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The coupling between quasiparticles and bosonic excitations rules the energy transfer pathways
in condensed matter systems. The possibility of inferring the strength of specific coupling chan-
nels from their characteristic time scales measured in nonequilibrium experiments is still an open
question. Here, we investigate MgB2, in which conventional superconductivity at temperatures as
high as 39 K is mediated by the strong coupling between the conduction electrons and the E2g

phonon mode. By means of broadband time-resolved optical spectroscopy, we show that this selec-
tive electron-phonon coupling dictates the nonequilibrium optical response of MgB2 at early times
(<100 fs) after photoexcitation. Furthermore, based on an effective temperature model analysis, we
estimate its contribution to the total electron-boson coupling function extracted from complemen-
tary equilibrium spectroscopy approaches, namely optical reflectivity and ARPES. The coupling
strength with the E2g phonon modes is thus estimated to be λ ≃ 0.56, which is approximately half
of the total coupling constant, in agreement with ab-initio calculations from the literature. As a
benchmark, broadband time-resolved optical spectroscopy is performed also on the isostructural and
non-superconducting compound AlB2, showing that the nonequilibrium optical response relaxes on
a slower time scale due to the lack of strongly-coupled phonon modes. Our findings demonstrate the
possibility to resolve and quantify selective electron-phonon coupling from nonequilibrium optical
spectroscopy.

PACS numbers: xxx

I. INTRODUCTION

The dynamics of electronic quasiparticles (QPs) in
solids is profoundly affected by the coupling with bosonic
excitations, such as phonons and spin fluctuations. These
interactions give rise to a renormalization of the elec-
tronic self-energy, which takes the form of a frequency-
dependent effective mass and a scattering probability [1].
In the paradigmatic case of superconducting materials,
the electron-boson coupling strength determines the gap
size and the critical temperature of the system, and there-
fore it is considered the crucial parameter to character-
ize the superconducting instability [2–4]. Angle-resolved
photoemission spectroscopy (ARPES) and optical spec-
troscopy (OS) are the go-to techniques to extract the
frequency-dependent electron-boson coupling and calcu-
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late the total coupling strength. ARPES is a surface-
sensitive technique which directly accesses the renormal-
ized electronic band dispersion, and allows one to re-
construct the electronic self-energy with frequency and
momentum resolution [5]. However, complete frequency-
momentum mapping is time consuming and strongly re-
lies on sample surface preparation and achievable exper-
imental resolution. On the other hand, OS is bulk sen-
sitive and has access to the frequency-dependent optical
constants, from which it is possible to obtain, via suit-
able modeling, the optical self-energy and the frequency-
dependent QP scattering rate [6, 7]. Although less af-
fected by sample preparation and experimental condi-
tions, OS provides momentum-integrated information
that requires complex model-dependent analysis to ex-
tract the QP scattering properties. In both cases, the
measured self-energy is related to the electron-boson
coupling function through an integral relation that de-
pends on a temperature and frequency dependent kernel
[2, 7, 8]. Thus, the extraction of electron-boson coupling
is an indirect operation subject to intrinsic uncertainties.
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Even more, both equilibrium approaches do not allow one
to disentangle selective couplings with different modes
that may coexist on the same energy scale [2].

An alternative strategy is based on the observation
that the electron-boson coupling function determines the
electron relaxation time scales when the electronic pop-
ulation is driven out of equilibrium, for example via the
use of ultrashort laser pulses [8, 9]. In the last years,
time-resolved spectroscopy methods have been widely
employed to address how photoexcited charge carriers
release their excess energy to different bosonic degrees
of freedom [8, 10–12]. In particular, time-resolved op-
tical spectroscopy (tr-OS) has proven the ability to re-
solve the hierarchy of QP relaxation channels in the
presence of selective coupling to specific bosonic modes
with different coupling strengths. For instance, tr-OS of
cuprates [13, 14] has revealed a composite QP relaxation
pathway which involves the energy exchange with spin
fluctuations on a time scale of ≃20 fs, with strongly cou-
pled phonons (SCPs) within ≃100 fs, and with the rest of
the lattice vibrational modes within tens of picoseconds
(ps). Despite the great progress of tr-OS, the quantifica-
tion of the electron-boson coupling strength is based on
the applicability of effective temperature models, which
assume to separately resolve the thermalization of the
electronic and each bosonic degree of freedom [8]. Actu-
ally, the reliability of such models, as well as the possi-
bility of quantifying the electron-boson coupling function
via time-resolved spectroscopic techniques, is still at the
center of an open debate [8, 15–17].

In this work, we focus on a paradigmatic Bardeen-
Cooper-Schrieffer (BCS) superconductor, magnesium di-
boride (MgB2), which is characterized by a very strong
and selective coupling of electrons with E2g phonon
modes at ≃70 meV that is responsible for the supercon-
ducting pairing [18]. We demonstrate that these SCPs
impact on the QP relaxation dynamics measured by tr-
OS, and that the strong electron-phonon coupling (EPC)
directly reflects in an additional decay channel of the
transient optical response. We benchmark these find-
ings against aluminum diboride (AlB2), an isostructural
non-superconducting compound which lacks any selec-
tive electron-phonon coupling. The combination of tr-OS
data with equilibrium OS and complementary ARPES
allows us to demonstrate the capability of the nonequi-
librium approach to discern the coupling with a subset
of SCPs from that with the rest of the phonon modes, as
well as to quantify the relevant coupling strengths.

The structure of the work is the following. First, we de-
termine the total Eliashberg spectral function α2F (k, ω)
(also referred to as glue function) in MgB2 by apply-
ing a simplified histogram model to equilibrium OS and
ARPES data. These techniques consistently highlight a
strong EPC at about ≃70 meV. Then, by measuring the
transient reflectivity variation δR(t)/Req over a broad
near-infrared energy range and with high (sub-20-fs) tem-
poral resolution, we find that the QP relaxation evolves
along two decay channels: (1) with a fraction of E2g SCPs

on a fast time scale, i.e. <100 fs; (2) with the remain-
ing fraction of weakly-coupled phonon modes on a slower
time scale, i.e. >1 ps. Specifically, starting from the to-
tal glue function determined by equilibrium OS, we suc-
cessfully reproduce the time-domain dynamics with an
effective temperature model and provide an estimate of
the coupling constant, λSCP , between the electronic QPs
and the subset of E2g SCPs. Finally, we corroborate our
results by a comparative study of AlB2. Our findings not
only provide a consistent evaluation of the EPC strength
in MgB2, but also provide evidence for a population of
’hot’ E2g phonons which has been predicted to originate
from the strong and selective EPC[19].

II. SELECTIVE ELECTRON-PHONON
COUPLING IN MgB2

In the quest for increasing the critical temperature Tc

of superconducting materials, strong coupling of elec-
trons to a selected phonon branch is predicted to play
a major role compared to systems characterized by an
isotropic EPC [20–22]. This is particularly significant in
the case of MgB2, which in 2001 was discovered as the
phonon-mediated superconductor with the highest crit-
ical temperature Tc of 39K [18]. This Tc is twice as
large as what estimated for an isotropic system with the
same average EPC strength [23–26]. In MgB2, the EPC
is concentrated in the bulk σ electronic bands strongly
coupled to the E2g optical phonon mode at∼70 meV, cor-
responding to in-plane stretching of the B-B bonds [27–
30]. The application of the Eliashberg theory has shown
that this strong and selective coupling accounts for the
high Tc of the system, as opposed to the weak EPC of
the π bands[27, 31]. Recently, ab-initio theory predicted
that the EPC selectivity of MgB2 should produce ’hot’
phonons upon photoexcitation of the metallic state, sug-
gesting the possibility of sustaining non-thermal states
for unexpectedly long time [19, 32, 33]. However, until
now, experimental evidence of ’hot’ phonons in MgB2

was reported only indirectly by tr-OS measurements
through the onset of an unconventional behavior at the
plasma frequency at ca. 6.5 eV [34]. In contrast to
MgB2, the coupling with in-plane boron vibrations is
strongly suppressed in AlB2, impeding the onset of su-
perconductivity [30] and the build-up of a ’hot’ phonon
population[19]. Thus, MgB2 and AlB2 are ideal plat-
forms for investigating the role of SCPs on the QP relax-
ation dynamics, and addressing the capability of tr-OS
to quantify the strength of a selective EPC.

III. QUASIPARTICLE SELF-ENERGY AND
ELECTRON-PHONON COUPLING

At a given equilibrium temperature T , the electron-
phonon interaction determines the renormalization of
both the electronic band dispersion and lifetime, which
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is accounted for by the complex electronic self-energy
Σ(k, ω, T ), with k and ω being the electron wavevector
and frequency, respectively. The real part of Σ(k, ω, T )
defines the change of effective mass caused by the
electron-phonon interaction that leads to a deviation
(kink) of the electronic band dispersion. The inverse of
the imaginary part, Im−1Σ(k, ω, T ), provides the elec-
tron lifetime. After integration over all possible electron-
phonon scattering wavevectors, Σ(k, ω, T ) can be cal-
culated as the convolution integral between the Eliash-
berg spectral function α2F (k,Ω) and a kernel function
L(ω,Ω, T ) [8]. The former corresponds to the electron-
phonon coupling function with α2 the squared matrix
element of the interaction, the latter accounts for the
Fermi distribution of electrons and the Bose distribution
of phonons. Thus, under the assumption of a constant
density of states, the self-energy reads:

Σ(k, ω, T ) =

∫ ∞

0

α2F (k,Ω)L(ω,Ω, T )dΩ. (1)

By integrating over the entire Brillouin zone, it is possi-
ble to calculate the momentum-averaged Eliashberg func-
tion, α2F̄ (Ω), from which the total EPC strength λ is
obtained as:

λ = 2

∫ ω

0

dΩ
α2F̄ (Ω)

Ω
. (2)

For strongly-coupled superconductors, the critical tem-
perature Tc is linked to the EPC strength λ and the fre-
quency of the coupled phonons Ω through the McMillan’s
formula [20]:

Tc = 0.83Ω exp

[
−1.04(1− λ)

λ− µ∗(1 + 0.62λ)

]
, (3)

with µ∗ the screened Coulomb pseudopotential. In the
case of multiple couplings, the partial contribution of
each coupling channel to Tc enables the identification
of the pairing mechanism, as showcased for cuprates in
Ref. 13.
ARPES directly probes the single-particle spectral

function A(k, ω, T ) which is related to the self energy
through [5]:

A(k, ω, T ) = − 1

π

ImΣ(k, ω, T )

[ω − ϵ0k − ReΣ(k, ω, T )]2 + [ImΣ(k, ω, T ) + iγimp]2
, (4)

where ϵ0k is the bare electronic band dispersion (i.e. ne-
glecting electron-phonon interaction) and γimp an intrin-
sic decay rate that accounts for the electron scatter-
ing by impurities. Thus, ARPES allows to retrieve the
band-specific α2F (k,Ω) through the inversion of Eq. (1),
which is used in Eq. (2) to calculate the band-selective
EPC strength [2, 5].

Equilibrium OS measures the complex optical conduc-
tivity, σ(ω), which is determined by the k-space integra-

tion of all possible electron-hole excitations. If we restrict
to the conduction electrons, we can model the optical re-
sponse by taking advantage of the extended Drude (ED)
model, which is characterized by a frequency-dependent
QP scattering rate [7, 8]. In this framework, the so-
called optical memory function, M(ω, T ), can be ob-
tained through the Kubo formula in the Migdal approx-
imation (omitting vertex corrections) as:

M(ω, T ) = ω

{∫ +∞

−∞

f(ξ, T )− f(ξ + ω, T )

ω +Σ∗(ξ, T )− Σ(ξ + ω, T ) + iγimp
dξ

}−1

− ω, (5)

where f is the Fermi–Dirac distribution. In this case, the
momentum-integrated α2F̄ (ω) is obtained by inverting
Eq. (1), using e.g. maximum entropy methods [35].

As introduced in Ref. 9, the Eliashberg spectral func-
tion also regulates the energy flow between electrons and

phonons when the respective temperatures, Tel and Tph,
are transiently decoupled. The functional describing the
energy transfer rate between the two populations is given
by:

g(α2F̄ , Tel, Tph) =
6γel
πℏk2B

∫ ∞

0

α2F̄ (ω)ω2 [n (ω, Tph)− n (ω, Tel)] dω, (6)
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where n is the Bose distribution and γel the electronic
specific heat. Therefore, under the assumption of an ef-
fective thermalization of electrons and phonons, time-
resolved experiments allow to extract α2F̄ (ω) from the
relaxation dynamics of ’hot’ electrons generated by exci-
tation with a short laser pulse. We note that, according
to the Matthiessen’s rule, the selective coupling with a
subset of phonon modes will manifest itself as an addi-
tional relaxation channel, whose time constant depends
on the relevant EPC strength. In this case, the total
glue function can be expressed as the sum of all contri-
butions due to the couplings with specific phonon modes
(indexed by i), i.e. α2F̄ =

∑
i α

2F̄i. Accordingly, Eq. (6)
decouples in distinct functionals from which the specific
EPC constants can be obtained. Finally, we note that
when the electronic system couples to only one phonon
mode, the Eliashberg spectral function simply reduces to
a delta function centered at the frequency of the cou-
pled phonon. As a result, the self-energy and thus the
scattering rate become frequency-independent, and the
ED model reduces to the standard Drude model of sim-
ple metals. Here, given the energy-dependence of the
electron-phonon coupling of MgB2, we rather adopt the
ED model to study the optical response in and out-of
equilibrium.

IV. ELECTRON-PHONON COUPLING BY
EQUILIBRIUM OPTICAL SPECTROSCOPY

Fig. 1(a) reports the MgB2 equilibrium reflectivity
at T = 300 K along the alternating layers of B and Mg
atoms (light blue line, measurement taken from Ref. 36).
It shows a broad low-energy structure with a plasma edge
at about 2 eV and an isolated peak at 2.8 eV.

The equilibrium reflectivity is related to the complex
dielectric function ϵ(ω) by:

Req =

∣∣∣∣∣1−
√
ϵ(ω)

1 +
√
ϵ(ω)

∣∣∣∣∣
2

, (7)

with

ϵ(ω) = 1 + i
4πσ(ω)

ω
, (8)

where σ(ω) is the complex optical conductivity. The low-
energy part of the reflectivity spectrum is modeled by the
ED optical conductivity σED(ω) given by[37]:

σED(ω, T ) =
i

4π

ω2
p

ω +M(ω, T )
(9)

where ℏωp ≃2 eV is the energy of the plasma edge and
M(ω, T ) is the optical memory function defined in Eq.
(5). By fitting the combination of Eqs. 7, 8 and 9 to
the experimental data, it is thus possible to extract the
memory function that encodes the electron-boson scat-
tering information. Following the successful approach

FIG. 1. (a) Equilibrium reflectivity of MgB2 measured
through spectroscopic ellipsometry (light blue line), and ED
model fit to the data (black line). The black line is the fit
to the data with an ED model and a sum of Lorentz oscilla-
tors which are located in the visible region above the plasma
edge. The black horizontal bar indicates the photon energy
region of the probe pulse in the tr-OS measurements, and
the orange arrow the pump photon energy. The energy of
the plasma edge is marked by the vertical dashed line. (b)
Momentum-integrated Eliashberg function α2F̄ (ω) (red his-
tograms) of MgB2 used to fit the data reported in (a), and
calculated phonon density of states (PDOS, gray shade) taken
from Ref. 27 in arbitrary units. (c) Momentum-integrated
Eliashberg function (red histograms) of AlB2 used to approx-
imate the calculated one from Ref. 30, and calculated PDOS
(gray shade) also taken from Ref. 30.

previously adopted [8, 13], α2F̄ (ω) is modeled as a sum
of histograms, whose heights and widths are used as fit
parameters. The number of histograms is taken as the
smallest one necessary to obtain a stable fit. Without
expecting to reproduce the fine details of the EPC func-
tion (see Section I of the Supplemental Material for de-
tails [38]), this model enables successful fitting of the
equilibrium reflectivity spectrum of MgB2 (black line on
top of the data in Fig. 1(a)). More importantly, it pro-
vides a robust estimation of the main electron-boson cou-
pling features.
The retrieved α2F̄ (ω) is reported as red histograms

in Fig.1(b). We note that the main contribution is cen-
tered at ω0 ∼70 meV, which corresponds to the energy
of the E2g B-B optical phonons. By using Eq. 2, we
obtain a rather large value of the momentum-integrated
EPC strength, λ(MgB2) = 1.1 ± 0.1, in agreement with
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experiment reports in the literature [39–41] and consis-
tent with the Tc of the metal to superconductor phase
transition estimated using the McMillan’s equation. In-
terestingly, ab-initio calculations typically report values
between 0.6 and 0.7 [19, 42]. While this discrepancy
partly stems from the challenge of appropriately account-
ing for the strong anisotropy of the EPC in MgB2 [43], it
is well known that DFT tends to underestimate EPC in
the presence of strong electron–boson interactions [44].
Going back to Fig.1(b), we also stress that the phonon
density of states (PDOS) (gray shade) is almost constant
over the whole energy range [27]. However, the EPC
constant solely obtained by the contribution of the his-
togram between 60 and 80 meV (see the red area in Fig.
1 (b)) accounts for ∼50% of the total coupling. This
result suggests the predominant and strong coupling of
electrons to specific optical phonon modes at about 70
meV, although a quantitative measure of α2F̄SCP(ω) i.e.
the contribution to the spectral function specific to SCP,
is prevented by the overlap with the coupling to other
phonon modes in the same energy range.

For comparison, Fig. 1(c) reports, on the left axis, the
α2F̄ (ω) (red histograms) of AlB2 that we obtained upon
approximation of the calculated momentum-integrated
Eliashberg function from Ref. 30 with the same number
of histograms used for MgB2. On the right axis, we show
the PDOS (gray shade), taken from Ref. 30. The absence
of any discrepancy between the PDOS and the α2F̄ (ω)
spectrum indicates the lack of the strong coupling with
specific phonon modes that characterizes MgB2. In par-
ticular, we note that the peak in α2F̄ (ω) of AlB2 at ap-
proximately 50 meV corresponds to a large PDOS rather
than a stronger EPC with specific phonon modes at this
energy. As a result, we do not either expect a popula-
tion of hot phonons to build up in AlB2 under out-of-
equilibrium conditions [33]. Rather, we obtain a much
lower EPC strength, λ(AlB2) = 0.42 ± 0.1, compatible
with the lack of superconductivity in this isostructural
compound [18].

V. SELECTIVITY OF ELECTRON-PHONON
COUPLING BY ARPES

ARPES allows to estimate the EPC constant at a spe-
cific electron wavevector k by analysing the renormaliza-
tion of the electronic band dispersion, also referred to
as kink [5, 45]. In the case of MgB2, we are interested
in the EPC constants of the σ1 and σ2 electronic bands
which selectively couple with the E2g phonon mode. As
introduced in Section III, the renormalization of the elec-
tronic band dispersion depends on ReΣ(k, ω, T ), which is
in turn determined by α2F (k,Ω).
Figure 2(a) shows the Fermi surface mapping (20 meV-

integration window about the Fermi energy EF) of a
MgB2 single crystal measured at 10K. Prior to the
measurement, the sample was oriented via Laue diffrac-
tion and cleaved in vacuum (<5·10−11 Torr). Electrons

FIG. 2. (a) ARPES mapping of the MgB2 Fermi surface. (b)
ARPES dispersion of the σ electronic bands along the Γ−M
direction; green and orange markers highlight the maxima
of the momentum distribution curves (MDCs), obtained by
fitting the MDCs for all binding energies (see main text for
details). The dashed lines indicate the non-interacting band
dispersion. (c) - (d) Real part of the self energy (markers)
obtained from the ARPES data (see main text), together with
the best fit according to Eq. 1 (black lines) and relevant glue
function (histograms), for the two σ bands.

were photoemitted by s-polarized 6.2 eV photons, and
detected by a hemispherical electron analyzer (SPECS
Phoibos 150) with overall momentum and energy resolu-

tions of <0.003 Å
−1

and 17 meV. We resolve the separa-
tion between the two σ electronic bands, which is max-
imal along the Γ −M direction (red line), in agreement
with previous laser-based [46, 47] as well as soft x-ray [48]
ARPES studies. The nonuniform distribution of the pho-
toemission intensity is ascribed to the interplay between
the px–py orbital symmetries and the polarization of the
incoming light, in addition to the effect of photoemission
matrix elements [5]. The ARPES map of the σ elec-
tronic bands along the Γ − M direction is displayed in
Fig. 2(b). Both bands exhibit a significant kink in their
energy-momentum dispersion at binding energy of ap-
proximately 70 meV with respect to EF, in good agree-
ment with recent ARPES measurements [46]. As this
energy matches that of the E2g phonon mode, the kink
points towards a strong EPC between the σ electronic
bands and the B-B stretching mode.

The renormalization of the electronic band dispersion
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is quantitatively analyzed through fitting of the momen-
tum distribution curves (MDCs) at all energies with the
sum of two Lorentzian functions accounting for the σ1

and σ2 electronic bands. The positions in momentum of
the two Lorentzian peaks are shown by the green and
orange markers in Fig. 2(b). The white dashed lines are
the bare electronic bands ϵ0k with parabolic dispersion. In
Fig. 2 (c) and (d), we present the deviation of the renor-
malized band dispersion from the bare band dispersion,
i.e. ωk−ϵ0k, which provides the real part of the self-energy
for both σ bands. Also shown is the best fit (black lines)
obtained by Eq. (1), together with the determined EPC
function for the respective bands (histograms). Consis-
tent with the analysis of the OS data, we adopted a sim-
ple model in which α2F (k,Ω) is approximated by a sum
of histograms, whose parameters are determined by the
data fitting. For both σ bands, we obtain an EPC func-
tion peaking at ∼70 meV, which reflects the strong cou-
pling of those bands to the B-B optical phonon mode.
Moreover, we determine the total coupling for σ1 and σ2

to be 1.17±0.05 and 1.43±0.05, respectively. We further
test that these values can vary by approximately 20%
when choosing a linear bare band dispersion, as reported
e.g. in Refs. 46, 47. Overall, we find a good agreement
with the momentum-integrated λ obtained from the equi-
librium OS measurement, as well as with calculations and
experiments from the literature [25, 27, 39–41, 46, 49–51].
The difference between the two values agrees with previ-
ous results from the literature [43, 46, 47]. Analogous to
the results obtained by OS, the ARPES-based self-energy
reconstruction does not allow to isolate and quantify the
specific contribution of the E2g mode to the total cou-
pling since different phonon modes can contribute to the
EPC strength in the same energy range.

VI. SELECTIVE ELECTRON-PHONON
COUPLING CAPTURED BY TR-OPTICAL

SPECTROSCOPY

In contrast to equilibrium OS and ARPES, a strong
EPC with specific phonon modes can be isolated and
quantified in nonequilibrium conditions, since it gives rise
to an additional relaxation channel that can be observed
in the time-resolved optical response. To this end, it is
important to link the measured transient variation of the
optical properties, such as the reflectivity, to the actual
effective electronic and bosonic temperatures of the sys-
tem. As explained in the following, this approach is par-
ticularly appropriate when reflectivity below the plasma
edge of a metallic system is measured. In the ED model,
the reflectivity for ω < ωp can be approximated as:

R(ω, T ) ≃ 1− 2
ΓED(ω, T )

ωp
(10)

where ΓED(ω, T ) = τ−1
ED(ω, T ) = ImM(ω, T ) is the

frequency-dependent scattering rate. In a time-resolved

experiment, the pump pulse can drive a transient reflec-
tivity variation via two main mechanisms: i) an instan-
taneous increase of the electronic temperature decoupled
from the bosonic bath, which produces a transient spec-
troscopic effect similar to that of a transient increase of
ωp [8, 13, 14] (see Section IV of the Supplemental Mate-
rial for details [38]); ii) an increase of the bosonic tem-
perature, which leads to an increase of the electron-boson
scattering rate accounted for by ΓED [8, 13, 14]. As a re-
sult, the transient reflectivity variation below ωp is pos-
itive and described by δR ≃ (2ΓED/ω

2
p)δωp in the case

of heating of the electron population decoupled from the
bosonic bath, whereas it is negative and described by
δR ∼ −(2/ωp)δΓED, when the Bose-Einstein distribution
of the bosonic excitations is heated by the pump pulse,
thus leading to an increased scattering rate.

We performed broadband tr-OS of MgB2 and AlB2 in
the probe energy range between 1.20 eV and 1.43 eV,
which is lower than both the plasma edge (2 eV) and the
MgB2 σ-π interband transitions centered at 2.78 eV [34],
where anomalous blue-shifting dynamics of the plasmon
has been observed [34]. Therefore, in the probed energy
range, a positive transient reflectivity variation would
primarily trace the temporal evolution of the electronic
temperature Tel(t), whereas a negative one the effective
phononic temperature, Tph(t). The measurements were
performed at room temperature under photoexcitation
with 2.1 eV pump pulses. The reflected probe beam was
spectrally dispersed by a grating and detected by an ar-
ray of photodetectors. Both pump and probe pulses were
compressed below 20 fs as measured from the full width
at half maximum of the cross-correlation signal by the
frequency-resolved optical gating method, shown in the
inset of Figure 3 (c). The time zero t0, i.e. the time
of pump-probe pulses’ overlap, is defined as the maxi-
mum of the cross-correlation signal. The measurements
were performed within a linear regime of the optical re-
sponse (see Section II of the Supplemental Material for
details [38]). A detailed discussion of the effect of pump
fluence variation on the transient optical response and
the effective temperature models can be found in Sec-
tion V of the Supplemental Material [38] (see also ref-
erences [16, 32, 52–58] therein). Further details on the
experimental setup can be found in Ref. 14.

Figures 3 (a) and (b) report the transient reflectiv-
ity variation δR(ω, t)/Req of MgB2 and AlB2, respec-
tively, as a function of the pump-probe time delay (bot-
tom axis) and the probe photon energy (left axis). The
transient reflectivity variation of MgB2 is characterized
by a negative signal in the entire spectral range and at
any time delay. This points toward an almost instanta-
neous thermalization of electrons with at least a subset
of SCPs, which implies that the reflectivity variation is
dominated by the negative contribution due to the in-
crease of electron-phonon scattering rate. Accordingly,
we can assume δR(t)/Req at 1.3 eV (red markers in Fig-
ure 3 (c)) maps the rise of TSCP within τbuild-up ≃110 fs,
before a two-step recovery dynamics takes place on time



7

FIG. 3. δR(t)/Req intensity maps at incident fluence of 0.36 mJ cm−2 of (a) MgB2 and (b) AlB2 as a function of pump-probe
time delay and probe photon energy. (c, d) Time-resolved line profiles at 1.3 eV (red markers) of the maps reported in (a) and
(b), respectively, and relevant fits (black line) via effective-temperature modeling. The insets show the same line profiles up
to 0.3 ps overlaid with the cross-correlation signal between pump and probe pulses (gray line), as measured through frequency
optical gating technique [14]. (e) Sketch of the temporal evolution of δTel, δTSCP and δTph in MgB2 after photoexcitation. The
two dynamics are controlled by α2F̄SCP and α2F̄ph (red and blue histogram functions). (f) Sketch of the temporal evolution
of δTel and δTph, and relevant α2F̄ph (black histogram function) in AlB2.

scales on the order of 400 fs and several ps (i.e., longer
than the temporal window explored in the experiment).
For comparison with the literature, we mention that a
δR(t)/Req signal with positive sign was reported at ca.
1.5 eV (see Supplementary information in Ref. 14. How-
ever, this signal is present only at time zero and is time-
resolution limited. For these reasons, its origin can be at-
tributed to a coherent artifact known as pump perturbed
free induction decay [59] and not to any thermalization
process. In view of that, in the present work, we avoided
this spectral range and carried out our analysis where
the positive coherent artifact was negligible compared to
the negative pump-probe signal. Furthermore, previous
transient reflectivity of MgB2 thin films reported an ini-
tial positive dynamics at 1.5 eV, which decays on a ∼150
fs time scale due to SCP emission, eventually evolving
towards a negative signal linked to electron-phonon scat-
tering processes [60, 61]. We attribute the different sign
of the initial transient reflectivity in thin films to either
a lower frequency of the plasma edge, beyond which the
reflectivity change associated to an increased scattering
rate reverses sign [13, 14, 62, 63], or a larger Tel increase,

which outweighs the opposing negative contribution aris-
ing from rapid SCP emission.
The response of AlB2 is both qualitatively and quanti-

tatively different: the positive δR(t)/Req right after time
zero and at any probe energy reveals an instantaneous
increase of the electron temperature. Then, the signal
shows a decay with a single time constant of τ1 = 74 ±
8 fs leading to a sign change and a quasi-constant neg-
ative intensity that persists for several picoseconds (see
δR(t)/Req at 1.3 eV reported in Figure 3 (d)). This dy-
namics evidences an isotropic coupling of ’hot’ electrons
with the entire phonon bath and the heating of the lattice
on the sub-ps time scale.
We now make use of the effective temperature model to

reproduce the tr-OS data of MgB2 and AlB2 and extract
the relevant EPC strengths. We first consider the case of
MgB2. In this material, the strong and selective EPC is
expected to result in a relaxation dynamics occurring on
two time scales: the faster one is determined by scatter-
ing with the subset of E2g SCPs; the slower one by energy
transfer from electrons to the weakly-coupled phonons.
These two-steps dynamics can be described by a set of
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coupled differential equations for the three-temperature
model (3TM) : [9, 64]:

∂Tel

∂t
=

g
(
α2F̄SCP , Tel, TSCP

)
γelTel

+

g
(
α2F̄ph, Tel, Tph

)
γelTel

+
P (t)

γelTel

∂TSCP

∂t
= −

g
(
α2F̄SCP , Tel, TSCP

)
CSCP

∂Tph

∂t
= −

g
(
α2F̄ph, Tel, Tph

)
Cph

− Tph − T0

τanh

where the functionals g(α2F̄i, Tel, Ti) are given by Eq.
6 (with i = SCP, ph) and control the energy trans-
fer rate between the ’hot’ electron distribution and the
two phonon populations at TSCP and Tph, respectively.
α2F̄SCP,ph are the couplings with the two subsets of
phonon modes that linearly contribute to the total glue
function previously determined from the equilibrium OS
data (see Section IV). We point out that interband and
interband coupling terms are not explicitly included in
the 3TM, as the momentum-integrated transient reflec-
tivity signal does not allow for differentiation between the
two electron scattering processes. The source term P (t)
in the first differential equation is a Gaussian function
accounting for the pump pulse fluence and the experi-
mental temporal resolution (the pump-pulse cross corre-
lation is shown as gray lines in the insets of Fig. 3(c)
and (d)). The term γelTel expresses the electronic spe-
cific heat capacity, where the Sommerfeld constant γel
is taken as 1.5 10−4 J

K2cm3 [65]. CSCP and Cph are the
specific heat capacities of the SCPs and the rest of the
phonons. With SCPs being a fraction f of the total num-
ber of phonon modes, we assume CSCP = fClat, where
Clat = 3 J

Kcm3 [65] is the total specific heat capacity of
the lattice. Finally, the third differential equation con-
tains a term that accounts for the anharmonic phonon
decay [66] due to phonon-phonon scattering on a time
scale τanh much longer than the temporal window ex-
plored in the experiments. Because we expect the major
part of α2F̄ (ω) at ∼70 meV to be determined by the
SCP modes, we assume the following expression to hold:
α2F̄SCP = pα2F̄ (70 meV), with 0 < p < 1. It then
follows that α2F̄ph = α2F̄ (ω)− pα2F̄ (70 meV).
Based on these assumptions, Figure 3(c) shows the

best fit (black line) to δR(t)/Req of MgB2 at 1.3 eV
obtained as a linear combination of the contributions
given by the temporal evolution of Tel, TSCP and Tph.
Those are obtained by solving the effective 3TM ex-
plained above, where p and f are fitting parameters.
We find that the major contribution to δR(t)/Req stems
from the temporal evolution of TSCP that is associated
with the broadening of the Drude peak due to increased
electron-phonon scattering rate. In particular, the lat-
ter exceeds by a factor of 10 the contribution due to the

evolution of the electronic temperature, explaining the
absence of any positive contribution to the transient re-
flectivity signal. Moreover, the SCP participating in the
thermalization dynamics constitutes a rather small frac-
tion f = 0.28 ±0.03 of the total phonon modes, resulting
in CSCP = 0.84 J

Kcm3 . However, their contribution to the
coupling strength is p = 0.94 ± 0.06, which is a signif-
icant portion of the α2F̄ spectrum at 70 meV. The fit
results allow us to decompose the α2F̄ function into a
term due to SCP and one due to the remaining lattice
modes, and to calculate the respective contribution to λ
using Eq. (2). In particular, we obtain λSCP = 0.56,
which corresponds to approximately 0.48 times the total
EPC constant of MgB2, in remarkable agreement with
the theoretically predicted ratio of 0.43 [19]. Finally, the
coupling to the other lattice modes is λph = 0.61. Figure
3(e) displays the evolution of changes in Tel, TSCP and
Tph in MgB2, together with the associated α2F̄SCP,ph.
The rapid increase of TSCP reflects the decrease of Tel

due to energy transfer to the SCPs, and accounts for
both the absence of a positive signal and the build-up of
a negative-intensity δR(t)/Req (cf. τbuild-up). The ther-
malization with the rest of the phonon bath described
by δTph reproduces the subsequent two-steps dynamics
(cf. τfast and τslow). All-in-all, tr-OS of MgB2 highlights
the existence of two different subsets of phonon modes
that are directly coupled to electrons with different EPC
strengths. The SCP subset enables rapid energy transfer
from electrons to the E2g phonons, acting as energy reser-
voir that prevents from heating of the whole lattice. Tph

due to the other weakly-coupled phonon modes refrains
from a rapid increase and reaches a maximum only after
approximately 1.5 ps, i.e. until a common temperature
is reached among the electronic and phononic subsets.

We benchmark these results against AlB2 (Fig.2(d)),
which does not host strong EPC with specific phonon
modes. In this case, δR(t)/Req at 1.3 eV is well
reproduced by a two-temperature model (2TM, black
line) that includes Tel and Tph. Specifically, the ini-
tial δR(t)/Req variation originates from the increase of
Tel whose evolution is decoupled from that of Tph. The
delayed negative signal is associated to the increase of
Tph(t), whose single-step build-up dynamics is deter-
mined by the weak and isotropic coupling of electrons
with the lattice, (λ(AlB2) = 0.42). Eventually, the en-
ergy stored in the phononic bath is expected to relax due
to phonon anharmonic decay on the time scale τanh much
longer than the explored energy window. We point out
that the fact that Tel and Tph reach the same value on
a faster time scale as compared to MgB2 does not imply
stronger EPC which is, in fact, much smaller [30]. In-
stead, we recall that the electron-phonon energy transfer
rate depends not only on the coupling strength, but also
on the specific heat of the receiving subsystem that we
assume to be proportional to the number of phonons in-
volved in the thermalization dynamics. Thus, in AlB2,
the energy transfer from the photoexcited electrons to
the lattice occurs faster since it involves equally the en-
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tire phonon spectrum. This is, in effect, at odds with
the predicted behavior in MgB2, where lattice heating is
delayed due to the formation of a rather small (f = 0.28)
non-thermal population of hot E2g phonons [19].

VII. DISCUSSION AND CONCLUSIONS

In this work, we have demonstrated that tr-OS enables
directly accessing the energy exchange dynamics between
electrons and the subset of more strongly coupled phonon
modes. In the case of the BCS superconductor MgB2, we
have shown that the strong and selective coupling with
the E2g B-B stretching phonon modes at ∼70 meV gives
rise to an additional relaxation dynamics, which is ab-
sent in the non-superconducting isostructural compound
AlB2. The coupling strength with these SCPs, known
to determine the Tc of the superconducing phase transi-
tion, is λSCP (MgB2) = 0.56, thus approximately half of
the total EPC constant of MgB2. This ratio is in agree-
ment with recent estimations by first-principles quantum
field theory calculations [19]. We then use the obtained
λSCP (MgB2) to estimate Tc using Eq. 3. In the limit
of µ∗ = 0, we calculate the upper bound of Tc = 35 K,
thus very close to the actual Tc. The accounting of the
pseudopotential µ∗ is not trivial, as the literature reports
values from 0.05 [30] up to 1.151[67]. For a mean value
of µ∗ = 0.1, we obtain Tc = 17 K, which is still more
than 40% of the actual value. These findings corrobo-
rate theory predictions that the strong and selective EPC
with E2g phonons is the driving force for the supercon-
ducting pairing in MgB2 as well as a necessary condi-
tion for the superconductivity to appear at temperatures
as high as 40 K [27, 29, 30]. Eventually, the transient
decoupling between the SCP distribution and the other
phonon modes opens up the possibility of selectively con-
trolling the nonequilibrium population of specific SCP
modes [19, 34], thus transiently modifying the relevant
electronic properties, including superconductivity.

Despite lacking the characteristic momentum reso-
lution of ARPES or the wide frequency resolution of
equilibrium OS, nonequilibrium spectroscopy provides
a direct and quantitative estimation of the selective
coupling with specific boson excitations and allows the
disentanglement of the different electron-boson coupling
channels i that contribute to the total electron-boson
coupling function, i.e. α2F̄=

∑
i α

2F̄i. This methodology
can be extended to unconventional superconductors, in
which charge, spin and orbital excitations emerge from
strong electronic correlations [8]. Moreover, quantitative
access to EPC in anisotropically coupled electronic
systems will be crucial for a robust control of the
energy transfer mechanisms on the ultrafast time scales,
including the manipulation of ’hot’ phonons physics in
order to limit overall heating of photoexcited systems
and hence sustain quantum-coherent states [33].
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Appendix: Sample growth

Single crystals of MgB2 were grown under high pres-
sure using the cubic anvil press [68]. A BN crucible with
an inner diameter of 8 mm and a length of 9 mm was
filled with a mixture of Mg, B, and BN in a 10:12:1 ratio.
The typical growth procedure was the following: increas-
ing the pressure to 30 kbar at room temperature, raising
the temperature to a maximum value of 1960°C in 1 h,
holding it there for 1 h, and then lowering the tempera-
ture and pressure in 1.5 h. Magnetic and x-ray diffraction
measurements confirmed the high quality of the produced
crystals with a superconducting transition at 38.7 K.

Single crystals of AlB2 were grown out of a very Al-
rich self flux [69]. Al and B were place into a fritted
crucible set [70] (sold as Canfield Crucible Sets, or CCS,
by LSP ceramics) [71] in an atomic ratio of Al0.945B0.055.
The CCS was then sealed into an amorphous silica tube
that was evacuated and then back-filled with ∼ 1/6 ATM
of high purity Ar. The sealed ampoule was then place
in a box furnace, heated to 1180°C over 15 hours, held
at 1180°C for 10 hours, and then cooled to 710°C over
125 hours. At 710°C the ampoule was removed from the
furnace and placed in a centrifuge for decanting [69]. The
excess Al liquid was removed from the thin AlB2 plates.
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