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Ultrafast dynamics of electron-phonon coupling in a metal
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In the past decade, the advent of time-resolved spectroscopic tools has provided a new ground to
explore fundamental interactions in solids and to disentangle degrees of freedom whose coupling leads
to broad structures in the frequency domain. Time- and angle-resolved photoemission spectroscopy
(tr-ARPES) has been utilized to directly study the relaxation dynamics of a metal in the presence of
electron-phonon coupling. The effect of photo-excitations on the real and imaginary part of the self-
energy as well as the time scale associated with different recombination processes are discussed. In
contrast to a theoretical model, the phonon energy does not set a clear scale governing quasiparticle
dynamics, which is also different from the results observed in a superconducting material. These
results point to the need for a more complete theoretical framework to understand electron-phonon
interaction in a photo-excited state.

I. INTRODUCTION

In the past decade, the advancement of laser technol-
ogy has allowed extension of spectroscopic tools into the
time domain. This has opened a new range of opportuni-
ties, especially when it comes to the study of complex ma-
terials where more than one interaction is at play and de-
grees of freedom are often strongly intertwined. This has
lead to an unprecedented access to fundamental elemen-
tary interactions in materials at their natural timescales.
Among them major emphasis has been dedicated both
theoretically and experimentally to the study of electron-
phonon coupling that drives new ground states such as
superconductivity, Peierls transition etc.
Angle-resolved photoemission spectroscopy (ARPES)

is the ideal tool to study electron-phonon interaction, as
it can directly probe the quasiparticles dispersion, Fermi
velocity, and self-energy renormalization. Moreover, its
ability to resolve such interactions in a momentum space
provides unique information on the anisotropy of such
interaction. Given the recent extension of ARPES to
the tine domain, indeed, electron-phonon coupling can
be measured and disentangled from other energy/time
scales by directly measuring the relaxation channels of
hot electronic distribution in a transient state [1–3].
The electron-phonon coupling is also a limiting factor

of intrinsic mobility of charge carriers via ultrafast en-
ergy dissipation [4–6]. Especially in metals, the electron-
phonon coupling leads to a faster relaxation of excited
electrons through emitting phonons, when the energy of
the excited electrons are higher than phonon energy. This
relatively slower and faster dynamics across the phonon
energy generates an energy cut-off in the transient spec-
tra, also known as cut-off energy, and observed in high
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temperature superconductors [7, 8]. However, most of
the experimental works so far have focused on the relax-
ation dynamics of superconductors. In order to have a
full understanding and be able to disentangle other in-
teractions, we first need to learn how electron-phonon
interaction, in general, responds to photo-excitations.
Here, a metallic system has been examined using time-

resolved ARPES (tr-ARPES). Due to an optical exci-
tation, electrons are injected in the unoccupied states,
transferring spectral weight toward lower energy states
via emitting phonons. In contrast to the predicted be-
havior [9, 10] and experimental observation in cuprates
superconductors [3, 7], we find that, in the metallic state,
relaxation process gradually increases as the excited car-
rier density increases (e. g. , by increasing pump fluence),
without a clear energy cut-off that distinguishes slow ver-
sus fast dynamics across the phonon energy. These re-
sults point to the need for a more complete theoretical
framework to understand electron-phonon interaction in
a photo-excited state as well as more detailed work to
understand the role that such cut-off energy can play for
superconductivity [10].

II. METHODS

The time-resolved ARPES measurements
were performed at 17 K on heavily overdoped
Bi1.76Pb0.35Sr1.89CuO6+δ, which is known to be in
a metallic phase. The laser system is a cavity-dumped,
mode-locked Ti:sapphire oscillator (Coherent Mira)
generating ≈150 fs pulses at 840 nm at a repetition
rate of 54.3/n MHz (n=1, 2, 3,...), whose details are
described elsewhere [11]. A transient state is created
with an infrared laser pump pulse with an energy of
1.48 eV and measured via photoemission process as a
function of delay time with a resolution of 300 fs using
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FIG. 1. (a-b) Equilibrium (a) and transient (b) ARPES intensity maps taken at t = −1.2 ps and t = 0.3 ps, respectively.
Both energy maps were taken along the diagonal direction of the Brillouin zone denoted by the red line in the inset of panel
(a). Pump fluence is 30 µJ/cm2. The red curve is the Lorentzian fit to momentum distribution curves taken from the ARPES
intensity map measured at t = −1.2 ps and the black dashed line is a guide to the eyes. Phonon energy is denoted by ~ω0. (c)
Energy distribution curves for equilibrium (blue) and transient (red) maps taken at different momentum values from k1 to k7
denoted in panel (a).

an ultraviolet probe pulse with an energy of 5.9 eV.
The energy and momentum resolutions are 22 meV and
0.003 Å−1, respectively. The pump fluence is varied
from 4 to 24 µJ/cm2.

III. RESULTS AND DISCUSSION

Figures 1(a) and (b) show equilibrium and transient
ARPES intensity maps at t = −1.2 ps and t = 0.3 ps,
respectively. Here t = 0 represents the time when pump
and probe pulses are applied to the sample simultane-
ously. Negative time refers to equilibrium spectra, e. g. ,
spectra taken before the arrival of the pump pulse, while
positive time refers to transient spectra, e. g. , after the
sample has been excited by the pump pulse.
The data were taken along the Brillouin zone diag-

onal denoted by the red line in the inset of Fig. 1(a),
using a pump fluence of 24 µJ/cm2. The sample tem-
perature in the equilibrium state was T = 17 K, mea-
sured using a diode thermally connected to the sample.
In both maps, one can identify a characteristic energy
~ω0 ∼ 70 meV (denoted by an arrow) that separates a
well-defined and poorly-defined dispersive features above
and below it, respectively, with different slopes (the black
curve is a Lorentzian fit to momentum distribution curves
and the black dashed line is an arbitrary straight line for
the guide to the eyes). The change in the slope of the
energy spectra, so-called a kink, is a universal feature of
cuprates due to electron-phonon coupling, especially in
the absence of competing phases against superconduc-

tivity in the heavily overdoped regime [12]. The main
effect of the pump pulse is to change spectral intensity.
Figure 1(c) shows energy distribution curves at momen-
tum positions from k1 to k7, denoted in Fig. 1(a), for
equilibrium (blue curve) and transient (red curve) maps.
The spectra are normalized by the intensity at higher
energy (−0.20 eV≤E − EF≤−0.18 eV) for comparison.

This change in the transient map is clearly evidenced
when its photoelectron intensity is subtracted by that of
the equilibrium map as shown in Fig. 2(a): loss (gain)
in spectral intensity is denoted by red (blue) color. Fig-
ures 2(b)-(e) show integrated intensity (∆I) over a mo-
mentum range from 0.05 to 0.20 Å−1. At 24 µJ/cm2,
most of the intensity change is observed near EF as shown
in Fig. 2(b). However, the intensity change persists be-
yond ~ω0 down to E − EF ∼ −100 meV (denoted by a
black arrow). Upon decreasing pump fluence, the cut-off
energy is also decreasing to ∼ −50 meV at 8 µJ/cm2

as shown in Fig. 2(d) and ∼ −30 meV at 4 µJ/cm2 as
shown in Fig. 2(e). Overall decrease of ∆I is due to the
decreasing pump fluence that excites less electrons to a
transient state. Additionally, the cut-off energy above
EF is far below ~ω0 at 24 µJ/cm2 as denoted by a gray
arrow in Fig. 2(b) and approaches toward EF with de-
creasing pump fluence. Such a spectral change cannot
be explained by thermal smearing of the Fermi edge due
to the transient heating effect by the pump pulse, be-
cause the observed cut-off energy is higher than the cut-
off energy expected from electronic temperature (Te) in-
creased by the pump pulse, e. g. , Fig. 2(f) shows the
difference of Fermi-Dirac distribution at Te from that at



3

 

 

 

!!"#$

!!"%$

!"!$

!"%$
!
"!

 !
&$
'(
)
*$

!"#!$ !"%!$

'+*$

!"%,$ !"!,$

-./(012/$'34%*$

ħω 
0$

∆5$

_ 

+ 

!!"#$

!!"%$

!"!$

!"%$

!
"!

 !
&$
'(
)
*$

∆5$'678"$90:1;*$

'8*$ '<*$ '=*$ '(*$

ħω 
0$

#>$µ?@</#$
#(ABC$D

$

%Cµ?@</#$

#(AEC$D$

F$µ?@</#$

#(A,#$D
$

>$µ?@</#$

#(AG>$D
$

'H*$

#>$µ?@</#$ %C$µ?@</#$ F$µ?@</#$ >$µ?@</#$ I:/2J+1:.0$

FIG. 2. (a) Intensity difference map between before and after applying laser pump pulse shown in Figs. 1(a) and (b), respectively.

(b-e) Momentum-integrated spectra (∆I), from 0.05 Å
−1

to 0.20 Å
−1

in panel (a), for four different pump fluences. (f) Simulation
of ∆I assuming the transient heating effect by the pump pulse. Electronic temperature Te at t =0.3 ps is 96, 76, 52, and 34 K
for a pump fluence of 24, 16, 8, and 4 µJ/cm2, respectively.

the equilibrium temperature, 17 K. These observations
are in contrast to a proposed model where the intensity
cut-off originates from the electron-boson coupling [9].

Such coupling provides a fast decay channel for elec-
tron (hole) excitations above (below) the boson energy.
High energy excitations can decay by emitting (absorb-
ing) a boson. Boson-mediated decay is predicted to re-
duce the life time of quasiparticles to tens of femtosec-
onds. Along this line, the efficacy of this additional
bypass is determined by the electron-boson coupling
strength, which can be measured by the kink strength.
However, the kink strength of Bi1.76Pb0.35Sr1.89CuO6+δ

are roughly similar across different doping and temper-
ature. This apparent inconsistency can be explained by
the difference between single particle life time (which can
be extracted from the self-energies) and population life
time (the quantity ARPES is measuring) [13]. The dif-
ference exists when an energy conserving decay channel,
for instance, Coulomb and elastic impurity scattering, is
present [13, 14]. When a single particle decays through
such a channel where energy is retained in the electronic
system, another excitation is created. As the process cas-
cades, the population takes much longer to vanish after
than the single particle time scale.

This intensity change is accompanied by an intrigu-
ing time-dependence of electron self-energy as shown in
Fig. 3. Within the Debye model, both real and imaginary
parts of electron self-energies are affected by electron-
phonon coupling [15–17]. In other words, electrons ac-
quire renormalized mass as well as enhanced scattering
through the coupling to a phonon [16]. Indeed, real part
of electron self-energy, ReΣ, shown in Fig. 3(a), obtained
by subtracting a bare or unrenormalized band (assumed

to be a linear band) from the measured or renormal-
ized energy spectrum shown in Figs. 1(a) and (b), ex-
hibits a peak-like shape around ~ω0 due to the electron-
phonon coupling, consistent with previous reports on
cuprates [12, 16, 17]. Upon applying laser pump pulse
at 24 µJ/cm2, ReΣ decreases from blue filled circle at
t = −1.2 ps to red filled circle at t = 0.3 ps, when the
difference, ∆ReΣ, is denoted by gray shaded area. ReΣ is
recovered back to the almost original shape after longer
delay time at t = 10.2 ps, denoted by blue empty circles.
Hence, the electron-phonon coupling is suppressed upon
applying laser pump pulse by ∼14 %, determined by the
change of slope of ReΣ near EF, with a line fit to the data
from −50 meV to −20 meV shown as black lines, and re-
covered afterward. Similar self-energy change is observed
when the pump pulse is incident on a a superconduct-
ing cuprate [3]. However, a critical difference is that for
a non-superconducting cuprate, overall self-energy is de-
pressed by the pump pulse even below the phonon energy
~ω0. On the other hand, for a superconducting cuprate,
self-energy change is prominent mostly for a self-energy
peak at ~ω0, whereas for the others self-energy change is
barely observed.

Figure 3(b) shows the full width at half maximum
(FWHM) of the momentum distribution curves taken as
a function of E − EF for the measured energy spectra
shown in Figs. 1(a) and (b). FWHM is considered to
be linearly proportional to the imaginary part of elec-
tron self-energy (ImΣ) by FWHM=2|ImΣ/v|, where v

is the bare velocity. Upon applying laser pump pulse
at 24 µJ/cm2, FWHM at EF is enhanced by ∼14 %,
indicating the suppression of the electron-phonon cou-
pling. With decreasing E − EF, however, the different
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FIG. 3. (a) Real part of electron self-energy (ReΣ) before
(t = −1.2 ps) and after (t = 0.3 ps and 10.2 ps) applying
laser pump pulse. (b) Full width at half maximum (FWHM)
of the energy spectra before (t = −1.2 ps) and after (t = 0.3 ps
and 10.2 ps) applying laser pump pulse with three difference
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FIG. 4. (a) The area of the difference in electron self-energy as
a function of delay time. Solid curve is an exponential least-
square fit to extract the time constant of 0.68±0.05 ps. (b)
Averaged spectral intensity above EF as a function of delay
time. Solid curve is an exponential least-square fit to extract
the time constant of 1.22±0.09 ps.

gradually decreasing, until the difference becomes negli-
gible at E − EF ∼ 0.12 eV. Consistent with the ReΣ,
while the biggest changes occurs at lower binding energy,
the pump induced changes are also reflected above the
phonon energy. The change in ReΣ and FWHM indi-
cates that electronic excitation suppresses the strength
of electron-phonon coupling in a transient state with re-
spect to an equilibrium state and that the suppression is
recovered as a function of time. This hinders to extract
the strength of electron-phonon coupling in an equilib-
rium state from the dynamics of electrons in a transient
state, in contrast to the claim of the previous theoretical
work on a non-superconducting metal [9].
To further understand the time-dependent electron-

phonon coupling, the dynamics of ∆ReΣ has been stud-
ied as a function of delay time and compared to the quasi-
particle dynamics as extracted from the integrated inten-
sity above EF [7]. The area of ∆ReΣ for an energy range
of −0.15 eV≤E − EF≤−0.02 eV shows an initial sharp
increase near t=0 with a pump fluence of 24 µJ/cm2

that is relaxed with increasing delay time. The solid
line in Fig. 4(a) is an exponential least-square fit to
Area(∆ReΣ) that gives a time constant, τArea(∆ReΣ), of

0.68±0.05 ps. Interestingly, the time scale, associated
with the kink, is by a factor of two smaller than the
relaxation time of quasiparticles: τe of 1.22±0.09 ps as
shown in Fig. 4(b). A similar difference between the two
time scales has been also observed for cuprates super-
conductors [3]. However, τArea(∆ReΣ) is almost 5 times
faster than the one in a superconducting cuprate, e. g. ,
3.12 ps for Bi2Sr2CaCu2O8+δ [3] versus 0.68 ps for a non-
superconducting cuprate observed in Fig. 4(a), at the
same pump fluence. In other words, the suppressed cou-
pling between electrons and phonons are recombined even
faster in a non-superconducting (and metallic) cuprate
than for a superconducting cuprate.
Indeed in a metallic system, the electron population

resembles a thermal population that is the case of a non-
superconducting cuprate. In contrast, when a gap opens
in a superconducting cuprate, electron relaxation dynam-
ics become coupled to the dynamics of the electron pop-
ulation and phase restriction processes kick in, leading
to coexisting femtosecond and picosecond dynamics [18].
Clearly these results suggest that there are several mech-
anism at play that could provide new insights on the na-
ture of the superconductivity and ask for more detailed
theoretical works.

IV. SUMMARY

We have shown that, in a non-superconducting
cuprate, i. e. , a metallic system, the electron-phonon cou-
pling is perturbed by a femtosecond laser pump pulse in
contrast to the theoretical prediction and that the per-
turbation is relaxed in a faster time scale compared to
that in a superconducting cuprate. In addition, the sup-
pressed coupling between electrons and phonons are re-
combined even faster in a non-superconducting cuprate
than for a superconducting cuprate, suggesting a possi-
bility that several mechanism may play an important role
in electronic dynamics in the high temperature supercon-
ductivity. Our results not only provide the time scale of
the coupling formation between electrons and phonons
in a non-superconducting system, but also invite a more
complete theoretical framework to understand electron-
phonon interaction in a photo-excited state.
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