gerber et al. Science 357, 71-75 (2017)

X-rays: lattice oscillation deformation potential &
ARPES: band distortion e-ph coupling K.W. Kim et al. Nature Mater. 11, 497-501 (2012)



order parameter in a symmetry-broken phase

potential landscape based on Ginzburg-Landau functionals

U
free energy of a
symmetry-broken N: order parameter

phase /uo +/ 2 ) B(P)

n|* + T|77I4)dv
Av=a(P) - (T-T%)

C. Giannetti et al. Advances in Physics 65:2, 58-238 (2016)



order parameter in a symmetry-broken phase

potential landscape based on Ginzburg-Landau functionals

01
free energy of a
symmetry-broken N: order parameter

phase >

B(P n
7= [t + 225D+ 2 g ya
/ 2 4
Ao=a(P) - (T-T.) fleq
motion equation for d277 dn aU

time-dependent - v

perturbation dt? / dt _wo (977 \

perturbation of the

damping potential
(decoherence) intrinsic
frequency of
the mode

C. Giannetti et al. Advances in Physics 65:2, 58-238 (2016)



order parameter in a symmetry-broken phase

different excitation schemes

= OVerdamped
= jncoherent

displacive excitation
displacive excitation A(t)=Ao+H(t) —cos-like
n(t)=no+o(t) —cos-like

A(t)=Ao+eT excitation
—sin(wot+¢)

impulsive excitation
A(t)=Ao+0(t) —sin-like

C. Giannetti et al. Advances in Physics 65:2, 58-238 (2016)



coherent excitation of amplitude modes with THz

looking for Higgs modes (amplitude modes) in symmetry-broken phases

wave-behaviour of the
amplitude mode

N\

THz excitation of the
amplitude mode



coherent excitation of amplitude modes with THz

looking for Higgs modes (amplitude modes) in symmetry-broken phases

wave-behaviour of the Higgs mode (amplitude mode of the
amplitude mode superconducting order parameter) in Nb1xTixN
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N\

R. Matsunaga et al, Phys. Rev. Lett. 111, 057002 (2013)
R. Matsunaga et al, Science 345, 1145-1149 (2014)

THZ eXCitatiOn Of the T. Cea et al, Phys. Rev. Lett. 115, 157002 (2015)

amplitude mode THz pump-THz probe
(below-gap excitation)



outline

- Ultrafast spectroscopies to investigate the electron dynamics in materials
C. Giannetti et al. Advances in Physics 65:2, 58-238 (2016)

- light pulses to UNDERSTAND equilibrium properties
= pairing glue in high-T. superconductors

- light pulses to EXCITE specific degrees of freedom
= coherent lattice oscillations and Higgs modes

- light pulses to MANIPULATE materials properties
= hidden states, transient photo-enhanced superconductivity
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