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Facultad de Qúımicas (UPV/EHU), Apartado 1072, 20080 Donostia-San Sebastián, Spain

2Centro de F́ısica de Materiales CFM/MPC (CSIC-UPV/EHU),
Paseo Manuel de Lardizabal 5, 20018 Donostia-San Sebastián, Spain
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Using many-body perturbation theory and density functional perturbation theory, we study the
vibrational spectra of the internal stretch (IS) mode of CO on Pd(111) for the bridge and hol-
low adsorption structures that are experimentally identified at 0.5 ML coverage. Our theoretical
treatment allows us to determine the temperature dependence of the IS vibrational spectra under
thermal conditions as well as the time evolution of the non-equilibrium transient spectra induced
by femtosecond laser pulses. Under thermal conditions (i.e., for equal electronic Te and phononic Tl

temperatures), the calculated lifetimes at 10-150 K are mostly due to nonadiabatic couplings (NC),
i.e., first-order electronic excitations. As temperature increases, also the contribution of the second-
order electron mediated phonon-phonon couplings (EMPPC) progressively increases from 25% at
low temperatures to 50% at 300 K. Our calculations for the laser-induced non-equilibrium condi-
tions comprise experimental absorbed fluences of 6-130 J/m2. For fluences for which Te>2000 K,
the transient vibrational spectra are characterized by two different regimes that follow the distinct
time-evolution of Te and Tl and are respectively dominated by NC and EMPPC processes. At lower
fluences, the initial fast regime becomes progressively negligible as Te decreases and only the steady
second regime remains visible. Qualitatively, all these spectral properties are common to the both
adsorption structures studied here.

I. INTRODUCTION

The internal stretch (IS) mode of polar molecules ad-
sorbed on metal surfaces, being decoupled in energy from
the rest of vibrational modes of the system, can be moni-
tored during a reaction in time-resolved vibrational spec-
troscopy experiments [1]. In these kind of setups, the ad-
sorbate dynamics is initiated by a pump laser pulse and
the frequency shift and the linewidth of the IS mode are
tracked with femtosecond time resolution. It has been
suggested that these changes can provide insight into the
initial steps of the induced reaction [2–5], including the
transient charge flow that the pump laser may induced
in organic adsorbates [6, 7].

Commonly, after the pump pulse heats the surface,
the IS mode exhibits a rapid initial redshift followed by a
slower (but also fast) recovery (e.g., CO/Ru(0001) [3],
NO/Ir(111)[8], CO/Ir(111) [9], CO/Pt(111) [10–13],
CO/Cu(100) [5, 14], CO/Cu(110) [15]). However,
for the case of CO molecules coordinated to ruthe-
nium tetraphenylporphyrin on a Cu(110) surface a
blueshift has been reported [16]. Closely related,
thermal heating experiments represent another exam-
ple in which an increase of the linewidth and a
frequency redshift in the IS mode is expected as
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temperature rises. The latter has been observed
for CO/Cu(100) [14, 17–19], CO/Pt(111) [10, 20, 21],
CO/Ru(0001) [22], CO/Ru(0101) [23], as well as for
CO/Ir(111) and NO/Ir(111) [9]. However, Persson et al.
reported a thermal blueshift for CO/Ni(111) [24] when
varying the temperature from 25 to 300 K. Under similar
temperature changes, a blueshift has been also observed
in a high coverage phase, with a rather more complex
structure, of CO/Pd(100) [17]. All these findings suggest
that an accurate microscopic description of the different
mechanisms that participate in the vibrational dynam-
ics of polar molecules on the different metallic surfaces is
needed in order to give a correct interpretation to exper-
imental measurements.

In our previous work we studied the frequency shift
that is induced on the IS mode of the 0.5 ML of CO
on a Pd(111) surface under pump-probe conditions [25].
There, we showed that due to the sharp shape of
the electron density of states (DOS) around the Fermi
level, the electron-phonon (e-ph) coupling is effectively
screened [25], giving place to an anomalous transient
blueshift in the initial few hundreds of femtoseconds
upon arrival of the pump laser pulse. The time evolu-
tion of the observed blueshift resembles that of Ref. [16],
what may hint at a similar mechanism behind their ori-
gin. Here we extend that study to the whole range of
thermal and pump-probe non-equilibrium experimental
conditions, characterizing not only the frequency-shift
but also the changes that are induced in the linewidth.
As there has been a long debate about the adsorption
structure of the 0.5 ML of CO on Pd(111), we study

ar
X

iv
:2

30
4.

10
84

5v
4 

 [
co

nd
-m

at
.m

tr
l-

sc
i]

  1
7 

Ju
l 2

02
3

mailto:raul.bombin@ehu.eus
mailto:josebainaki.juaristi@ehu.eus
mailto:maite.alducin@ehu.eus


2

both the fcc-hcp and bridge structures that have been
experimentally observed [26, 27]. All the calculations
presented here are performed with the methodology of
Refs. [19, 28], which is based on many-body perturba-
tion theory (MBPT) and density functional perturba-
tion theory (DFPT). This robust theoretical framework
has been successfully applied to explain the transient
subpicosecond vibrational spectral changes measured for
CO/Cu(100) [19, 28].

The paper is organized as follows. In Sec. II we de-
scribe the method that we use to evaluate nonadiabatic
effects in the IS vibrational mode of the CO adlayer. In
the MBPT framework this is done in terms of the phonon
self-energy. In Sec. III we characterize the electronic and
phononic properties of the system under study. Further
details for the Pd(111) surface and CO/Pd(111) system
that are not essential for the discussion presented in the
main text are provided in Appendices A and B. Our re-
sults for the frequency shift and linewidth of the CO IS
mode under thermal and non-equilibrium conditions are
shown in Secs. IV and V, respectively. A comparison to
other theoretical and experimental studies on the dynam-
ics of the IS mode of polar molecules in other transition
metal surfaces is presented in Sec.VI. Finally, the main
conclusions are summarized in Sec. VII.

II. METHODS

Electronic structures, dynamical matrices, and phonon
perturbation potentials are calculated with density func-
tional theory (DFT) and DFPT using the quantum
espresso first principles package [29, 30]. The exchange-
correlation interaction is described with the Bayesian er-
ror estimation functional with van der Waals correla-
tion (BEEF-vdW) [31], which is specifically designed for
treating surface science problems. We use the ultrasoft
pseudopotentials by A. dal Corso [32] with a kinetic en-
ergy cutoff of 1360 eV and a Gaussian smearing of 0.27 eV
for the electronic state occupancies. The electronic states
and charge densities are evaluated by sampling the Bril-
louin zone with a Γ-centered 12×12×1 Monkhorst-Pack
(MP) mesh [33]. The CO/Pd(111) system is modeled

with a c(2×
√
3)rect surface unit cell that includes four

Pd-layers with 12.9 Å of vacuum. The desired 0.5 ML of
CO coverage is achieved by including two CO molecules
in the supercell. All the atoms in the supercell are re-
laxed until the Hellmann-Feynman forces on each atom
are below 2×10−5 Ry/aB (∼2×10−4 eV/Å). See Appen-
dices A and B for more details about these structures.
The dynamical matrices and perturbation potentials are
calculated on a Γ-centered 6×6×1 q-grid.

We use the Electron-phonon Wannier (epw) code to
evaluate the e-ph matrix elements [34, 35]. From the
electronic states and charge density computed in the Γ-
centered k-grid we construct a set of 108 maximally lo-
calized Wannier functions (MLWFs), using the selected
columns of density matrix procedure [36]. The e-ph ma-

trix elements are calculated in the k and q grids that
have been used to sample the electronic and phononic
Brillouin zones. Finally, taking advantage of the proper-
ties of the MLWFs [37–40], the e-ph matrix elements are
interpolated on finer k- and q-grids to obtain the desired
accuracy in the properties that we study.
The vibrational spectra of CO on Pd(111) are stud-

ied within MBPT by calculating the phonon self-energy
due to e-ph coupling πλ(q, ωq,λ) (λ, q, and ωq,λ are
the index, momentum, and energy of the phonon mode,
respectively). The corresponding phonon linewidth is
determined by taking the imaginary part of this quan-
tity as, γq,λ=−2Imπλ(q, ωq,λ), while the renormaliza-
tion of the phonon frequency is obtained from the real
part as, ω2

q,λ=ω2
A+2ωARe [πλ(q, ωq,λ)−πλ(q, 0)], with

ωA being the adiabatic phonon frequency obtained in
the DFPT calculation [41, 42]. As nonadiabatic cor-
rections to the phonon energy are usually small com-
pared to the adiabatic energy (i.e., ωq,λ−ωA≪ωA), the
renormalized phonon frequency can be approximated by
ωq,λ≈ωA+Re [πλ(q, ωq,λ)−πλ(q, 0)]. Here we are inter-
ested in the vibrational spectra probed by infrared light.
Thus, only the long wavelength part of the phonon self-
energy, denoted hereafter as πλ(ω0,λ)≡πλ(q≈0, ω), will
be taken into account.

Following previous works [19, 28], we consider that
the phonon self-energy consists of first- and second-

order terms in the e-ph coupling, πλ(ω0,λ)=π
[1]
λ (ω0,λ)+

π
[2]
λ (ω0,λ). Later it will be clear that π

[1]
λ and π

[2]
λ cor-

respond to dominant interband and intraband contribu-
tions, respectively. The first order accounts for nona-
diabatic coupling (NC) to electron-hole pairs, while the
second order corresponds to the so-called electron me-
diated phonon-phonon coupling (EMPPC). This theory
has been able to reproduce and explain the thermal [19]
and ultrafast [28] vibrational spectra of CO/Cu(100)
measured in Refs. [14] and [5], respectively.

Nonadiabatic coupling.— The expression for the first-
order NC term that exclusively accounts for the electron-
hole pair (de)excitations reads [19, 41, 42]

π
[1]
λ (ω0,λ;Te) =

∑
µµ′kσ

∣∣∣gµµ′

λ (k, 0)
∣∣∣2 f(ϵµk)− f(ϵµ′k)

ω0,λ + ϵµk − ϵµ′k + iη
,

(1)
where µ, k, and ϵµk are the electron band index, mo-

mentum, and energy, respectively; gµµ
′

λ (k,q) are the
e-ph matrix elements; and the summation over σ ac-
counts for the spin degree of freedom. We have in-
troduced the Fermi-Dirac distribution function f(ϵµ,k)=

1/(eβ[ϵµk−µ(Te)]+1), where β=1/(kBTe), kB is the Boltz-
mann constant, Te is the electronic temperature, and
µ(Te) is the chemical potential that equals the Fermi level
at Te=0, i.e., εF =µ(0). The chemical potential, is calcu-
lated self-consistently by solving numerically the equal-
ity, Ne=

∫
DOS(ϵ)f(ϵ, Te, µ(Te))dϵ, that assures conser-

vation of the number of electrons Ne. Strictly speaking
η is an infinitesimal parameter and one obtains the exact
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first-order phonon linewidth in the limit η→0. How-
ever, η is usually fixed to a small value representing the
broadening of the electronic states due to scattering pro-
cesses [41, 43]. In our case we fix it to a small, physically
motivated value of 30 meV [44, 45]. Note that the terms

µ=µ′ vanish so that π
[1]
λ only contains interband contri-

butions. As a final remark, note that the expression for
the linewidth derived from Eq. (1) is equivalent to that
obtained from the Fermi golden rule that has been used
by other authors [46–54].

Electron mediated phonon-phonon coupling.— Early
studies on the vibrational relaxation of polar molecules

on metal surfaces already accounted for two-phonon pro-
cesses that involved anharmonic coupling between the
adsorbate vibrational modes [48]. However, the fact
that the IS mode is decoupled in energy from the other
vibrational modes makes this mechanism quite ineffi-
cient. Nonetheless, as shown in Ref. [19], the presence
of electron-hole pairs in the metal surface may compen-
sate this mismatch in energy. The IS mode can ex-
cite electron-hole pairs that experience a second scat-
tering process with a low energy phonon mode. In the
MBPT language the EMPPC is accounted by evaluat-
ing the second order intraband phonon-self-energy that
reads [19, 25, 28]

π
[2]
λ (ω0,λ;Te;Tl)=−

∑
µµ′kσ,λ′k′

|gµµλ (k, 0)|2
(
1−

gµ
′µ′

λ (k′, 0)

gµµλ (k, 0)

)∣∣∣gµµ′

λ′ (k,q′)
∣∣∣2

×
∑

s,s′=±1

f(ϵµ,k)−f(ϵµ′,k′−s′sωq′,λ′)

ϵµ,k−(ϵµ′,k′−s′sωq′λ′)

s
[
nb(sωq′λ′)+f(s′ϵµ′,k′)

]
ω0,λ

[
ω0,λ+iη+s′(ϵµ,k−ϵµ′,k′)+sωq′λ′

] , (2)

where q′=k′−k and nb(ωq,λ)=1/(eβωqλ−1) is the Bose-
Einstein distribution, with β=1/(kBTl) and Tl the lattice
temperature. Equation (2) couples the studied (q≈ 0, λ)
mode with other modes (q′, λ′) via electron-hole pairs.
In the results presented in this work, the vertex correc-
tion [second term in the square bracket of Eq. (2)] is ne-
glected to reduce the computational cost. Nonetheless,
it has been suggested that the contribution of the vertex
correction is small [55, 56].

In Eqs. (1) and (2) the electronic temperature Te en-
ters the Fermi-Dirac distribution, while the lattice tem-
perature Tl is included via the Bose-Einstein distribution
that only appears in Eq. (2). This allows us to study
the frequency shift and linewidth of the IS mode of CO
adsorbed on the Pd(111) surface under different temper-
ature conditions. In section IV we consider thermalized
conditions, that is, the Te=Tl case. Instead, in section V
we consider the ultrafast non-equilibrium conditions that
are created when the system is excited with a pump fem-
tosecond laser pulse.

The theoretical treatment of the dynamical evolution
of the system under the effect of an ultrafast pump pulse
usually relies on a model for the degrees of freedom that
are excited. Among these approaches one of the sim-
plest and most popular techniques is the two-temperature
model (TTM) [57, 58]. It assumes that the energy of the
pump pulse is initially absorbed by the electronic bath on
the surface, creating hot electrons. Those hot electrons
then thermalize transferring energy to other electrons or
to the lattice via electron-electron and e-ph interactions,
respectively. This approximation needs as input some in-
formation about the system, namely, the electronic and
lattice heat capacities, the electronic thermal conductiv-

ity, the e-ph coupling constant and their dependence with
temperature. However, the lack of experimental data for
these quantities for the high electronic temperatures that
are generated in pump-probe experiments forces to rely
on some approximations. In previous works these pa-
rameters have been included in the model under some
approximations, such as making use of low temperature
analytical expressions and extrapolating the available ex-
perimental data to the high temperature regime. Alter-
natively, these quantities can be evaluated fully from first
principles [28, 58]. The latter has been done recently by
Li and Ji [59] for different transition metals including Pd
in a wide rage of temperatures. In this work, we make use
of those results to construct a TTM. In Appendix C we
provide further details about the TTM that we employ.

III. THE SYSTEM

The adsorption structure of CO on Pd(111) has stood
as a puzzle for a long time. For the 0.5 ML cov-
erage, it has been determined that two c(4×2)-2CO
arrangements coexist at temperatures in the range of
hundreds of Kelvin [26, 27]: the hollow configuration
CO(hollow)/Pd(111), in which the CO molecules adsorb
on fcc and hcp hollow sites, and the bridge configuration
CO(bridge)/Pd(111) with CO at bridge sites. To give
insight on how much the adsorption structure of the CO
adlayer may affect the vibrational dynamics, we study the
two situations independently. Further details about the
atomic and electronic structures for these two configura-
tions are provided in Appendix B. The electronic band
structures show only small differences between the two



4

configurations. On the contrary, clear differences arise in
the vibrational spectra. For this reason, we focus on the
vibrational spectra and the coupling between electronic
and phononic degrees of freedom in the main text and
leave the discussion about the electronic band structures
for the appendices.

Figures 1(a) and (b) show the phonon DOS for the
hollow and bridge configurations, respectively. The solid
blue area represents the total DOS, while the orange area
corresponds to the projection onto the adsorbate nor-
mal modes. In each projected DOS, we label the en-
ergy regions in which the IS and the other vibrational
modes appear, namely, external stretch (ES), frustrated
rotations (FR), and frustrated translations (FT). The
label “mixed” indicates that different adsorbate modes
overlap in that energy range. The IS mode, located at
ω≈1800−1900 cm−1, is decoupled in energy from the rest
of vibrational modes (notice that the x-axis is shortened
in the range ω∈ [450, 1600] cm−1 to facilitate visualiza-
tion). The Pd modes appear in the range ω∈[0, 230] cm−1

and overlap with the CO FT modes. At intermediate en-
ergies, the vibrational spectra is dominated by FR and
ES modes. It is precisely in this range where clear dif-
ferences between the hollow and bridge configurations
emerge. In the former case, the peak at ω=351 cm−1 cor-
responds to FR, while the double-peak structure around
ω=300 cm−1 is mainly a mixture of FR and ES modes.
In contrast, for the bridge configuration three peaks are
clearly identified in the region ω∈ [250, 415] cm−1 that
correspond, from the highest to lowest energy, to FR,
ES, and a mixture of FT, FR, and ES modes (labeled as
mixed) in the figure.

The Eliashberg spectral function α2F (ω), which is
shown in Fig. 1(c) for the hollow (red) and bridge (green)
structures together, provides information on the effect of
the e-ph coupling in the phonon spectra. The Eliashberg
function is here calculated as

α2F (ω)=
1

πN(ϵF)

∑
qλ

Im
[
π
[1]
λ (q, ωqλ)

]
ωqλ

δ(ω−ωqλ) , (3)

where N(ϵF) is the DOS at the Fermi level, δ(x) is the
Dirac delta function, and

π
[1]
λ (q, ωqλ) =

∑
µµ′kσ

∣∣∣gµµ′

λ (k,q)
∣∣∣2 f(ϵµk)− f(ϵµ′k+q)

ωqλ + ϵµk − ϵµ′k+q + iη

(4)
is the q-dependent bare phonon self-energy for the ωqλ

mode. Notice that Eq. (1) is directly obtained by setting
q=0 in the above expression. Importantly, in order to

obtain α2F (ω) one needs to calculate Imπ
[1]
λ in double-

delta approximation [41, 42, 60].
Following common practice, the results in Fig. 1(c) cor-

respond to evaluating α2F (ω) at T =0. Comparing for
each structure the shape of α2F (ω) to that of F (ω) in
the region where the Pd modes appear (ω∈[0, 230] cm−1)
and in the CO modes region, one concludes that the cou-
pling to the latter modes is weaker. This is inferred by

0.00

0.20

0.40
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Pd + FT
Mixed
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(b)
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 (cm 1)

0.00

0.06

0.12

0.18

2 F
(

)
1600 1750 1900

(c)

FIG. 1. Phonon DOS for CO/Pd(111) in (a) hollow and (b)
bridge configurations. Total DOS in blue and DOS projected
onto the CO modes in orange. (c) Eliashberg function for
CO/Pd(111) in the hollow (red) and bridge (green) config-
urations. A Gaussian smearing of 0.5 meV (∼ 4 cm−1) is
employed.

noting that the relative height of the CO modes to the Pd
modes in α2F (ω) is smaller than in F (ω). The coupling
as defined with α2F (ω) is particularly small for the CO
IS mode in which we are interested in this work, however,
for our purposes this comes from the high frequency of
the IS mode and not the small value of Fermi-surface-
averaged phonon linewidth Imπ

[1]
λ .

IV. THERMAL CONDITIONS

In this section we analyze the temperature depen-
dence of the IS mode spectra under thermal conditions
(Te=Tl=T ). Figure 2(a) shows the IS frequency shift
∆ω(T )=ω(T )−ω(0) in the range T ∈ [0, 300] K. As ex-
pected for moderate temperatures (kBT≪ω0λ) [19], the
first order NC gives a negligible contribution (∆ω[1]<
0.1 cm−1, not shown). Thus, the monotonically in-
creasing frequency redshift that we observe in the figure
as T increases is driven by the EMPPC processes and,
specifically, by the temperature dependence of the Bose-
Einstein distribution [see Eq. (2)]. The redshift is slightly
larger for the bridge structure, being the difference in
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∆ω(T ) between both structures 0.60 cm−1 at T=300 K.
The total IS linewidth γ (solid lines) and its depen-

dence on T are shown in Fig. 2(b) for the two struc-
tures together with their corresponding first-order NC
contributions γ[1] (dashed lines). The results for both
structures are qualitatively very similar, the difference
being the slightly larger IS phonon linewidth of the bridge
structure. In each case, the NC term clearly follows the
mentioned constant behavior that is expected for mod-
erate temperatures. This term dominates the linewidth
at very low temperatures (T <100 K) but there is also a
substantial EMPPC contribution of about 25% that can-
not be neglected. As temperature increases, the EMPPC
term γ[2](T ), which is responsible for the dependence of
γ on T , increases with T and becomes equally important.
Similarly to CO/Cu(100) [19], the dependence of γ on T
goes as T 3 at very low temperatures and changes to lin-
ear in the range T ∈ [160, 300]. As shown in Table I, the
main contribution to γ[2](T ) comes from the coupling to
the surface vibrational modes, followed by the coupling
to the FR, ES, and FT. Furthermore, we also find that
the IS dephasing (i.e., coupling of the IS phonon at q=0
with all other IS phonons at q ̸=0) is almost negligible.
The relative importance of each of these contributions
to γ[2](T ) is in accordance with the discussed proper-
ties of the Eliashberg spectral function. In other words,
the main contributions to the EMPPC processes come
from those modes that, as described by α2F (ω), couple
more efficiently to electron-hole pairs. In contrast, for
CO/Cu(100) [19] it was found that the coupling to the
surface modes is weaker than to ES and FR modes.

Altogether, the results in Fig. 2(b) show that the
IS linewidths of the hollow and bridge structures vary,
respectively, within the range γ=3.55−5.1 cm−1 and
γ=3.60−5.4 cm−1 as T increases from 10 to 300 K.
Intriguingly, very similar linewidth increase with tem-
perature was measured for CO/Pt(111) [20]. The corre-
sponding lifetimes (τ=ℏ/γ) at 10−150 K for the hol-
low (1.70−1.04 ps) and bridge (1.49−0.98 ps) struc-
tures are comparable to the ones measured in Pt(100)

TABLE I. First-order NC and second-order EMPCC con-
tributions to the IS mode linewidth γ(T ) for the hollow and
bridge configurations under two thermal conditions, T=100 K
and 300 K. The mode-resolved contributions to EMPPC (IS
dephasing, FT, ES, FR, and Pd phonons) are given in the
bottom part of the table. All linewidths are in cm−1.

hollow bridge
T =100 K T =300 K T =100 K T =300 K

γ[1] 2.55 2.53 2.83 2.80

γ[2] 1.25 2.6 1.16 2.60

IS 0.025 0.030 0.021 0.021
FT 0.067 0.130 0.038 0.082
ES 0.23 0.38 0.17 0.27
FR 0.35 0.54 0.27 0.40
Pd 0.58 1.52 0.67 1.83

7
6
5
4
3
2
1
0

 (c
m

1 )

(a)

Hollow
Bridge

0 40 80 120 160 200 240 280 320 360
T (K)

0
1
2
3
4
5
6

 (c
m

1 )

(b)

FIG. 2. Temperature dependence of the CO IS vibra-
tional mode for CO(hollow)/Pd(111) (blue squares) and
CO(bridge)/Pd(111) (orange squares). (a) Total frequency
shift ∆ω(T ). (b) Total linewidth γ(T ). For each configura-
tion the dashed-line connected circles show the corresponding
NC contribution γ[1].

(1.5±0.5 ps [61]), Pt(111) (2.2 ps [62]) and Cu(100)
(2±1 ps [63]). The exception is the Au(111) surface
where the CO is weakly physisorbed and the measured
lifetime is larger (49±3 ps [64, 65]). Note also that our
values of the first-order NC linewidth γ[1] are close to
the theoretically obtained ones in Ref. [52] for various
surfaces. Unfortunately, up to our knowledge there is no
experimental data available for the CO/Pd(111) system.

V. NON-EQUILIBRIUM CONDITIONS

In this section we assume that the CO/Pd(111) system,
which is initially in thermal equilibrium at T =100 K,
is pumped with a 450 nm laser pulse with 100 fs du-
ration that hits the surface at t=0.1 ps. The consid-
ered absorbed fluences are in the range [6, 130] J/m2

that comprises the experimental values used in existing
femtosecond pump-probe vibrational spectroscopy exper-
iments. As explained in Sec.II, the non-equilibrium con-
ditions created by the pump pulse are described with
the TTM, from which we calculate the time-dependent
electronic and phononic temperatures entering the first-
and second-order phonon self-energy expressions [Eqs.(1)
and (2)]. Following experiments, we calculate the mea-
sured transient frequency shift due to e-ph coupling as
∆ω(t)≈Re[πλ(ω; t)]−Re[πλ(ω; 0)]. Obviously, the contri-
butions to ∆ω(t) from the first- and second-order terms
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FIG. 3. Transient changes in the CO IS vibrational spectra of
CO(hollow)/Pd(111) induced by a 450 nm laser pump pulse
with 100 fs duration, absorbed fluence 40 J/m2, and peak
intensity hitting the system at t=0.1 ps. The initial tem-
perature is 100 K. (a) Electron Te(t) (blue) and lattice Tl(t)
(orange) temperatures, (b) frequency shift, and (c) linewidth
change as a function of time. In (b) and (c), the black line
is the sum of the first order NC term (blue dashed) plus the
second order EMPPC term (orange dashed). Red and green
dotted lines are the CO modes and surface modes contribu-
tions to EMPPC, respectively.

will be ∆ω[1],[2](t)≈Re[π
[1],[2]
λ (ω; t)]−Re[π

[1],[2]
λ (ω; 0)]. In

the same manner, the transient linewidth change
and corresponding first- and second-order contribu-
tions are obtained as ∆γλ=−2Imπλ(ω; t)+2Imπλ(ω; 0)

and ∆γ
[1],[2]
λ =−2Imπ

[1],[2]
λ (ω; t)+2Imπ

[1],[2]
λ (ω; 0), respec-

tively.
We start considering the case in which the pump

laser deposits an absorbed fluence of 40 J/m2 in the
CO(hollow)/Pd(111) system. Figure 3(a) shows the time
evolution of Te(t) and Tl(t). The time interval of the fig-
ure extents a few picoseconds after the instants at which
Te and Tl are maxima (≈0.15 ps and ≈2 ps, respectively).
Figure 3(b) shows the transient frequency shift ∆ω(t)
that is induced in the CO IS mode (black line). It ex-
hibits an initial blueshift that reaches a maximum value
of 1.5 cm−1 that coincides in time with the maximum
electronic temperature at t≈150 fs. After the first few

hundreds of femtoseconds the blueshift vanishes and gives
place to a redshift that reaches its maximum at t≈ 1.7 ps
(∆ω=−6.5 cm−1). The same qualitative behavior of the
IS frequency shift was obtained for the bridge configu-
ration [25]. As shown in that case, the analysis of the
∆ω[1](t) (blue dashed curve) and ∆ω[2](t) (orange dashed
curve) contributions reveals that the initial blueshift is
created by the first-order NC processes, while the subse-
quent redshift is due to the EMPPC processes. It is clear
from Fig. 3(a) that ∆ω[1](t) and ∆ω[2](t) follow the time
evolution of Te and Tl, respectively. As demonstrated
in Ref. [25], the nature of the predicted IS blueshift
in CO/Pd(111) is purely electronic and related to the
abrupt change in the Pd(111) electron DOS around the
Fermi level. In this respect, it contrasts with the blueshift
observed under thermal conditions that is explained in
terms of couplings to other CO modes [15, 24]. The de-
tailed analysis that supports the electronic nature of the
blueshift in the hollow structure follows the arguments
of our previous work for the bridge structure [25] and
are not repeated here. Finally, Fig. 3(c) shows that the
transient linewidth change ∆γ(t) at F =40 J/m2 starts
to exhibit the two distinct regimes dictated by the differ-
ent time evolution of Te(t) and Tl(t). The NC term (blue
dashed line) is responsible for the initial fast increase,
while the slower but dominant change in the linewidth
is due to the strong Tl dependence of the EMPCC term
(orange dashed line). Quantitatively, the largest contri-
bution of the EMPCC processes ocurring at t>1.5 ps
(∼2.0 cm−1) is more than twice the maximum NC con-
tribution of about 0.8 cm−1 achieved at t∼100 fs.

The effect that the absorbed fluence has on the tran-
sient changes of the IS spectra for the hollow and bridge
structures is shown in Fig. 4 for the following fluences:
F= 6, 19, 40, 80 and 130 J/m2. The corresponding Te(t)
and Tl(t) curves are represented in panels (a) and (b),
respectively. The results for the transient frequency shift
of the IS mode in the hollow configuration are shown in
Fig. 4(c). At the lowest fluence (F =6 J/m2), the max-
imum electronic temperature of about 1000 K seems in-
sufficient to induce a non-negligible NC contribution. In
this case, only a small redshift in the frequency, due to
EMPP processes, is observed as the lattice temperature
increases. For intermediate fluences (F = 19 J/m2 and
the above discussed 40 J/m2), a blueshift appears during
the first 300 fs that is progressively followed by a steady
redshift of larger magnitude than the initial blueshift.
Notably, for larger fluences (F = 80 and 130 J/m2) the
transient blueshift is suppressed in a faster manner than
for the intermediate fluences. This behavior is a conse-
quence of the nonmonotonic dependence of ∆ω[1] on Te

that will be discussed below. Figure 4(d) shows the re-
sults for the transient frequency shift in the bridge struc-
ture. The time evolution of ∆ω for the three lowest
fluences (F = 6, 19, and 40 J/m2) is qualitatively the
same in the two structures, although the initial blueshift,
which is due to the NC term, is quantitatively more
pronounced in the bridge than in the hollow configu-
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FIG. 4. Transient changes in the IS vibrational spectra for CO(hollow)/Pd(111) (left) and CO(bridge)/Pd(111) (right) induced
by a 450 nm laser pump pulse with 100 fs duration and peak intensity hitting the system at t=0.1 ps. The initial temperature
is 100 K. (a) Induced electron temperature Te(t), (b) lattice temperature Tl(t), (c), (d) frequency shift, and (e), (f) linewidth
change as a function of time. Purple, blue, green, orange and red lines correspond to absorbed fluences of 6, 19, 40, 80, and
130 J/m2, respectively.

ration. More remarkable are the differences appearing
at the largest fluences, which are also due to the dif-
ferent Te-dependence of the NC term between the two
structures (see below). For F =80 J/m2, the blueshift
persists for longer times in the bridge than in the hol-
low configuration. For F=130 J/m2 the blueshift is only
partially suppressed in the bridge configuration, while in
the hollow configuration not only the blueshift is smaller
but a redshift peak appears in the time interval in which
Te>5700 K.

The transient changes in the linewidth for the hollow
and bridge configurations are shown in Figs. 4(e) and (f),
respectively. Both the time evolution and the fluence de-
pendence of the linewidth change are qualitatively the
same for both structures. For the two lowest fluences,
only the temperature dependence in EMPP contributes
to the linewidth changes (not shown) and, as a result,
∆γ(t) follows the evolution of the lattice temperature.
The contribution of the NC processes to ∆γ(t) starts
to manifest at F = 40J/m2 as an incipient peak emerg-
ing at t∼100 fs that becomes more pronounced as flu-
ence increases. In particular, for the largest fluences of
80 and 130 J/m2, the well-defined peak structure that

we observe for t<0.5 ps demonstrates that the linewidth
changes in this time interval are dominated by the NC
contribution. As a final remark, note that the quantita-
tive differences between the two structures appear during
the first 1-1.5 ps and are mainly due to the differences in
the first order term, which is larger for the hollow struc-
ture.

To give further insight into why the electronic and lat-
tice temperatures determine the dynamics of the IS mode
in the femtosecond (t<0.5 ps) and picosecond (t>1 ps)
regimes, respectively, we explicitly study the effect that
Te and Tl have on the NC and EMPPC terms. Fig-
ure 5 shows the contributions to ∆ω and the ∆γ due to
the NC (dashed lines) and the EMPPC (solid lines) pro-
cesses as a function of Te for the hollow configuration. In
the case of the EMPPC terms (∆ω[2] and ∆γ[2]) differ-
ent lattice temperatures are considered. The ranges of
temperatures shown in the figure, Te∈ [100, 8000] K and
Tl∈ [100, 900] K, cover the temperatures induced by the
laser pulses studied in this section. As shown in Fig. 5(a),
the NC contribution ∆ω[1] produces a frequency blueshift
for Te>900 K that starts to decrease its magnitude for
Te>3000 K and gives place to a redshift for Te>6000 K.
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situation Tl=Te=100 K. Values of the EMPPC that are rel-
evant for the regime t<(>)1 ps shaded in blue (red).

This is the aforementioned non-monotonic behavior that
causes the rapid quenching of the initial blueshift at
F =80 and 130 J/m2 in the hollow configuration. [See
in Fig. 4(a) that at those fluences Te goes well above
3000 K.] The dependence of ∆ω[1] on Te is qualitatively
the same for the bridge configuration but the maximum
blueshift occurs at 4000 K and it turns into a redshift at
about 7000 K [25]. These qualitative differences explain
that the blueshift is expected to be more pronounced and
persistent in the bridge configuration [see Figs. 4(c) and
(d)]. For fixed Tl, also the EMPPC term blueshifts as Te

increases. This slight blueshift is however considerably
smaller than the redshift of about −20 cm−1 that occurs
when Tl increases from 100 to 900 K at fixed Te. As a re-
sult, the Tl-induced redshift dominates the EMPPC term
for any realistic pair of temperatures (Te, Tl) describing
the ultrafast regime, as explicitly shown for instance by
the results of Fig. 3(b).

Regarding the temperature dependence of the NC and
EMPCC contributions to the linewidth change, Fig. 5(b)
shows that the NC term ∆γ[1] is basically zero for Te<
1000 K. Next, it increases monotonically with Te, taking
a value of ≈4 cm−1 at 7000 K, which is the maximum
Te reached at the highest fluence of 130 J/m2 here con-
sidered [see Fig. 4(a)]. The almost constant dependence
of ∆γ[2] on Te, which is expected for kBTe≪ω0λ [19],
extends here up to ∼4000 K. Thus, for Te<4000 K, we
still observe the nearly linear dependence on Tl that is ex-
pected for kBTe≪ω0λ (see Sec. IV). Actually, we observe
this linear dependence for the whole lattice temperature
range shown in the figure, even if the dependence of the
EMPPC term on Te is visibly enhanced for Te>4000 K.
That enhancement is due mainly to the increasing impor-
tance that the IS dephasing process acquires at such high
Te. In this respect, it is worth noticing that the peaks
observed in ∆γ at t=0.1 ps for the largest fluences of 80
and 130 J/m2 [see Fig. 4(e)] are not only caused by the
NC term, as it is the case for F=40 J/m2 [see Fig. 3(c)],
but also by the EMPPC term via the IS dephasing.

VI. COMPARISON TO OTHER CO/METAL
SYSTEMS

The thermal [19] and non-equilibrium [28] IS vibra-
tional spectra of CO adsorbed on the Cu(100) surface
have been studied within the same theoretical framework
that we use here. But before comparing the results of
the IS vibrational spectra between the two systems, it is
worth analyzing the intrinsic differences between the Cu
and Pd surfaces that are likely to affect the adsorbate
vibrational spectra. First, the laser-induced Te (Tl) for
equal absorbed fluences is lower (higher) in Pd(111) than
in Cu(100) because of the larger e-ph coupling constant
in bulk Pd (λ= 0.4) than in bulk Cu (λ= 0.14). Second,
the electron DOS around the Fermi level are very differ-
ent for the two surfaces. Whereas in Cu(100) the sp-band
crosses the Fermi level and the DOS above and below εF
is rather constant, in Pd(111) the Fermi level lies at the
edge of the d-band continuum and, as a result, the DOS is
much larger below than above εF (see Fig. 8). As already
discussed, the latter has important implications for the
laser-induced IS dynamics due to the significant change
of the chemical potential with temperature [25].
Under thermal conditions, the IS linewidth at T=10 K

for CO/Cu(100) (γ≈2.9 cm−1 [19]) is slightly smaller
than for CO/Pd(111) (γ≈3.6 cm−1). Interestingly,
the first-order contribution γ[1] is larger in CO/Pd(111)
probably due to the larger DOS around εF . In con-
trast, the second-order contribution γ[2] is smaller due
to a weaker electron-mediated coupling of the IS mode
to the Pd(111) phonons. A possible explanation is the
largest mass of the Pd atoms with respect to the Cu

mass (notice that gµ,µ
′

λ ∼1/
√
Mλ with Mλ the mass as-

sociated with the phonon λ). Finally, the change of the
IS linewidth with temperature in Cu(100) and Pd(111),
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namely, ∆γ(T )≈0.9 cm−1 and 0.8 cm−1, respectively, for
T∈[10, 150] K, are very similar. This temperature depen-
dence is dominated in both systems by the coupling with
the surface modes. We note once again that the mea-
sured linewidth increase of about 3 cm−1 between 50K
and 300K for CO/Pt(111) [20] is close to our results for
CO/Pd(111).

Regarding the properties of the transient vibrational
spectra induced by femtosecond laser pulses, there are
significant differences between CO/Cu(100) and our re-
sults for CO/Pd(111). One important difference, which
is directly related to the small Tl that the laser-excited
electrons induce in Cu(100) as compared to Pd(111),
refers to the time evolution of the transient spectra. The
largest frequency and linewidth changes in CO/Cu(100)
occur during the initial Te-driven subpicosecond regime
in which Te≫Tl. In the subsequent Tl-driven picosecond
regime (i.e., when Te≃Tl), the temperatures are typically
much smaller (e.g., about 400 K for F =170 J/m2) and
so the frequency and linewidth changes. In contrast, the
spectral changes in CO/Pd(111) are more pronounced
during the steady picosecond regime that in this sys-
tem is characterized by large lattice temperatures (e.g.,
∼1000 K for F=130 J/m2). Only for the largest fluences
(with Te>4000 K), the transient changes in the fast and
steady regimes are comparable. Furthermore, there are
additional qualitative differences between the two sys-
tems that it is worth remarking. In CO/Cu(100) [28], the
pronounced IS frequency redshift that occurs during the
first picosecond is ruled by the first-order NC processes.
The transient linewidth change however is dominated by
the EMPPC processes. In particular, the largest change
is due to the IS dephasing that takes place within the
first picosecond. In CO/Pd(111), an initial frequency
blueshift driven by the NC processes is expected to oc-
cur during the first 0.3 ps for absorbed fluences large
enough to raise Te above 1000 K. The blueshift progres-
sively turns into a large and steady redshift, which is
caused by the EMPPC processes leading the late picosec-
ond regime. The latter dominates the linewidth change.
It is only for the largest fluences (Te>4000 K) that the
subpicosecond regime controlled by the NC processes is
also visible.

It is also meaningful to compare our results to time-
resolved vibrational spectra measured in other surfaces
with pump-probe vibrational spectroscopy. In Ref. [12],
the experimental linewidth change of the IS mode of
CO on Pt(111) exhibits the same behavior that we ob-
tain here for CO/Pd(111). Specifically, the Tl-driven
late steady regime appears at all the experimental flu-
ences (40, 80, and 130 J/m2), while the fast Te-driven
subpicosecond regime becomes increasingly important at
F ≳80 J/m2. Regarding the frequency change, the late
steady frequency redshift and its dependence on F are
also quite similar to our CO/Pd(111) results. However,
a redshift instead of a blueshift seems to occur in the
subpicosecond regime. Nonetheless, there is an unusual
nonmonotonic dependence of ∆ω on the absorbed fluence

as found in later experiments with improved subpicosec-
ond resolution [13]. We speculate that the differences
between CO/Pt(111) and CO/Pd(111) may be caused
by the differences in their electron DOS. Even if qualita-
tively the DOS of the two systems are similar, the decay
of the d-band edge above εF is sharper in Pd(111) than
in Pt(111). Thus, we may expect a somehow softer de-
pendence of the chemical potential on temperature that
would affect the frequency sift behavior.
The fact that the transient IS mode spectra follows

the dynamics of the lattice temperature in the picosec-
ond regime is common to other experiments in transi-
tion metal surfaces. Lane et al. experimentally studied
the ultrafast vibrational dynamics of CO and NO on the
Ir(111) surface [8, 9]. The authors found that the IS fre-
quency shift of NO (CO) follows the time evolution of the
lattice temperature when the absorbed fluence is below
8 J/m2 (20 J/m2). Similarly, in the case of CO/Ru(1000)
it has been shown that the IS dynamics follows the lattice
temperature at least up to a fluence of 55 J/m2 [3].
Finally, it is worth remarking the blueshift observed

for CO molecules coordinated to ruthenium tetraphenyl-
porphyrin adsorbed on Cu(110) with pump-probe vibra-
tional spectroscopy [16]. The values of the blueshift at
different fluences are very similar to the results presented
here for CO/Pd(111). For sufficiently small fluences, only
a redshift that evolves in time with the lattice tempera-
ture is observed. However, for larger values of the fluence,
a blueshift in the subpicosecond regime emerges.

VII. CONCLUSIONS

In summary, we have studied the vibrational relax-
ation of the internal stretch mode of CO adsorbed on
the Pd(111) surface using density functional theory in
combination with many-body perturbation theory. In
particular, by evaluating the phonon self-energy up to
second order in the electron-phonon (e-ph) coupling ma-
trix elements, we have characterized the two mechanisms
that participate in the vibrational relaxation of the CO
internal stretch mode: the first-order interband nonadia-
batic coupling (NC) and the second-order intraband elec-
tron mediated phonon-phonon (EMPPC) coupling. Un-
der thermal conditions both mechanisms contribute sig-
nificantly to the linewidth γ(T =0)≈3.6 cm−1, with the
interband contribution γ[1](T =0)≈2.7 cm−1 being the
largest. The redshift and change in the linewidth that are
induced as temperature increases are explained mainly
in terms of the coupling of the IS mode to the low en-
ergy phonon modes of the system. We have also studied
the subpicosecond and picosecond transient changes that
are induced in the IS phonon frequency and linewidth
when the CO/Pd(111) system is excited with a fem-
tosecond laser pulse (non-equilibrium conditions). For
large electronic temperatures (with Te≫Tl), the partic-
ular electronic structure of Pd may give rise to an effec-
tive screening of the e-ph interaction, inducing an uncon-
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ventional blueshift in the IS frequency. Thus, an initial
rapid blueshift lasting a few hundreds of femtoseconds,
followed by a larger and steady redshift is predicted to
occur for absorbed fluences F ≳19 J/m2. The transient
blueshift is exclusively driven by the coupling to hot car-
riers, while the subsequent redshift is due to coupling
to other phonons via the EMPPC mechanism. In what
concerns to the transient increase of the linewidth, the
NC processes are responsible for the fast initial increase
that can be observed in the initial few hundreds of fem-
tosecond at sufficiently large fluences for which Te rises
above 1000 K. In contrast, the EMPPC processes govern
the subsequent steady regime that follows the time evo-
lution of Tl. Finally, we have shown that the transient IS
vibrational spectra of the hollow and bridge adsorption
structures that have been observed at 0.5 ML of CO cov-
erage are qualitatively rather similar. It is only for the
largest fluences that the behavior of the frequency shift
occurring during the initial 0.5 ps differs.

Appendix A: Palladium slab

The pristine Pd(111) surface is modeled using a pe-
riodic four-layer slab and the surface supercell depicted
in Fig. 7. We include 12.9 Å of vacuum to ensure neg-
ligible interaction between the slab and its periodic im-
ages. This supercell is the minimum cell that allows us to
study the two coexisting c(4×2)-2CO adsorption struc-
tures that are reported in experiments for a CO coverage
of 0.5 ML (see Appendix B for details). The relaxed
structure is obtained by minimizing all the atomic forces
below 2×10−5 Ry/aB. After relaxation the optimized

lattice constant is a=3.969 Å in close agreement with
the experimental value a=3.89 Å [66]. The interlayer
distance between the two inner layers (2.30 Å) is close to

that of bulk Pd (a/
√
3∼2.292 Å). However, it is known

that this quantity has a slow, nonmonotonic convergence
with the number of layers (see, for example, Ref [67]).
Due to the computational cost of the calculations that
we present in this work, we restrict the number of Pd
layers to four.
The band structure of the Pd slab is shown in Fig. 6.

It has been interpolated using 96 maximally localized
Wannier functions. Previously, the electronic states and
charge density employed to obtain the Wannier functions
were computed self-consistently on a 12×12×1 Γ-center
Brillouin zone grid. Due to the supercell that we are
using, the Γ-X1=(1,0,0) and Γ-X2=(0,1,0) directions are
nonequivalent, as in real space they correspond to the
directions connecting first and second neighbors on the
Pd(111) surface. In other words, the Γ-X1 direction cor-
responds to a high-symmetry direction in the irreducible
Brillouin zone of the Pd(111) surface, but the Γ-X2 does
not. In the plot we label the lowest energy parabolic-like
excitations that appear around the Γ point at about 1 eV
above the Fermi level as Γsp. As shown in Appendix B,
those states will hybridize with the unoccupied CO or-
bitals upon CO adsorption on Pd(111).

Appendix B: CO Adsorption structures

The CO(gas) bond length calculated with the BEEF-

vdW functional is 1.135 Å. It reproduces the exper-
imental value of 1.128 Å [68] within a relative error
of 1%. The calculated frequency of 2154.6 cm−1 for
CO(gas) also agrees well with the experimental value of

2143.16 cm−1 [69].
The precise CO adsorption sites in the stable c(4×2)

structure at 0.5 ML coverage on Pd(111) has been
the subject of a long debate [70, 71]. Early infrared
reflection-absorption spectroscopy studies assigned the
bridge adsorption site [72]. Gießel et al. performed pho-
toelectron diffraction studies and concluded that CO ad-
sorbs in a mixture of fcc and hcp sites [73]. According

TABLE II. CO properties of the optimized c(4×2)-2CO struc-
tures corresponding to 0.5 ML of CO adsorbed on Pd(111):
Adsorption energy per molecule Ea, bond length d(C-O), ad-
sorption height of the CO geometrical center Z (respect to the
Pd topmost layer), polar angle of the molecular axis respect
to the surface normal ϑ, and IS (q=0) phonon frequency ω0.

hollow bridge
Ea (eV) -1.453 -1.409
d(C-O) (Å) 1.169, 1.169 1.164
Z (Å) 1.977, 1.987 2.046
ϑ 2.89◦,2.73◦ 0.53◦

ω0 (cm−1) 1883 1924
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FIG. 7. Top view of the Pd(111)-c(4×2)-2CO structures: (a)
hollow configuration with CO at fcc and hcp sites and (b)
bridge configuration with CO at bridge sites. Pd, C, and O
atoms colored in gray, black, and red, respectively. The cell
used in the calculations is indicated with solid black lines.

to subsequent X-ray photoelectron spectroscopy experi-
ments, the fcc+hcp structure prevail at 120 K, while the
two proposed structures (fcc+hcp and bridge) coexist at
300 K [27]. Nonetheless, scanning tunneling microscopy
images showed later on that the hollow and bridge struc-
tures can also coexist at 120 K [26].

In view of this debate, we started our theoretical study
by analyzing the stability of different Pd(111)-c(4×2)-
2CO structures that differ in the CO adsorption sites.
Our DFT+BEEF-vdW calculations predict the following
stable structures: fcc+hcp, 2fcc, fcc+bridge, hcp+bridge
and 2bridge, with −1.453, −1.376, −1.391 and −1.409 eV
being, respectively, the corresponding adsorption energy
per molecule. In contrast, the 2hcp configuration is
not stable, since it ends up into the fcc+hcp structure
upon relaxation. Previous DFT studies also predict that
fcc+hcp is the most stable structure at low temperature
(see for example Ref. [74] for a study with the optB88-
vdW functional). Our results predict that the bridge
structure is only 44 meV more energetic than fcc+hcp.
For this reason, and following the experimental evidence,
in this work we study both structures. The top view of
the two relaxed structures is shown in Fig. 7.

Table II summarizes the adsorption energy per
molecule Ea, the CO bond length d(C-O), the height Z
of the CO geometrical center from the surface (defined as
the average heights of the Pd atoms in the topmost layer),
the polar angle of the CO molecular axis with respect to
the surface normal ϑ, and the CO IS phonon frequency
ω0 at the adsorption position for the two structures. For
the hollow structure the CO located at the fcc (hcp) site
is adsorbed at a distance Z= 1.977 (1.987) Å with a tilt-
ing angle ϑ= 2.89◦ (2.73◦). These results are similar to
those reported in previous DFT studies [74]. The struc-
tural parameters of the bridge configuration do not differ
much from those of the hollow one. The most apparent
change is the reduction of the tilting angle ϑ from ∼3◦

to 0.53◦. The main difference between the two struc-
tures arises in the value of the CO IS frequency, being
1883 and 1924 cm−1 for the hollow and bridge structures,
respectively. These values have to be compared to the ex-
isting experimental frequencies 1920 cm−1 (200 K) [73]
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structure (right). Total DOS in blue and the projection onto
the CO localized Wannier functions in red. In the band struc-
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FIG. 9. Same as Fig. 8 for Pd(111)-c(4×2)-2CObridge.

and 1936 cm−1 (300 K) [72].
The CO/Pd(111) band structure and electron DOS for

the hollow and bridge structures are shown in Figs. 8 and
9, respectively. Both the DOS and the band structure
are projected onto the Wannier functions that are local-
ized around the CO molecules. For simplicity we refer
to them as CO Wannier states. In both structures the
main contribution of the unoccupied CO states starts at
about 2 eV above εF. By comparing the Pd(111) band
structure to those of CO/Pd(111), we observe that the
Γsp states of the Pd surface are shifted to a higher en-
ergy after CO adsorption. Strong hybridization of the
folded parts of these bands with the CO empty states is
observed around the X1 and X2 high-symmetry points.
This hybridization is stronger in the hollow than in the
bridge structure.

Appendix C: Two temperature model

The two temperature model [57] is widely used to de-
scribe the interaction of intense short laser pulses with
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metal surfaces [58, 75, 76]. This interaction is described
in terms of the dynamics of the energy exchange between
the laser and the metal surface. The latter, is modeled
by two coupled thermal baths: one standing for the elec-
trons, characterized by temperature Te(t); and the other
standing for the lattice atoms, characterized by tempera-
ture Tl(t). Note that under realistic experimental condi-
tions, the laser initially creates non-equilibrium electron
and phonon distributions. It has been shown that for
semiconductor systems, a small signature of these initial
non-thermal distributions can persist for relatively long
times [77]. In the present case, considering the small
lifetime of electrons in Pd (around 10 fs [78]), the ther-
malization is expected to occur fast and these effects are
expected to be small. The interbath coupling is assumed
to depend linearly on the difference between both tem-
peratures, i.e., G(Tl−Te), with G being the e-ph energy
exchange coupling constant of the metal. Also, as stated
in the main text, the energy of the laser pulse is assumed
to be entirely absorbed by the electron bath. With fur-
ther standard assumptions such as considering that the
incoming laser fluence is constant in the plane parallel
to the metal surface, and neglecting lattice thermal dif-
fusion into the bulk, the resulting canonical TTM heat
transfer equation reads

Ce
∂Te

∂t
=

∂

∂z

(
κe

∂Te

∂z

)
−G(Te−Tl)+S

Cl
∂Tl

∂t
=G(Te−Tl),

(C1)

where Ce and Cl are the electron and lattice heat ca-
pacities, respectively; κe is the thermal conductivity of
the electron subsystem used in its simplified form [79]
κe(Te, Tl)=κ0

Te

Tl
(which is a reasonable approximation

for κe for d-metals, such as Ni and Fe [80]) with κ0 being
the room temperature (300 K) thermal conductivity of
palladium; z denotes the spatial direction perpendicular
to the surface plane; and S is the laser source term here
modeled as

S(z, t) =
αλF

2∆t
e−αλzsech2

(
t

∆t

)
, (C2)

with αλ being the light absorption coefficient of the metal
for a source of wavelength λ, ∆t=0.5σFWHM/arccosh

√
2

the full width at half maximum of the temporal profile
of the laser pulse (σFWHM=100 fs) multiplied by a con-
stant factor, and F the absorbed fluence. The absorption
coefficient αλ is calculated as αλ=

4πkλ

λ , with kλ being
the extinction coefficient of the material at wavelength
λ. In order to describe temperature dependence of Cl,
we have used the same expression as in a previous TTM
laser-induced desorption study of O2 from a Pd(111) sur-
face [81], i.e.,

Cl(Tl) = C2 +
C1 − C2

1 + (Tl/T0)p
+mTl, (C3)

being C1, C2, T0, p, and m fitting coefficients optimized
to reproduce measurements compiled in Ref. [82] for tem-

FIG. 10. Electronic temperature dependence of the elec-
tron heat capacity (left panel) and the e-ph energy exchange
rate (right panel) of palladium according to different mod-
els present in the literature. In red, we show the DFT-based
models we have used in this work, extracted from Ref. [59].
In blue and green, we show models adjusted to experimental
data for temperatures below 50 K and 2000 K, respectively,
extracted from Ref. [81]

peratures below 1000 K (Fig. 7 therein). All the con-
stants and fitting values used in our model are summa-
rized in Table C.

TABLE III. Constants and fitting coefficients used in the
TTM model

Parameter Value Units
κ0

a 72 WK−1m−1

k450nm
b 3.2540 -

C1
c -3.577785×10−5 JK−1m−3

C2
c 2.801128×106 JK−1m−3

T0
c 62.98191 K

pc 2.06271 -
mc 278.44328 JK−2m−3

a from Ref. [83]
b from linear interpolation of data in Ref. [84]
c from fit in Ref. [81]

We have considered across all our TTM calculations
that Ce and G are explicitly dependent on the temper-
ature of the electron bath subsystem. Unlike for Tl, the
maximum Te value that can be reached during the intense
but short laser pulse irradiation is well above the melting
point of the metal substrate, for which it is very difficult
to obtain experimentally. Therefore, it is typical of TTM
studies to model any Te dependent quantity by extrap-
olation of fitted data at relatively low temperatures to
higher electronic temperatures or by using theories valid
in the limit T →0 for simplicity. In order to avoid this
problem, we have taken advantage of the recently calcu-
lated theoretical temperature dependence of G and Ce in
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palladium by Li and Ji [59] (Figs. 4 and 5 therein), which
covers temperatures from 300 K to 20 000 K. In the latter
work, both G and Ce are calculated from first principles
as explicitly dependent on the electron DOS and Fermi-
Dirac distribution of electrons in palladium, which are
allowed to change with electronic temperature.

In Fig. 10, we compare several models of Ce(Te) (left
panel) and G(Te) (right panel) found in the literature
with the values calculated by Li and Ji [59] (red full lines).
With a blue dotted line (left panel) we plot γTe, a linear
model of Ce fitted to experiments at very low tempera-
tures (Te<50 K) [82]. This is the standard theoretical
behavior of Ce derived from Drude model and from a
free electron gas [79]. The green-dashed lines CT↓

e (left
panel) and GT↓ (right panel) correspond to the Ce and
G models used in prior laser induced desorption studies
on palladium [81, 85]. The superscript T↓ denotes that
these results were obtained at low temperatures and ex-
trapolated for higher values of Te. C

T↓
e was calculated as

a linear fit γfitT+b to experimental data measured be-
low 1000 K in an effort to maintain the linear behavior
of Ce predicted by simple theoretical models while still
getting numerical predictions close to experiments. GT↓

was obtained from the phonon spectrum second moment
measured in Ref. [82] at 296 K and kept constant with
respect to Te. Figure 10 shows that the Ce and G values
calculated by Li and Ji lie below their counterparts ex-
trapolated from low temperature measurements. In the
case of the electronic heat capacities (left panel), Ce and
CT↓

e are very close for temperatures below 2000 K, point
at which both quantities start to diverge up to a factor

of two when Te=8000 K. The linear extrapolation γTe,
typical of a free electron gas, is clearly overestimating the
electronic heat capacity even at relatively low tempera-
tures, which states that this approximation is not good
to model laser-palladium interaction in the context of our
work. In the case of G and GT↓ (right panel), there is
a fast decrement of G with Te that is completely lost by
the constant behavior of GT↓ making it overestimating
the energy flow exchange between electrons and phonons
by a factor higher than three when Te>2500 K.
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