Snapshots of the retarded interaction of charge
carriers with ultrafast fluctuations in cuprates

Claudio Giannetti

Department of Physics, Universita Cattolica, Brescia, Italy

I-Lamp

(Interdisciplinary laboratories for advanced materials physics)

U>GO FAST

GOverning ultraFAST the conductivity of
correlated material

C. Giannetti ICTP 27 October 2014 U U




Qutline

-Ultrafast spectroscopies of quantum materials
J. Orenstein, Phys. Today 65, 44 (2012)

‘The “glue” and the retarded-interaction problem in high-Tc

superconductors
P.W. Anderson, Science 317, 1705 (2007) and reply from D.J. Scalapino

*Snapshots of the retarded interaction with ultrafast fluctuations via 10 fs

pulses

S. Dal Conte et al., Science 335, 1600 (2012)
S. Dal Conte et al. submitted to Nature Physics

*Towards a non-equilibrium phase diagram of cuprates
F. Cilento et al., Nature Communications 5:4353 (2014)
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uItrafast shutter for ultrafast details...
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Time-resolved optical spectroscopy

from pump-probe to femtosecond spectroscopy

femtosecond
spectroscopy
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Time-resolved optical spectroscopy

from pump-probe to femtosecond spectroscop
y
coloured femtosecond
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Time-resolved optical spectroscopy

: optical control
pump probe on quantum materials new transient ground state

%GOO fs
At PROBE

V-4 v

J. Orenstein, Phys. Today 65, 44 (2012)

bandwidth
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potential

coherent excitation
impulsive Raman

non-equilibrium spectroscopy

recovery of the ground state
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Optical control

Transient superconductivity by
A removing a competing order
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D. Fausti et al., Science 331, 189 (2011)
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Coherent excitation

coherent excitation
impulsive Raman

coherent oscillation

bandwidth

Fluctuating Charge-Density-Wave
iIn UD La1.9Sr0.1CuOy

(b) \ Amplitudon
Q H H H
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Phason

D. Torchinsky et al, Nature Materials 2013

see talks: N. Gedik and F. Carbone !\ (‘ '
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Non-equilibrium spectroscopy

disentangling intertwined degrees of freedom by their dynamics

Gap dynamics in superconducting copper oxides

Time-resolved
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C. Smallwood et al. et al, Phys. Rev. B 89, 115126 (2014)

see A. Lanzara’s talk
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retarded vs instantaneous interaction
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retarded vs instantaneous interaction

BCS Hubbard model
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retarded vs instantaneous interaction

BCS { Hubbard model
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J. Carbotte et al. Rep. Prog. Phys. 74, 066501 (2011)
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d-wave: other glue?

gfsdsd .

a (=4 A ; j nlJ (=6 fs)

! ; # ; ’ ‘ A/U (V:o.s fs)
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W.L. McMillan et al.
Phys. Rev. Lett. 14, |
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Single-colour pump-probe experiments
and electron-phonon coupling
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non-equilibrium reflectivity and e-ph coupling

pump probe on metals

A’[% PROBE

metal

2-temperature model
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o35 G (s, Tiat, Te) =  dynamics in the

ot (. time domain

P.B. Allen, Phys. Rev Lett. 59 1460 (1987)
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non-equilibrium reflectivity and e-ph coupling

pump probe on metals 2-temperature model
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non-equilibrium reflectivity and e-ph coupling

pump probe on metals 2-temperature model
At% PROBE el 881;6 e (1. — Ti.:) +p(?) G/
Clat agltat =G (T — Tiat) —>» éljyer:eel::i]ci:nseisnttiee
metal / time domain
hierarchy in the dynamics SR/R < 8T./T.

iIn conventional metals:
single exponential decay

T .
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temperature
-
=

time time (ps)
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non-equilibrium spectroscopy on metals

electron-phonon coupling in metals
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electron-phonon coupling in superconductors

conventional metals
iron-based materials
copper oxides

MgB,

electron-phonon coupling
A\ obtained from time-
resolved techniques
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CUPRATES:
the glue is not in the
electron-phonon

coupling!!
60 80
experimental T (K)
u*: effective Coulomb repulsion Goeh s
g=1 for s-wave BCS superconductors =
g<1 for d-wave superconductors Q : frequency log-average

1.04(14+))

T. = 0.83Qe ™ 9C—#7(170.62%))

P.B. Allen and R.C. Dynes, Phys. Rev B 12 905 (1975)

A. J. Millis, S. Sachdev, C. M. Varma, Phys. Rev. B 37, 4975 (1988). A m .
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Beyond single-colour experiments to
access the ultrafast dynamics
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Extended Drude Model

equilibrium optical conductivity

W 2
Drude dielectric €D (w) i L : 1
function w(w o ) T constant
3 =0
o
v(®,7) wp”
> Extended Drude gy
energy dielectric function €D (w7 T) =1 w(w 4 M(w T)) Memory
) function

Fermi-Dirac distributions

M) (5O 1+o
w+ X*(€) — X(€+w)

df}_l -

energy
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Extended Drude Model

equilibrium optical conductivity

2
Wp

Drude dielectric €D (w) =

function w(w =+ ?:7'_1) T constant
3 =0
o
V(®,7) %2
> Extended Drude
: : . €D (w T) = I
energy dielectric function ) Memory
wiw + M(w,T)) Jeren

Fermi-Dirac distributions

M) (5O 1+o
w+ X*(€) — X(€+w)

df}_l -

Single?ff’;rg%i Z(f) = /O dQL(f, ) T)H(Q) bosonic function

/ s a2F(Q) in

> conventional

it T-dep. kernel function s
LE QT+ LET)) [I(Q)=0”F()+1°x(€2)

C. Giannetti U U




The “glue” problem in time-resolved optics

A)ls it really possible to describe the electron
dynamics of doped cuprates in terms of charge
carriers interacting with bosonic fluctuations?
(energy resolution)

B) On which timescale the charge carriers can
exchange energy with bosons?
(temporal resolution)
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‘The “glue”

*Snapshots of the retarded lltrafe
S. Dal Conte et al., Scie
S. Dal Conte et al. submitt
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Equilibrium optical properties of cuprates

: XA D.N. Basov et al.
Scatterlng rate [mM(UJ, T) = h/T(w’ T) Rev. Mod. Phys.85, 471 (2011)

optimally-doped Y-Bi2212 300 K

450
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E. van Heumen et al., Phys.
Rev. B 79, 184512 (2009)
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NON-equilibrium optical properties of cuprates

effective e-bos scenario: change of scattering rate y(»,T)

Equilibrium Non-Equilibrium
scattering time ~ _ 9ptimally Doped
¢ Bi;Sr;Y,05Ca9,9,CU;04.5
T.=96 K
T=100 K
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ultra high temporal resolution

FROG

PROBE PROBE PROBE %\ \ non-linear crystal

/ W12

temporal resolution
fwhm: 18+2 fs

e

probe window

—p ] ¢

YBi2212
T=300 K

-50 0 50

1.0 1.5 : delav (fs
energy (eV) i

G. Cerullo’s group (Politecnico of Milan)

optimally doped Bi2Sr2Y0.0sCao.92Cu20s.s (YBi2212)

Tc=96 K
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results on YBI2212 T=300 K

S5R/R (x107)
2

1.0 1.5
energy (eV)

—— 1R ORIBYDY..
t=40 fs

1.0 1.1 1.2 1.3 1.4
Probe energy (eV)

6Y>O no variation at the
¥ energy scale U! - OR (w)“ﬁTb

energy A In 10-20 fs it is really possible to describe the
dynamics of doped cuprates in terms of charge V
carriers interacting with effective bosonic

fluctuations
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results on YBI2212 T=300 K
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retarded e-boson interaction

Oy (arb. units)
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buckling breathing
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B) In 16 fs photoexcited carriers can exchange energy with bosons V
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non-equilibrium t-d model

delay (fs) : :
R VEErER R Ultrafast coupling to high-energy short-

range AF spin fluctuations:

*10 fs coupling to short-range AF spin
background

h/t=2 fs

energy transfer to AF background

—time-dep. Schr. equation

H = —1; Z (Ciaéj,g Sk h.C.) e JZ Sy - Sj
13),0 (Lj)
D. Golez, M. Mierzejewski, J. Bonca, L. Vidmar =360 meV J=120 meV

B) In 16 fs photoexcited carriers can exchange energy with bosons /
in agreement with non-eq. DMFT (M. Eckstein & P. Werner arXiv:1410.3956)
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short-range antiferromagnetic fluctuations

RIXS: Dispersion of paramagnons in cuprates at all dopings

Y:

Ultrafast coupling to high-energy short-range AF

_—

«2-3 fs the inverse of paramagnon width (2-300

meV)

Ba.C
-
s 7
7

N

Energy (meV)

HWHM (meV)

0.0 0.1 0.2 0.3 0.4 0.5 G R
In-plane momentum transfer Q, (r.l.u.) ’}/

h=658 meV fs

Le Tacon et al, Nature Physics 7, 725 (2011)
Dean et al, Nature Materials 12, 1019 (2013)
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comparing to conventional superconductors (MgBo)

MgB: : conventional BCS system with Tc=40 K

=100 fs = 1,=32+3 fs coupling with optical mode at

70 meV

Tr~2“/QQ

Y-Bi2212
La-Bi2201p
La-Bi22014p
T12201p
MgB,

Cu

Au

2 46 2
50 100 150 200 10 100

delay (fs) rise time (fs)

46
1000

Y. Kong et al., Phys. Rev. B 64, 020501(R) (2001)

5 1.04(142)
P.B. Allen and R.C. Dynes, Phys. Rev B 12 905 (1975) i
A. J. Millis et al., Phys. Rev. B 37, 4975 (1988). T. = 0.83(2e 9(3—p*(1+0.623))
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Summary

High T,
superconductor
(YBi2212)
T=83 K

BCS
superconductor

(MgB,)

]
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Hot electrons

B R )

T=39K <7 E e

Spin

fluctuations Strongly coupled phonons

e o
)

7,=31+3 fs
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7,~600 fs
B

Delay time

Lattice

Critical Temperature
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electron-boson coupling in CUPRATES

% PROBE
A\

[1(Q)=
2F(Q)+2y(Q)
E. van Heumen et al., Phys.

Rev. B 79, 184512 (2009)

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

effective temperature model

0-300 fs >300 fs

spin current buckling SCP breathing SCP acoustic mode Raman craxis
fluctuations loops optical mode

delay (ps) delay (ps)

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

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

in agreement with the glue extracted from the Hubbard model

C. Giannetti
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Summary

‘Non-equilibrium spectroscopy for disentangling different degrees of freedom
-Snapshots of the electron-boson coupling in correlated materials
-Coupling of the charge-carriers with AF fluctuations on the 15 fs timescale

Effective glue in optimally and overdoped cuprates
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