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Electron-boson coupling: Beyond the
equilibrium interpretation

« Electron-boson coupling in cuprates
* Boson interactions and population decay rates

* Violation of Matthiessen’s rule in the time domain
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Electron-boson coupling

Electron,
Quasi-particle
Phonons
Boson Magnons
Spin fluctuations
Plasmons
Orbitons

Electron,
Quasi-particle

H = Z e(k)cl];ck + Z quilbq + Z gﬁ7ch+qck(bq + bT_q)
k q kq
Electrons Bosons Electron-boson
coupling
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Kinks in the quasiparticle dispersion

Lanzara, Nature (2001) Johnston, PRL (2012)
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* Indications of coupling to bosons
— Origin?
— Effects on quasiparticles
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Manifestations of electron-boson interactions in spectra

Kinks in dispersion
—s coupling to bosonic modes
(phonons, spin fluctuations, ...)
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Manifestations of electron-boson interactions in
time-resolved spectra
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Electron-boson coupling: Beyond the
equilibrium interpretation

« Electron-boson coupling in cuprates
* Boson interactions and population decay rates

* Violation of Matthiessen’s rule in the time domain
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* Time- and angle-resolved photoemission spectroscopy

Image courtesy
of J. Harms,
University of
Hamburg

(1) Incoming light pulse (the pump) excites
electrons and lattice

(2) Second incoming light pulse (the probe) ejects
electrons (called photoemission) some time At
later

(3) Excited electrons are measured as a function of
their energy and momentum



NC STATE UNIVERSITY

Non-Equilibrium Keldysh Formalism

G (1) R (o) AW YT QL))

(a) 20 self-energy 2:
r \"" |4.20b..| electron-electron scattering
\ \

electron-phonon scattering

Include the effects of strong
Cmax driving field through Peierls

J U substitution

tom-iB ...and about its history k —> k — eA(t)

i Q
System knows about its thermal initial S = /_\)
state... - < ‘

U
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Pump-probe photoemission

pump FE# 20, | probe
W
f | Delay time >|
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M. Eckstein and M. Kollar, PRB (2008), J. K. Freericks et al., PRL (2009), J. K. Freericks et al.
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Electron-lattice coupling

t =-65.00

o [eV]

Phys. Rev. X 3, 041033
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Electron-lattice coupling
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RE)

F . . . -
o Fermi distribution

How does the pump '

————————— Ta=T,
fluence affect these el = 0
results? -
0 >
1
non thermal
Electrons
0 E
1
Fermi distribution
/ Tel > 7-O
We should account for the changes b >>1
in the distribution self-consistently. 0 E
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Driving beyond the weak limit
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4 Momentum along k,=k,

Sharp kink is a signature of large
electron-boson coupling

a2 T_10K
100 — A=0meV
%
= o Strong excitation appears to change features of
C electron-phonon coupling
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AFK et al PRB 2014
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Driving beyond the weak limit
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Driving beyond the weak limit
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Driving beyond the weak limit
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Driving beyond the weak limit
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Experimental evidence for modified interactions
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Changes in kink, linewidth, and population decay rate after pumping
can be understood simply by considering population redistribution
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Electron-boson coupling: Beyond the
equilibrium interpretation

« Electron-boson coupling in cuprates
* Boson interactions and population decay rates

* Violation of Matthiessen’s rule in the time domain
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PRL 114, 247001 (2015)

PHYSICAL REVIEW
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Also: |. Gierz, S. Link, U. Starke, and A. Cavalleri, Faraday Discuss. 171, 311 (2014).
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week endin

PRL 114, 247001 (2015) PHYSICAL REVIEW LETTERS 19 TUNE 2015

Inequivalence of Single-Particle and Population Lifetimes in a Cuprate Superconductor

S.-L. Yang,'” J. A. Sobota," D. Leuenberger,” Y. He,'* M. Hashimoto," D. H. Lu,* H. Eisaki,’
P.S. Kirchmann,"" and Z.-X. Shen"?"
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(@) = —2ImX(w = eg)

/ N\

Population dynamics Equilibrium self-energy

G(t,t)

; Average time e Equilibrium
1 frequency
tave = —(t+ t/ . . .
T. 2( ) domain arises in

t-t’ direction

Relative time e Population

trey =1 —t' dynamics occurs
along average
time

> t’
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Consider interactions beyond electron-
phonon coupling

a) " b) c)

Impurity Electron-phonon Electron-electron
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Equilibrium: quasiparticle Non-equilibrium: population
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Energy transfer determines
population dynamics

A

Heat bath
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]. Energy transfer
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Combining electron-electron and electron-phonon scattering

i o—o U? I:o.oool — U? :|0.030 g2 = 0.02
I | ¢ U2 =0.005 +— U?=0.040
0.20f | TP =0022  >> UP=0.087 |
|
o \ & | Step in Ilfc?t.lmes
S | ay , remains visible
© . "oy
C\\]/ | 14>>
0.10f 7 ’»,» X .
E /> >>>>>>>> CO m p etl tl O n
p »»»>>>>>>>>>>>>>>>>>>
7 between e-p and e-e
0.05} B 1 :
| scattering
l
0.00 ' : : ; : :

o 1 2 3 4 5 6 7 Apparent A could be
QP Energy E [Q]
too small!



NC STATE UNIVERSITY

Time-resolved ARPES experiment by J.D.
Rameau, S. Freutel, I. Avigo, M. Ligges, L.
Rettig, P.D. Johnson, U. Bovensiepen
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Experiment Theory
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E AN

e-boson

n(E,t)
A
-t/1
e
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t

If you can see the fingerprint of a
boson in the time domain, it is
capable of taking energy out of the
electronic system.
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Summary

* Dynamics in the time domain are not always

equivalent to frequency domain 3 ﬁ ﬁ

* Dynamics in the time domain are principally =

' |e—e U?=0.000 e U2 =0.030

controlled by energy transfer processes N L

a4 U2 =0.022 > U?=0.087 |]

* We can use this to separate/suppress i
interactions that can obscure electron-boson
interactions

0.05] ¥ !

0.00 1 ! ! ! ! I
0 1 2 3 4 5 6 7

QP Energy E [Q]

* Interpreting changes in the spectra using

equilibrium language can be erroneous
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