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2. Angle-resolved photoemission spectroscopy (ARPES) 
•  From Einstein’s photoemission to Present 



Grand challenges 

Energy problem 

Understanding Emergent Phenomena 

The ultra-fast 

Solar energy, hydrogen fuel, nuclear energy ?? 

Phenomena which are not the properties of the individual 
elementary components BUT of the assembly of such components:  

Strongly correlated electron systems : high TC superconductors 
Magnetism made of non-magnetic elements 

Sciences in the picosecond, femtosecond, attosecond time scale 



Why do we need to study electrons? 

Ultimately, the 

electric, 

magnetic, 

chemical, 

mechanical, 

optical, thermal, and structural properties of matter depend on the 
behavior of electrons and location of atoms. 



Highly correlated systems 

Non-correlated system 

Ground state 

With external perturbation 

Correlated system 

The responses are different due to 
correlation effects! 



Energy scale of importance 

Requirement: High energy and momentum resolution  
    with tunable photons with high flux 

Superconducting gap ~ 1 – 100 meV 

Optical phonons ~ 40 – 200 meV 

Magnons ~ 10 – 40 meV 

Pseudogap ~ 30 – 300 meV 

Multiphonons and multimagnons ~ 50 – 500 meV 

Orbital fluctuations ~ 100 meV – 1.5 eV 

Mott gap ~ 1 eV – 3 eV 

at very low temperature 



World map of synchrotron 



Dimensionality: 3-dimension 



Dimensionality: 2-dimension 



Dimensionality: 1-dimension 



Carbon Allotropes 

0d 1d 2d 3d 

Bulkyball 
Fullerene 

Nobel prize in chemistry 
(1996) 

Carbon Nanotube 
Benjamin Franklin Medal 

(2002) 

Graphite 

Dimaond 

Hardest substance 
Jewellery 

Soft, layered substance 
Pencil, lubricant, electrode 

Space elevator 

Potential medical use 
-  Drug delivery 
-  Target cancer cells 



Carbon Allotropes 

1947 

Theory of Graphene 
P. R. Wallace 

1984 

Massless Dirac equation of Graphene 
G. W. Semenoff 

Considered only as a toy model 

2004 

Isolated graphene 
A. K. Geim, K. S. Novoselov 

2005 

Massless Dirac Fermion proved 
K. Geim 
P. Kim 



One atom thick 
honeycomb lattice 

Strength and plasticity 

Abnormal quantum 
Hall effect 

Half metallicity 

Quantum spin 
Hall effect 

Flexible 
display 

1 THz transistors 

Spin valve 



Dirac Fermions realized in the Lab 
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High energy physics in the space realized in a Lab 

Klein tunneling 

O. Klein, Zeitschrift fur Physik 53, 157 (1929) 
M. I. Katsnelson et al., Nat. Phys. 2, 620 (2006) 

A. F. Young et al., Nat. Phys. 5, 222 (2009) 



What has graphene done for us so far? 

Companies 



Companies 

What has graphene done for us so far? 

Entertainment 

Season 3, Episode 14 



Companies 

What has graphene done for us so far? 

Entertainment 

Sports 
WTA Rank 1 
Novak Djokovic 

WTA Rank 2 
Andy Murray 



Companies 

What has graphene done for us so far? 

Entertainment 

Sports Tallahassee, FL, USA Graphene Ln,  



Dirac Fermions realized in the Lab 
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Light as a wave: 1803 

Young’s sketch of the light waves emerging from two narrow slits 
A course of lectures on natural philosophy and the mechanical arts, Vol. 1 (1807) 

Thomas Young 
Light as a wave (1803) 



Maxwell 

 
James C Maxwell 

Electromagnetism (1865) ])(cos[0 θ+−=
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Describe the propagation of Electromagnetic radiation 



Photoelectric effect 

 
Heinrich Hertz 

Photoelectric effect (1887) 



Einstein’s equation 

 
Albert Einstein 

Photoelectric equation (1905) 
Phvmv −=2

2
1

Einstein’s Photoelectric Equation 

The electron leaves 
the body with energy 

where h is planck’s constant, v is 
the light frequency, and P is the 
work that electron has to do in 

leaving the body. 



“ A storm broke loose in my mind” 

May On “Brownian Motion” or random bouncing of small  
particles in a surrounding fluid 

June Special theory of relativity c=speed of light 
c same in all reference frames and is max speed  

September Consequence of Special Relativity   E = mc2 

March Quantum nature of light and photoelectric effect 

1921  Nobel prize 

Einstein’s 1905 – age 26 



How to measure electrons? 



Step I 

Transition in the solid 

Step II 

Transmission to  
surface 

Step III 

Transmission into vacuum 

Three step model 



Energy conservation: 

Ef = Ei + hν

Momentum conservation: 

kf = ki + G + kphoton  

•  Photon impact very little momentum 
  in PES process 

•  Photon-stimulated transition not allowed 

Typical photon wavenumber 

Step I: photoexcitation process 



Step II 

Transmission to  
surface 

Step II: transport to surface 



Photoemission core-level spectroscopy 

Energy  
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G. Axelson et al., Nature (1967 ) 



valence electron & momentum resolution? 

Many properties of solids are determined by  
electrons near EF 

 (conductivity, magnetoresistance, superconductivity, 
magnetism) 

Only a narrow energy slice around EF  
is relevant for these properties 

(kT = 25 meV at room temperature) 
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Providing momentum resolution 

Energy conservation 
EB = ħω - EK – ΦA 

)(),(),(),( 2
ωωωω fkMkAkI ∝

Angle / momentum conservation 
k║     √Ek sin θ ∝

Photoelectron intensity 

A(k,ω) spectral function 
M(k) Matrix element 
 f(ω) Fermi function 

HTC cuprates 
CMR manganites 

Graphene 

Topological Insulators 

…
 

Successful with QMs: 

ARPES 



•  Energy vs. wave vector (k) -  Band structure 
•  Fermi surface 
•  Charge carrier density 
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What do we learn from momentum resolution? 



Park, Hwang (2015) 

What do we learn from momentum resolution? 

•  Geometric structure 



Expected 
Measured 

 
Measured 

(y-polarization) (x-polarization) 

π/n   rotation of ARPES intensity nπ  Berry’s phase  

Hwang (2011) 

Graphene 

What do we learn from momentum resolution? 



Graphene on a dielectric substrate 

momentum 	

E 
-
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Hwang, Siegel (2011, 2012) 
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1. Departure from linearity 

SiC(0001) h-BN Quartz 



Strong electron-electron interactions in graphene 

Non-Fermi 
liquid 
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Increasing electron-electron interactions 

Charge	neutral	graphene	
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Electron-phonon coupling 

Electron-phonon	coupling	 

Kink 

kE

FE
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k
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Ashcro:/Mermin,	“Solid	State	Physics” 
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Electron-phonon coupling in Yb/Graphene 
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Anisotropic superconductivity 
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Magnetism in S/Graphene 
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Spin resolved photoemission 
To access spin degrees of freedom 

Time resolved photoemission 
To study excitation and phase transitions 

What is missing? Time and Spin 

The future of photoemission 



1) Is there a Quantum Critical  
    Point? 

2) What is the nature of NFL region? 
3) What defines the Pseudogap (PG) 

     phase? 
4) What are the basic excitations? 

5) Is SC a consequence of QCP or  is  
     it hiding the QCP?  

6) Are PG and SC state competing   
    states of matter? 
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g = Doping 

FL 

UD OD 

F 

Quantum  
Critical  
(NFL) 

SC 
CDW 
DDW 
SDW 

FL 
FM 

g gc 

AFM 
VB 

Quantum  
Critical  
(NFL) 

The mystery of high TC superconductivity 
- Why do we need these additional resolutions? 

We need time and spin resolutions 



Pump-Probe, 
ultrafast ARPES: 

Quasiparticle lifetimes 

Coherent oscillations 

Ultrafast phase transitions 
Closing/opening of gaps 

…
 

Possibilities: 

Delay Δt

Delay Δt

Energy conservation 
EB = ħω - EK – ΦA 

Angle / momentum conservation 
k║     √Ek sin θ ∝

Time Resolution 
    A(k, ω, t-t′) 
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Photoelectron intensity 
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Time-resolved ARPES 



What do we measure with time-resolved ARPES? 

Directly measure electronic response / recovery dynamics                                 
             - (non-equilibrium)  

Hwang (unpublished) 



The power of time + momentum resolution 

High-Tc superconductors 

The dynamics of electrons and atoms interacting with
intense and ultrashort optical pulses is one of the emerging
fields in physics. Strong optical pulses have been used as

powerful tools to measure the electron–phonon interaction in
solids1,2, to investigate fundamental dynamical processes in
semiconductors3,4 and to modulate the lattice structure of
solids by creating dynamical states with new properties5–8.
These methods are particularly exciting in the context of
correlated materials in which intense optical fields can drive a
transition from an insulating to a metastable metallic phase9, can
induce transient signatures of superconductivity10, can lead to
anisotropic modulation of the electron–phonon coupling11 and
can disentangle the different dynamics in governing the
superconducting and pseudogap phase of cuprates12–15.

Despite the large amount of new physics revealed, most studies,
thus far, use all-optical techniques that do not directly probe
quasiparticles or carry any momentum information. As a
consequence, the way fundamental quantities such as the electron
self-energy and many-body interactions evolve outside equili-
brium is often inferred indirectly. When probed in a time-
resolved manner, these quantities have the potential to reveal
insights on the microscopic properties of solids1,16. Recent
developments in high-resolution time- and angle-resolved
photoemission spectroscopy (trARPES) now make these studies
possible. So far, however, most of the trARPES studies have
focused on recombination dynamics of photo-induced
quasiparticle population17–21 and gap dynamics5,7,22,23.

Here we present a study on the high-temperature cuprate
superconductor Bi2Sr2CaCu2O8þ d (Bi2212), and compare it with
metallic Bi1.76Pb0.35Sr1.89CuO6þ d (Bi2201). In cuprate materials
such as these, there is known to be a universal electron self-energy
renormalization effect (a kink in the dispersion) that signifies the
coupling of the electrons to bosons24–28. However, whether this
kink is related in any way to superconductivity is highly debated.
Using trARPES, we tracked the temporal evolution of the electron
self-energy renormalization and the superconducting gap after
the system is perturbed by a femtosecond pump pulse. We found
that, in superconducting Bi2212, the real part of the self-energy
and the superconducting gap are markedly suppressed. Both
effects also saturate at the same pump fluence. In contrast, in the
normal state of Bi2212 and metallic heavily overdoped Bi2201,
the suppression of the electron self-energy is far weaker. The
results open a new avenue of investigation into self-energy and
electron–boson interactions in solids.

Data were taken on an ultra-high resolution setup as previously
described29. In order to avoid the effects of photon-induced
electric fields16, we limit our study to relatively low fluence
(between 4 and 24 mJ cm" 2 or between 0.004 and 0.009 V/a0) and
long time delay (Z300 fs). However, the fluence used in this
study is still high enough to drive the full closure of the
superconducting gap on the Fermi arc23.

Results
Electronic dispersion. Figure 1a shows the equilibrium (t¼
" 1 ps) and non-equilibrium (t¼ 1 and 10 ps) ARPES intensity as
a function of energy and momentum for a nearly optimally doped
sample measured with pump fluence 24 mJ cm" 2 at 17 K, far
below Tc, along the nodal direction. The equilibrium spectrum
shows the widely studied renormalization kink at B70 meV (refs
24–27). Upon pumping, at a delay time of 1 ps, a clear loss of
spectral weight can be observed, which is mainly confined
between the Fermi energy and the kink energy18. It takes B10 ps
for the transient spectra to recover back to the equilibrium state.
The effect of laser pumping on the dispersion is shown in Fig. 1b,
where the equilibrium (black solid line) and transient (red solid

line) dispersions are compared. The dispersions are extracted in
the standard way by fitting momentum distribution curves
(MDCs) to a Lorentzian functional form30. The comparison
between the dispersion curve after a long delay time (t¼ 10 ps;
grey line) with the equilibrium curve provides an estimate of our
error bars. The most obvious pump-induced change occurs near
the kink energy, as shown by the shift of MDC peak position in
this energy range, in contrast to the MDCs near the Fermi level or
at much higher binding energies, where the shift is negligible (see
inset). Specifically, for delay time t¼ 1 ps, the Fermi velocity
increases by 0.13 eV Å (equilibrium 1.87 eV Å) at binding energy
below the kink energy and remains approximately unchanged
above, resulting in an apparent softening of the kink strength
(such as coupling strength) as pumping is turned on. The Fermi
velocity is extracted from the slope in the dispersion between
B70 meV and EF, as u¼ dE/dk31.

Self-energy changes below Tc. The differences between equili-
brium and transient spectra can be analysed by extracting the
electron self-energy S¼S0þ iS00, shown in Fig. 2. To extract the
effective real part of the self-energy at different delay time, we took
measured dispersions and subtracted featureless linear bare bands
with the same velocity at each delay time (see, for example, the
dotted line in Fig. 1b). Such techniques are commonly used to
analyse the electron–boson interaction at equilibrium24,30. At
equilibrium (black dots) S0 is reminiscent of a spectrum of modes,
as previously reported26,27,32,33, and its maximum is at the 70 meV
kink position. The most significant pump-induced effect is the
suppression of S0 in the proximity of the kink energy (between 40
and 90 meV; Fig. 2a, red dots), in line with a softening of the
coupling strength, as shown in Fig. 1. This suppression intensifies
as fluence increases, and eventually saturates when super-
conductivity is completely suppressed (Fig. 3), as we will discuss
later. Within our resolution, we observe no pump-induced
energy shift in the peak position of S0 (ref. 34). In the same
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Figure 1 | Time-resolved spectra on a nearly optimally doped Bi2212.
(a) Equilibrium (before pumping, t¼ " 1 ps) and transient (after pumping,
t¼ 1 and 10 ps) photoelectron intensity (represented by false colour) as a
function of energy and momentum measured along a nodal cut for a pump
fluence of 24 mJ cm" 2. The bold solid black lines are the momentum
distribution curve (MDC) dispersions at the corresponding delay time.
The arrows mark the position of the kink at :o0 B70 meV. (b) MDC
dispersions for different delay times (" 1, 1 and 10 ps). Insets show
comparisons of MDCs before pumping (" 1 ps) and after pumping (1 ps)
for a series of binding energies ("0.15, "0.07 and "0.02 eV).
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The dynamics of electrons and atoms interacting with
intense and ultrashort optical pulses is one of the emerging
fields in physics. Strong optical pulses have been used as

powerful tools to measure the electron–phonon interaction in
solids1,2, to investigate fundamental dynamical processes in
semiconductors3,4 and to modulate the lattice structure of
solids by creating dynamical states with new properties5–8.
These methods are particularly exciting in the context of
correlated materials in which intense optical fields can drive a
transition from an insulating to a metastable metallic phase9, can
induce transient signatures of superconductivity10, can lead to
anisotropic modulation of the electron–phonon coupling11 and
can disentangle the different dynamics in governing the
superconducting and pseudogap phase of cuprates12–15.

Despite the large amount of new physics revealed, most studies,
thus far, use all-optical techniques that do not directly probe
quasiparticles or carry any momentum information. As a
consequence, the way fundamental quantities such as the electron
self-energy and many-body interactions evolve outside equili-
brium is often inferred indirectly. When probed in a time-
resolved manner, these quantities have the potential to reveal
insights on the microscopic properties of solids1,16. Recent
developments in high-resolution time- and angle-resolved
photoemission spectroscopy (trARPES) now make these studies
possible. So far, however, most of the trARPES studies have
focused on recombination dynamics of photo-induced
quasiparticle population17–21 and gap dynamics5,7,22,23.

Here we present a study on the high-temperature cuprate
superconductor Bi2Sr2CaCu2O8þ d (Bi2212), and compare it with
metallic Bi1.76Pb0.35Sr1.89CuO6þ d (Bi2201). In cuprate materials
such as these, there is known to be a universal electron self-energy
renormalization effect (a kink in the dispersion) that signifies the
coupling of the electrons to bosons24–28. However, whether this
kink is related in any way to superconductivity is highly debated.
Using trARPES, we tracked the temporal evolution of the electron
self-energy renormalization and the superconducting gap after
the system is perturbed by a femtosecond pump pulse. We found
that, in superconducting Bi2212, the real part of the self-energy
and the superconducting gap are markedly suppressed. Both
effects also saturate at the same pump fluence. In contrast, in the
normal state of Bi2212 and metallic heavily overdoped Bi2201,
the suppression of the electron self-energy is far weaker. The
results open a new avenue of investigation into self-energy and
electron–boson interactions in solids.

Data were taken on an ultra-high resolution setup as previously
described29. In order to avoid the effects of photon-induced
electric fields16, we limit our study to relatively low fluence
(between 4 and 24 mJ cm" 2 or between 0.004 and 0.009 V/a0) and
long time delay (Z300 fs). However, the fluence used in this
study is still high enough to drive the full closure of the
superconducting gap on the Fermi arc23.

Results
Electronic dispersion. Figure 1a shows the equilibrium (t¼
" 1 ps) and non-equilibrium (t¼ 1 and 10 ps) ARPES intensity as
a function of energy and momentum for a nearly optimally doped
sample measured with pump fluence 24 mJ cm" 2 at 17 K, far
below Tc, along the nodal direction. The equilibrium spectrum
shows the widely studied renormalization kink at B70 meV (refs
24–27). Upon pumping, at a delay time of 1 ps, a clear loss of
spectral weight can be observed, which is mainly confined
between the Fermi energy and the kink energy18. It takes B10 ps
for the transient spectra to recover back to the equilibrium state.
The effect of laser pumping on the dispersion is shown in Fig. 1b,
where the equilibrium (black solid line) and transient (red solid

line) dispersions are compared. The dispersions are extracted in
the standard way by fitting momentum distribution curves
(MDCs) to a Lorentzian functional form30. The comparison
between the dispersion curve after a long delay time (t¼ 10 ps;
grey line) with the equilibrium curve provides an estimate of our
error bars. The most obvious pump-induced change occurs near
the kink energy, as shown by the shift of MDC peak position in
this energy range, in contrast to the MDCs near the Fermi level or
at much higher binding energies, where the shift is negligible (see
inset). Specifically, for delay time t¼ 1 ps, the Fermi velocity
increases by 0.13 eV Å (equilibrium 1.87 eV Å) at binding energy
below the kink energy and remains approximately unchanged
above, resulting in an apparent softening of the kink strength
(such as coupling strength) as pumping is turned on. The Fermi
velocity is extracted from the slope in the dispersion between
B70 meV and EF, as u¼ dE/dk31.

Self-energy changes below Tc. The differences between equili-
brium and transient spectra can be analysed by extracting the
electron self-energy S¼S0þ iS00, shown in Fig. 2. To extract the
effective real part of the self-energy at different delay time, we took
measured dispersions and subtracted featureless linear bare bands
with the same velocity at each delay time (see, for example, the
dotted line in Fig. 1b). Such techniques are commonly used to
analyse the electron–boson interaction at equilibrium24,30. At
equilibrium (black dots) S0 is reminiscent of a spectrum of modes,
as previously reported26,27,32,33, and its maximum is at the 70 meV
kink position. The most significant pump-induced effect is the
suppression of S0 in the proximity of the kink energy (between 40
and 90 meV; Fig. 2a, red dots), in line with a softening of the
coupling strength, as shown in Fig. 1. This suppression intensifies
as fluence increases, and eventually saturates when super-
conductivity is completely suppressed (Fig. 3), as we will discuss
later. Within our resolution, we observe no pump-induced
energy shift in the peak position of S0 (ref. 34). In the same
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(a) Equilibrium (before pumping, t¼ " 1 ps) and transient (after pumping,
t¼ 1 and 10 ps) photoelectron intensity (represented by false colour) as a
function of energy and momentum measured along a nodal cut for a pump
fluence of 24 mJ cm" 2. The bold solid black lines are the momentum
distribution curve (MDC) dispersions at the corresponding delay time.
The arrows mark the position of the kink at :o0 B70 meV. (b) MDC
dispersions for different delay times (" 1, 1 and 10 ps). Insets show
comparisons of MDCs before pumping (" 1 ps) and after pumping (1 ps)
for a series of binding energies ("0.15, "0.07 and "0.02 eV).
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The dynamics of electrons and atoms interacting with
intense and ultrashort optical pulses is one of the emerging
fields in physics. Strong optical pulses have been used as

powerful tools to measure the electron–phonon interaction in
solids1,2, to investigate fundamental dynamical processes in
semiconductors3,4 and to modulate the lattice structure of
solids by creating dynamical states with new properties5–8.
These methods are particularly exciting in the context of
correlated materials in which intense optical fields can drive a
transition from an insulating to a metastable metallic phase9, can
induce transient signatures of superconductivity10, can lead to
anisotropic modulation of the electron–phonon coupling11 and
can disentangle the different dynamics in governing the
superconducting and pseudogap phase of cuprates12–15.

Despite the large amount of new physics revealed, most studies,
thus far, use all-optical techniques that do not directly probe
quasiparticles or carry any momentum information. As a
consequence, the way fundamental quantities such as the electron
self-energy and many-body interactions evolve outside equili-
brium is often inferred indirectly. When probed in a time-
resolved manner, these quantities have the potential to reveal
insights on the microscopic properties of solids1,16. Recent
developments in high-resolution time- and angle-resolved
photoemission spectroscopy (trARPES) now make these studies
possible. So far, however, most of the trARPES studies have
focused on recombination dynamics of photo-induced
quasiparticle population17–21 and gap dynamics5,7,22,23.

Here we present a study on the high-temperature cuprate
superconductor Bi2Sr2CaCu2O8þ d (Bi2212), and compare it with
metallic Bi1.76Pb0.35Sr1.89CuO6þ d (Bi2201). In cuprate materials
such as these, there is known to be a universal electron self-energy
renormalization effect (a kink in the dispersion) that signifies the
coupling of the electrons to bosons24–28. However, whether this
kink is related in any way to superconductivity is highly debated.
Using trARPES, we tracked the temporal evolution of the electron
self-energy renormalization and the superconducting gap after
the system is perturbed by a femtosecond pump pulse. We found
that, in superconducting Bi2212, the real part of the self-energy
and the superconducting gap are markedly suppressed. Both
effects also saturate at the same pump fluence. In contrast, in the
normal state of Bi2212 and metallic heavily overdoped Bi2201,
the suppression of the electron self-energy is far weaker. The
results open a new avenue of investigation into self-energy and
electron–boson interactions in solids.

Data were taken on an ultra-high resolution setup as previously
described29. In order to avoid the effects of photon-induced
electric fields16, we limit our study to relatively low fluence
(between 4 and 24 mJ cm" 2 or between 0.004 and 0.009 V/a0) and
long time delay (Z300 fs). However, the fluence used in this
study is still high enough to drive the full closure of the
superconducting gap on the Fermi arc23.

Results
Electronic dispersion. Figure 1a shows the equilibrium (t¼
" 1 ps) and non-equilibrium (t¼ 1 and 10 ps) ARPES intensity as
a function of energy and momentum for a nearly optimally doped
sample measured with pump fluence 24 mJ cm" 2 at 17 K, far
below Tc, along the nodal direction. The equilibrium spectrum
shows the widely studied renormalization kink at B70 meV (refs
24–27). Upon pumping, at a delay time of 1 ps, a clear loss of
spectral weight can be observed, which is mainly confined
between the Fermi energy and the kink energy18. It takes B10 ps
for the transient spectra to recover back to the equilibrium state.
The effect of laser pumping on the dispersion is shown in Fig. 1b,
where the equilibrium (black solid line) and transient (red solid

line) dispersions are compared. The dispersions are extracted in
the standard way by fitting momentum distribution curves
(MDCs) to a Lorentzian functional form30. The comparison
between the dispersion curve after a long delay time (t¼ 10 ps;
grey line) with the equilibrium curve provides an estimate of our
error bars. The most obvious pump-induced change occurs near
the kink energy, as shown by the shift of MDC peak position in
this energy range, in contrast to the MDCs near the Fermi level or
at much higher binding energies, where the shift is negligible (see
inset). Specifically, for delay time t¼ 1 ps, the Fermi velocity
increases by 0.13 eV Å (equilibrium 1.87 eV Å) at binding energy
below the kink energy and remains approximately unchanged
above, resulting in an apparent softening of the kink strength
(such as coupling strength) as pumping is turned on. The Fermi
velocity is extracted from the slope in the dispersion between
B70 meV and EF, as u¼ dE/dk31.

Self-energy changes below Tc. The differences between equili-
brium and transient spectra can be analysed by extracting the
electron self-energy S¼S0þ iS00, shown in Fig. 2. To extract the
effective real part of the self-energy at different delay time, we took
measured dispersions and subtracted featureless linear bare bands
with the same velocity at each delay time (see, for example, the
dotted line in Fig. 1b). Such techniques are commonly used to
analyse the electron–boson interaction at equilibrium24,30. At
equilibrium (black dots) S0 is reminiscent of a spectrum of modes,
as previously reported26,27,32,33, and its maximum is at the 70 meV
kink position. The most significant pump-induced effect is the
suppression of S0 in the proximity of the kink energy (between 40
and 90 meV; Fig. 2a, red dots), in line with a softening of the
coupling strength, as shown in Fig. 1. This suppression intensifies
as fluence increases, and eventually saturates when super-
conductivity is completely suppressed (Fig. 3), as we will discuss
later. Within our resolution, we observe no pump-induced
energy shift in the peak position of S0 (ref. 34). In the same
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(a) Equilibrium (before pumping, t¼ " 1 ps) and transient (after pumping,
t¼ 1 and 10 ps) photoelectron intensity (represented by false colour) as a
function of energy and momentum measured along a nodal cut for a pump
fluence of 24 mJ cm" 2. The bold solid black lines are the momentum
distribution curve (MDC) dispersions at the corresponding delay time.
The arrows mark the position of the kink at :o0 B70 meV. (b) MDC
dispersions for different delay times (" 1, 1 and 10 ps). Insets show
comparisons of MDCs before pumping (" 1 ps) and after pumping (1 ps)
for a series of binding energies ("0.15, "0.07 and "0.02 eV).
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The dynamics of electrons and atoms interacting with
intense and ultrashort optical pulses is one of the emerging
fields in physics. Strong optical pulses have been used as

powerful tools to measure the electron–phonon interaction in
solids1,2, to investigate fundamental dynamical processes in
semiconductors3,4 and to modulate the lattice structure of
solids by creating dynamical states with new properties5–8.
These methods are particularly exciting in the context of
correlated materials in which intense optical fields can drive a
transition from an insulating to a metastable metallic phase9, can
induce transient signatures of superconductivity10, can lead to
anisotropic modulation of the electron–phonon coupling11 and
can disentangle the different dynamics in governing the
superconducting and pseudogap phase of cuprates12–15.

Despite the large amount of new physics revealed, most studies,
thus far, use all-optical techniques that do not directly probe
quasiparticles or carry any momentum information. As a
consequence, the way fundamental quantities such as the electron
self-energy and many-body interactions evolve outside equili-
brium is often inferred indirectly. When probed in a time-
resolved manner, these quantities have the potential to reveal
insights on the microscopic properties of solids1,16. Recent
developments in high-resolution time- and angle-resolved
photoemission spectroscopy (trARPES) now make these studies
possible. So far, however, most of the trARPES studies have
focused on recombination dynamics of photo-induced
quasiparticle population17–21 and gap dynamics5,7,22,23.

Here we present a study on the high-temperature cuprate
superconductor Bi2Sr2CaCu2O8þ d (Bi2212), and compare it with
metallic Bi1.76Pb0.35Sr1.89CuO6þ d (Bi2201). In cuprate materials
such as these, there is known to be a universal electron self-energy
renormalization effect (a kink in the dispersion) that signifies the
coupling of the electrons to bosons24–28. However, whether this
kink is related in any way to superconductivity is highly debated.
Using trARPES, we tracked the temporal evolution of the electron
self-energy renormalization and the superconducting gap after
the system is perturbed by a femtosecond pump pulse. We found
that, in superconducting Bi2212, the real part of the self-energy
and the superconducting gap are markedly suppressed. Both
effects also saturate at the same pump fluence. In contrast, in the
normal state of Bi2212 and metallic heavily overdoped Bi2201,
the suppression of the electron self-energy is far weaker. The
results open a new avenue of investigation into self-energy and
electron–boson interactions in solids.

Data were taken on an ultra-high resolution setup as previously
described29. In order to avoid the effects of photon-induced
electric fields16, we limit our study to relatively low fluence
(between 4 and 24 mJ cm" 2 or between 0.004 and 0.009 V/a0) and
long time delay (Z300 fs). However, the fluence used in this
study is still high enough to drive the full closure of the
superconducting gap on the Fermi arc23.

Results
Electronic dispersion. Figure 1a shows the equilibrium (t¼
" 1 ps) and non-equilibrium (t¼ 1 and 10 ps) ARPES intensity as
a function of energy and momentum for a nearly optimally doped
sample measured with pump fluence 24 mJ cm" 2 at 17 K, far
below Tc, along the nodal direction. The equilibrium spectrum
shows the widely studied renormalization kink at B70 meV (refs
24–27). Upon pumping, at a delay time of 1 ps, a clear loss of
spectral weight can be observed, which is mainly confined
between the Fermi energy and the kink energy18. It takes B10 ps
for the transient spectra to recover back to the equilibrium state.
The effect of laser pumping on the dispersion is shown in Fig. 1b,
where the equilibrium (black solid line) and transient (red solid

line) dispersions are compared. The dispersions are extracted in
the standard way by fitting momentum distribution curves
(MDCs) to a Lorentzian functional form30. The comparison
between the dispersion curve after a long delay time (t¼ 10 ps;
grey line) with the equilibrium curve provides an estimate of our
error bars. The most obvious pump-induced change occurs near
the kink energy, as shown by the shift of MDC peak position in
this energy range, in contrast to the MDCs near the Fermi level or
at much higher binding energies, where the shift is negligible (see
inset). Specifically, for delay time t¼ 1 ps, the Fermi velocity
increases by 0.13 eV Å (equilibrium 1.87 eV Å) at binding energy
below the kink energy and remains approximately unchanged
above, resulting in an apparent softening of the kink strength
(such as coupling strength) as pumping is turned on. The Fermi
velocity is extracted from the slope in the dispersion between
B70 meV and EF, as u¼ dE/dk31.

Self-energy changes below Tc. The differences between equili-
brium and transient spectra can be analysed by extracting the
electron self-energy S¼S0þ iS00, shown in Fig. 2. To extract the
effective real part of the self-energy at different delay time, we took
measured dispersions and subtracted featureless linear bare bands
with the same velocity at each delay time (see, for example, the
dotted line in Fig. 1b). Such techniques are commonly used to
analyse the electron–boson interaction at equilibrium24,30. At
equilibrium (black dots) S0 is reminiscent of a spectrum of modes,
as previously reported26,27,32,33, and its maximum is at the 70 meV
kink position. The most significant pump-induced effect is the
suppression of S0 in the proximity of the kink energy (between 40
and 90 meV; Fig. 2a, red dots), in line with a softening of the
coupling strength, as shown in Fig. 1. This suppression intensifies
as fluence increases, and eventually saturates when super-
conductivity is completely suppressed (Fig. 3), as we will discuss
later. Within our resolution, we observe no pump-induced
energy shift in the peak position of S0 (ref. 34). In the same
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(a) Equilibrium (before pumping, t¼ " 1 ps) and transient (after pumping,
t¼ 1 and 10 ps) photoelectron intensity (represented by false colour) as a
function of energy and momentum measured along a nodal cut for a pump
fluence of 24 mJ cm" 2. The bold solid black lines are the momentum
distribution curve (MDC) dispersions at the corresponding delay time.
The arrows mark the position of the kink at :o0 B70 meV. (b) MDC
dispersions for different delay times (" 1, 1 and 10 ps). Insets show
comparisons of MDCs before pumping (" 1 ps) and after pumping (1 ps)
for a series of binding energies ("0.15, "0.07 and "0.02 eV).
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The dynamics of electrons and atoms interacting with
intense and ultrashort optical pulses is one of the emerging
fields in physics. Strong optical pulses have been used as

powerful tools to measure the electron–phonon interaction in
solids1,2, to investigate fundamental dynamical processes in
semiconductors3,4 and to modulate the lattice structure of
solids by creating dynamical states with new properties5–8.
These methods are particularly exciting in the context of
correlated materials in which intense optical fields can drive a
transition from an insulating to a metastable metallic phase9, can
induce transient signatures of superconductivity10, can lead to
anisotropic modulation of the electron–phonon coupling11 and
can disentangle the different dynamics in governing the
superconducting and pseudogap phase of cuprates12–15.

Despite the large amount of new physics revealed, most studies,
thus far, use all-optical techniques that do not directly probe
quasiparticles or carry any momentum information. As a
consequence, the way fundamental quantities such as the electron
self-energy and many-body interactions evolve outside equili-
brium is often inferred indirectly. When probed in a time-
resolved manner, these quantities have the potential to reveal
insights on the microscopic properties of solids1,16. Recent
developments in high-resolution time- and angle-resolved
photoemission spectroscopy (trARPES) now make these studies
possible. So far, however, most of the trARPES studies have
focused on recombination dynamics of photo-induced
quasiparticle population17–21 and gap dynamics5,7,22,23.

Here we present a study on the high-temperature cuprate
superconductor Bi2Sr2CaCu2O8þ d (Bi2212), and compare it with
metallic Bi1.76Pb0.35Sr1.89CuO6þ d (Bi2201). In cuprate materials
such as these, there is known to be a universal electron self-energy
renormalization effect (a kink in the dispersion) that signifies the
coupling of the electrons to bosons24–28. However, whether this
kink is related in any way to superconductivity is highly debated.
Using trARPES, we tracked the temporal evolution of the electron
self-energy renormalization and the superconducting gap after
the system is perturbed by a femtosecond pump pulse. We found
that, in superconducting Bi2212, the real part of the self-energy
and the superconducting gap are markedly suppressed. Both
effects also saturate at the same pump fluence. In contrast, in the
normal state of Bi2212 and metallic heavily overdoped Bi2201,
the suppression of the electron self-energy is far weaker. The
results open a new avenue of investigation into self-energy and
electron–boson interactions in solids.

Data were taken on an ultra-high resolution setup as previously
described29. In order to avoid the effects of photon-induced
electric fields16, we limit our study to relatively low fluence
(between 4 and 24 mJ cm" 2 or between 0.004 and 0.009 V/a0) and
long time delay (Z300 fs). However, the fluence used in this
study is still high enough to drive the full closure of the
superconducting gap on the Fermi arc23.

Results
Electronic dispersion. Figure 1a shows the equilibrium (t¼
" 1 ps) and non-equilibrium (t¼ 1 and 10 ps) ARPES intensity as
a function of energy and momentum for a nearly optimally doped
sample measured with pump fluence 24 mJ cm" 2 at 17 K, far
below Tc, along the nodal direction. The equilibrium spectrum
shows the widely studied renormalization kink at B70 meV (refs
24–27). Upon pumping, at a delay time of 1 ps, a clear loss of
spectral weight can be observed, which is mainly confined
between the Fermi energy and the kink energy18. It takes B10 ps
for the transient spectra to recover back to the equilibrium state.
The effect of laser pumping on the dispersion is shown in Fig. 1b,
where the equilibrium (black solid line) and transient (red solid

line) dispersions are compared. The dispersions are extracted in
the standard way by fitting momentum distribution curves
(MDCs) to a Lorentzian functional form30. The comparison
between the dispersion curve after a long delay time (t¼ 10 ps;
grey line) with the equilibrium curve provides an estimate of our
error bars. The most obvious pump-induced change occurs near
the kink energy, as shown by the shift of MDC peak position in
this energy range, in contrast to the MDCs near the Fermi level or
at much higher binding energies, where the shift is negligible (see
inset). Specifically, for delay time t¼ 1 ps, the Fermi velocity
increases by 0.13 eV Å (equilibrium 1.87 eV Å) at binding energy
below the kink energy and remains approximately unchanged
above, resulting in an apparent softening of the kink strength
(such as coupling strength) as pumping is turned on. The Fermi
velocity is extracted from the slope in the dispersion between
B70 meV and EF, as u¼ dE/dk31.

Self-energy changes below Tc. The differences between equili-
brium and transient spectra can be analysed by extracting the
electron self-energy S¼S0þ iS00, shown in Fig. 2. To extract the
effective real part of the self-energy at different delay time, we took
measured dispersions and subtracted featureless linear bare bands
with the same velocity at each delay time (see, for example, the
dotted line in Fig. 1b). Such techniques are commonly used to
analyse the electron–boson interaction at equilibrium24,30. At
equilibrium (black dots) S0 is reminiscent of a spectrum of modes,
as previously reported26,27,32,33, and its maximum is at the 70 meV
kink position. The most significant pump-induced effect is the
suppression of S0 in the proximity of the kink energy (between 40
and 90 meV; Fig. 2a, red dots), in line with a softening of the
coupling strength, as shown in Fig. 1. This suppression intensifies
as fluence increases, and eventually saturates when super-
conductivity is completely suppressed (Fig. 3), as we will discuss
later. Within our resolution, we observe no pump-induced
energy shift in the peak position of S0 (ref. 34). In the same
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Figure 1 | Time-resolved spectra on a nearly optimally doped Bi2212.
(a) Equilibrium (before pumping, t¼ " 1 ps) and transient (after pumping,
t¼ 1 and 10 ps) photoelectron intensity (represented by false colour) as a
function of energy and momentum measured along a nodal cut for a pump
fluence of 24 mJ cm" 2. The bold solid black lines are the momentum
distribution curve (MDC) dispersions at the corresponding delay time.
The arrows mark the position of the kink at :o0 B70 meV. (b) MDC
dispersions for different delay times (" 1, 1 and 10 ps). Insets show
comparisons of MDCs before pumping (" 1 ps) and after pumping (1 ps)
for a series of binding energies ("0.15, "0.07 and "0.02 eV).
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Zhang, Hwang (2014) 

The dynamics of electrons and atoms interacting with
intense and ultrashort optical pulses is one of the emerging
fields in physics. Strong optical pulses have been used as

powerful tools to measure the electron–phonon interaction in
solids1,2, to investigate fundamental dynamical processes in
semiconductors3,4 and to modulate the lattice structure of
solids by creating dynamical states with new properties5–8.
These methods are particularly exciting in the context of
correlated materials in which intense optical fields can drive a
transition from an insulating to a metastable metallic phase9, can
induce transient signatures of superconductivity10, can lead to
anisotropic modulation of the electron–phonon coupling11 and
can disentangle the different dynamics in governing the
superconducting and pseudogap phase of cuprates12–15.

Despite the large amount of new physics revealed, most studies,
thus far, use all-optical techniques that do not directly probe
quasiparticles or carry any momentum information. As a
consequence, the way fundamental quantities such as the electron
self-energy and many-body interactions evolve outside equili-
brium is often inferred indirectly. When probed in a time-
resolved manner, these quantities have the potential to reveal
insights on the microscopic properties of solids1,16. Recent
developments in high-resolution time- and angle-resolved
photoemission spectroscopy (trARPES) now make these studies
possible. So far, however, most of the trARPES studies have
focused on recombination dynamics of photo-induced
quasiparticle population17–21 and gap dynamics5,7,22,23.

Here we present a study on the high-temperature cuprate
superconductor Bi2Sr2CaCu2O8þ d (Bi2212), and compare it with
metallic Bi1.76Pb0.35Sr1.89CuO6þ d (Bi2201). In cuprate materials
such as these, there is known to be a universal electron self-energy
renormalization effect (a kink in the dispersion) that signifies the
coupling of the electrons to bosons24–28. However, whether this
kink is related in any way to superconductivity is highly debated.
Using trARPES, we tracked the temporal evolution of the electron
self-energy renormalization and the superconducting gap after
the system is perturbed by a femtosecond pump pulse. We found
that, in superconducting Bi2212, the real part of the self-energy
and the superconducting gap are markedly suppressed. Both
effects also saturate at the same pump fluence. In contrast, in the
normal state of Bi2212 and metallic heavily overdoped Bi2201,
the suppression of the electron self-energy is far weaker. The
results open a new avenue of investigation into self-energy and
electron–boson interactions in solids.

Data were taken on an ultra-high resolution setup as previously
described29. In order to avoid the effects of photon-induced
electric fields16, we limit our study to relatively low fluence
(between 4 and 24 mJ cm" 2 or between 0.004 and 0.009 V/a0) and
long time delay (Z300 fs). However, the fluence used in this
study is still high enough to drive the full closure of the
superconducting gap on the Fermi arc23.

Results
Electronic dispersion. Figure 1a shows the equilibrium (t¼
" 1 ps) and non-equilibrium (t¼ 1 and 10 ps) ARPES intensity as
a function of energy and momentum for a nearly optimally doped
sample measured with pump fluence 24 mJ cm" 2 at 17 K, far
below Tc, along the nodal direction. The equilibrium spectrum
shows the widely studied renormalization kink at B70 meV (refs
24–27). Upon pumping, at a delay time of 1 ps, a clear loss of
spectral weight can be observed, which is mainly confined
between the Fermi energy and the kink energy18. It takes B10 ps
for the transient spectra to recover back to the equilibrium state.
The effect of laser pumping on the dispersion is shown in Fig. 1b,
where the equilibrium (black solid line) and transient (red solid

line) dispersions are compared. The dispersions are extracted in
the standard way by fitting momentum distribution curves
(MDCs) to a Lorentzian functional form30. The comparison
between the dispersion curve after a long delay time (t¼ 10 ps;
grey line) with the equilibrium curve provides an estimate of our
error bars. The most obvious pump-induced change occurs near
the kink energy, as shown by the shift of MDC peak position in
this energy range, in contrast to the MDCs near the Fermi level or
at much higher binding energies, where the shift is negligible (see
inset). Specifically, for delay time t¼ 1 ps, the Fermi velocity
increases by 0.13 eV Å (equilibrium 1.87 eV Å) at binding energy
below the kink energy and remains approximately unchanged
above, resulting in an apparent softening of the kink strength
(such as coupling strength) as pumping is turned on. The Fermi
velocity is extracted from the slope in the dispersion between
B70 meV and EF, as u¼ dE/dk31.

Self-energy changes below Tc. The differences between equili-
brium and transient spectra can be analysed by extracting the
electron self-energy S¼S0þ iS00, shown in Fig. 2. To extract the
effective real part of the self-energy at different delay time, we took
measured dispersions and subtracted featureless linear bare bands
with the same velocity at each delay time (see, for example, the
dotted line in Fig. 1b). Such techniques are commonly used to
analyse the electron–boson interaction at equilibrium24,30. At
equilibrium (black dots) S0 is reminiscent of a spectrum of modes,
as previously reported26,27,32,33, and its maximum is at the 70 meV
kink position. The most significant pump-induced effect is the
suppression of S0 in the proximity of the kink energy (between 40
and 90 meV; Fig. 2a, red dots), in line with a softening of the
coupling strength, as shown in Fig. 1. This suppression intensifies
as fluence increases, and eventually saturates when super-
conductivity is completely suppressed (Fig. 3), as we will discuss
later. Within our resolution, we observe no pump-induced
energy shift in the peak position of S0 (ref. 34). In the same
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Figure 1 | Time-resolved spectra on a nearly optimally doped Bi2212.
(a) Equilibrium (before pumping, t¼ " 1 ps) and transient (after pumping,
t¼ 1 and 10 ps) photoelectron intensity (represented by false colour) as a
function of energy and momentum measured along a nodal cut for a pump
fluence of 24 mJ cm" 2. The bold solid black lines are the momentum
distribution curve (MDC) dispersions at the corresponding delay time.
The arrows mark the position of the kink at :o0 B70 meV. (b) MDC
dispersions for different delay times (" 1, 1 and 10 ps). Insets show
comparisons of MDCs before pumping (" 1 ps) and after pumping (1 ps)
for a series of binding energies ("0.15, "0.07 and "0.02 eV).
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In Fig. 2b, we show the imaginary part of the self-energy, S00,
that is proportional to the full-width at half maximum of the
MDCs. In agreement with S0, the main pump-induced change is
confined between the kink energy and the Fermi level (vertical
black arrow) and increases as fluence increases. This is in contrast
to thermal effects, where the temperature causes a change of S00
over the entire energy window (see inset in Fig. 2b and
Supplementary Fig. 1). In Fig. 2c, we show the comparison of
equilibrium and transient S0 and S00 at equilibrium temperature
100 K, above Tc. In sharp contrast with the low-temperature
behaviour, the pump-induced changes of the self-energy are
negligible in the normal state up to the highest applied fluence
24 mJ cm! 2 (we note, however, that this might no longer be valid
at very high fluences, which would substantially affect the entire
band structure16,35. These results might suggest that the pump-
induced changes of self-energy are sensitive to the presence of
superconductivity and are not induced by trivial thermal
broadening effects.

We note that the absence of a shift in the kink energy, when the
superconducting gap closes, suggests that the electron–boson
interaction falls beyond the standard Migdal–Eliashberg theory
for superconductivity as also suggested by equilibrium ARPES
experiments36,37. Indeed, within this standard theory, the energy
dispersion has a square-root divergence at energy D0þO in
S0(o) (O is the boson energy and D0 is the superconducting gap
at zero temperature)38. Therefore, when the pump drives the
superconducting gap to zero, one expects a shift of the kink
energy and of S0 towards lower binding energy by the magnitude
of the superconducting gap, even for the nodal cut39.

Self-energy versus superconducting gap. To further investigate
this matter, we utilize the unique advantage of trARPES by
simultaneously monitoring the pump-induced changes in both
the electron self-energy and the superconducting gap. Figure 3
compares the pump-induced change in S0 and the non-equili-
brium superconducting gap. The latter is measured for a cut on
the Fermi arc (see inset of Fig. 3b). Energy gaps at each delay time
are obtained by fitting symmetrized energy distribution curves to
an energy-resolution-convolved phenomenological BCS model40,
which is widely used in characterizing the energy gap in

cuprates23,41 (see also Supplementary Fig. 2). The temporal
evolution of the area of DS0 (hatched area in Fig. 2a) and the
superconducting gap for different fluences are shown in panels a
and b of Fig. 2, respectively. In agreement with Fig. 2, S0 is weakly
affected at low fluences and shows substantially slower initial
recovery rate (0.1 ps! 1) than at higher fluences (0.32 ps! 1;
Fig. 3d). Similarly, pumping only weakly affects the
superconducting gap at low fluence (bottom measurements in
Fig. 3b) and eventually drives it to a full closure at high fluences
(top measurements)20,23. A similar fluence dependence is also
observed for the Fermi velocity (Supplementary Fig. 3). The
pump-induced change in the self-energy and the non-equilibrium
superconducting gap at each delay time are plotted in Fig. 3c for
several fluences, showing an unexpected linear relation for all
fluences. At the highest fluence, a small deviation from linearity is
observed, possibly because of additional broadening of the
spectra, causing an underestimate of the superconducting gap.

In Fig. 3e, we show the fluence dependence of the maximal near-
nodal gap shift (Fig. 3b) and compare it with the area of the
maximal self-energy change (from Fig. 3a) and the coupling
constant. In a simple electron–boson coupling model42, the
coupling strength l is directly related to the bare and dressed
Fermi velocities according to l0#lþ 1 ¼ uF/u0. Alternatively, the
change in l can be approximated by the integral of the self-energy
change between equilibrium and pumped values (see hatched areas
in Fig. 2) because near the Fermi energy l¼ limo-0 qS0/qo,
namely, S0(o)Elo, thus

Roc

0 D!0ðoÞdo ' Dlo2
c=2. Both

characterization methods are shown (for more details, see also
Supplementary Fig. 3). Interestingly, as we drive the
superconducting gap to a gradual melting by increasing the
excitation density, we find that the electron–boson interaction
decreases in a similar fashion and eventually saturates (see also
Supplementary Fig. 4) when the superconducting gap is fully
quenched. The saturation effect is in contrast with thermal
broadening, where continuous smearing of the kink occurs as the
temperature gradually increases32.

Figure 3d shows the recovery rate of the integrated self-energy
change (from Fig. 3a) and l0 (Supplementary Fig. 3). In the low-
fluence regime, we find that both of these rates increase linearly
with fluence in a similar fashion to the bimolecular recombina-
tion of non-equillibrium quasiparticles20,43. As the fluence
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Figure 4 | Results on a heavily overdoped Bi2201 and an overdoped Bi2212. (a,b) MDC dispersions of equilibrium (t¼ ! 1 ps) and non-equilibrium
(t¼0.3 ps) states, for a pump fluence of 24 mJ cm! 2 for the overdoped Bi2201 and the overdoped Bi2212, respectively. False-coloured inset in a shows the
difference between equilibrium (t¼ ! 1 ps) and non-equilibrium (t¼0.3 ps) raw spectral image. (c,d) Real part of the electron self-energy (S0) at different
delay time (t¼ ! 1, 0.3 and 10 ps) for pump fluence 24mJ cm! 2 for the overdoped Bi2201 and the overdoped Bi2212, respectively. The equilibrium S0

measured at 100 K on the overdoped Bi2201 is represented by empty circles for comparison in c. The inset in c shows S0 spectra for a pump fluence of
8mJ cm! 2. (e) Fluence dependence of the Area(S0) for the optimally doped Bi2212 and heavily overdoped Bi2201. The bold lines are guides to the eye. The
error bars in d are absolute maximum variations before t¼0.

ARTICLE NATURE COMMUNICATIONS | DOI: 10.1038/ncomms5959

4 NATURE COMMUNICATIONS | 5:4959 | DOI: 10.1038/ncomms5959 | www.nature.com/naturecommunications

& 2014 Macmillan Publishers Limited. All rights reserved.

Tc< 2 K 

Tc=91 K 
 

figure (bottom panel of Fig. 2a), we directly compare the
equilibrium S0 at 100 K with the pump-induced S0 at a similar
electronic temperature as measured from the width of the Fermi
edge17,18,23. While the effect of temperature on the equilibrium

S0 extends over the entire energy range, the effect of pumping is
smaller overall and is mainly confined within the kink energy
(see also Supplementary Fig. 1). This suggests that optical
pumping induces an effect beyond increasing the temperature.

8

4

0

–3 ps
0.3

0.04

0.02

0

0.02

0

F
W

H
M

 (
Å

–1
)

–0.1 –0.05 0

20

15

10

5

0

15

10

5

0
–0.15 –0.1 –0.05 0

0.06

0.04

0.02

F
W

H
M

 (
Å

–1
)

–0.1 –0.05 0

E – EF (eV)E – EF (eV)E – EF (eV)

 –1 ps
 1

 10

8 µJ cm–2T = 17 K

24 µJ cm–2

 100 K

8 µJ cm–2

24 µJ cm–2

0.04

0.02

0

–0.1 0

108 K
17 K

13 µJ cm–2T = 100 K

E
ffe

ct
iv

e 
Σ′

 (
m

eV
)

E
ffe

ct
iv

e 
Σ′

 (
m

eV
)
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In Fig. 2b, we show the imaginary part of the self-energy, S00,
that is proportional to the full-width at half maximum of the
MDCs. In agreement with S0, the main pump-induced change is
confined between the kink energy and the Fermi level (vertical
black arrow) and increases as fluence increases. This is in contrast
to thermal effects, where the temperature causes a change of S00
over the entire energy window (see inset in Fig. 2b and
Supplementary Fig. 1). In Fig. 2c, we show the comparison of
equilibrium and transient S0 and S00 at equilibrium temperature
100 K, above Tc. In sharp contrast with the low-temperature
behaviour, the pump-induced changes of the self-energy are
negligible in the normal state up to the highest applied fluence
24 mJ cm! 2 (we note, however, that this might no longer be valid
at very high fluences, which would substantially affect the entire
band structure16,35. These results might suggest that the pump-
induced changes of self-energy are sensitive to the presence of
superconductivity and are not induced by trivial thermal
broadening effects.

We note that the absence of a shift in the kink energy, when the
superconducting gap closes, suggests that the electron–boson
interaction falls beyond the standard Migdal–Eliashberg theory
for superconductivity as also suggested by equilibrium ARPES
experiments36,37. Indeed, within this standard theory, the energy
dispersion has a square-root divergence at energy D0þO in
S0(o) (O is the boson energy and D0 is the superconducting gap
at zero temperature)38. Therefore, when the pump drives the
superconducting gap to zero, one expects a shift of the kink
energy and of S0 towards lower binding energy by the magnitude
of the superconducting gap, even for the nodal cut39.

Self-energy versus superconducting gap. To further investigate
this matter, we utilize the unique advantage of trARPES by
simultaneously monitoring the pump-induced changes in both
the electron self-energy and the superconducting gap. Figure 3
compares the pump-induced change in S0 and the non-equili-
brium superconducting gap. The latter is measured for a cut on
the Fermi arc (see inset of Fig. 3b). Energy gaps at each delay time
are obtained by fitting symmetrized energy distribution curves to
an energy-resolution-convolved phenomenological BCS model40,
which is widely used in characterizing the energy gap in

cuprates23,41 (see also Supplementary Fig. 2). The temporal
evolution of the area of DS0 (hatched area in Fig. 2a) and the
superconducting gap for different fluences are shown in panels a
and b of Fig. 2, respectively. In agreement with Fig. 2, S0 is weakly
affected at low fluences and shows substantially slower initial
recovery rate (0.1 ps! 1) than at higher fluences (0.32 ps! 1;
Fig. 3d). Similarly, pumping only weakly affects the
superconducting gap at low fluence (bottom measurements in
Fig. 3b) and eventually drives it to a full closure at high fluences
(top measurements)20,23. A similar fluence dependence is also
observed for the Fermi velocity (Supplementary Fig. 3). The
pump-induced change in the self-energy and the non-equilibrium
superconducting gap at each delay time are plotted in Fig. 3c for
several fluences, showing an unexpected linear relation for all
fluences. At the highest fluence, a small deviation from linearity is
observed, possibly because of additional broadening of the
spectra, causing an underestimate of the superconducting gap.

In Fig. 3e, we show the fluence dependence of the maximal near-
nodal gap shift (Fig. 3b) and compare it with the area of the
maximal self-energy change (from Fig. 3a) and the coupling
constant. In a simple electron–boson coupling model42, the
coupling strength l is directly related to the bare and dressed
Fermi velocities according to l0#lþ 1 ¼ uF/u0. Alternatively, the
change in l can be approximated by the integral of the self-energy
change between equilibrium and pumped values (see hatched areas
in Fig. 2) because near the Fermi energy l¼ limo-0 qS0/qo,
namely, S0(o)Elo, thus

Roc

0 D!0ðoÞdo ' Dlo2
c=2. Both

characterization methods are shown (for more details, see also
Supplementary Fig. 3). Interestingly, as we drive the
superconducting gap to a gradual melting by increasing the
excitation density, we find that the electron–boson interaction
decreases in a similar fashion and eventually saturates (see also
Supplementary Fig. 4) when the superconducting gap is fully
quenched. The saturation effect is in contrast with thermal
broadening, where continuous smearing of the kink occurs as the
temperature gradually increases32.

Figure 3d shows the recovery rate of the integrated self-energy
change (from Fig. 3a) and l0 (Supplementary Fig. 3). In the low-
fluence regime, we find that both of these rates increase linearly
with fluence in a similar fashion to the bimolecular recombina-
tion of non-equillibrium quasiparticles20,43. As the fluence
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Figure 4 | Results on a heavily overdoped Bi2201 and an overdoped Bi2212. (a,b) MDC dispersions of equilibrium (t¼ ! 1 ps) and non-equilibrium
(t¼0.3 ps) states, for a pump fluence of 24 mJ cm! 2 for the overdoped Bi2201 and the overdoped Bi2212, respectively. False-coloured inset in a shows the
difference between equilibrium (t¼ ! 1 ps) and non-equilibrium (t¼0.3 ps) raw spectral image. (c,d) Real part of the electron self-energy (S0) at different
delay time (t¼ ! 1, 0.3 and 10 ps) for pump fluence 24mJ cm! 2 for the overdoped Bi2201 and the overdoped Bi2212, respectively. The equilibrium S0

measured at 100 K on the overdoped Bi2201 is represented by empty circles for comparison in c. The inset in c shows S0 spectra for a pump fluence of
8mJ cm! 2. (e) Fluence dependence of the Area(S0) for the optimally doped Bi2212 and heavily overdoped Bi2201. The bold lines are guides to the eye. The
error bars in d are absolute maximum variations before t¼0.
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