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Anomalous transient blueshift in the internal stretch mode of CO/Pd(111)
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In time-resolved pump-probe vibrational spectroscopy the internal stretch mode of polar molecules is utilized
as a key observable to characterize the ultrafast dynamics of adsorbates on surfaces. The adsorbate nonadiabatic
intermode couplings are the commonly accepted mechanisms behind the observed transient frequency shifts.
Here, we study the CO/Pd(111) system with a robust theoretical framework that includes electron-hole pair
excitations and electron-mediated coupling between the vibrational modes. A mechanism is revealed that screens
the electron-phonon interaction and originates a blueshift under ultrafast nonequilibrium conditions. The results

are explained in terms of the abrupt change in the density of states around the Fermi level, and are instrumental
for understanding the dynamics at multicomponent surfaces involving localized and standard s or p states.
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The use of intense femtosecond laser pulses opened a new
and efficient pathway to initiate reactions at surfaces. The
interplay between laser-induced hot electrons and the nuclear
degrees of freedom offers the possibility of activating the
adsorbates dynamics within the subpicosecond timescale. As
such, femtosecond laser pulses have extensively been used
to trigger diverse elementary processes such as adsorbate
desorption [1,2], diffusion [3], and different chemical reac-
tions [4,5]. The main challenge is to understand how the
highly excited electrons couple to the adsorbate dynamics and
how this energy flows into the different vibrational modes.

Femtosecond pump-probe vibrational spectroscopy per-
mits tracking in the time domain the adsorbate dynamics
initiated by the pump laser pulse with unprecedented time
resolution [6]. The internal stretch (IS) vibrational mode of
dipolar adsorbates, having a very distinct frequency, appears
as the good observable to be followed over the reaction coordi-
nate [7,8]. Several experiments have been made on Ru, Ir, Pt,
and Cu surfaces including different coverages of CO and NO
molecules [8—15]. In all those cases, the IS mode frequency
exhibits a fast redshift, followed by a slower recovery in the
timescale of picoseconds. The frequency shifts are explained
within the widely established models in terms of couplings
to the low-energy CO modes and possible changes in the ad-
sorption site. In both cases, it is the increasing and decreasing

“raul.bombin @ehu.eus
Tjosebainaki.juaristi @ehu.eus
*maite.alducin @ehu.eus

Published by the American Physical Society under the terms of the
Creative Commons Attribution 4.0 International license. Further
distribution of this work must maintain attribution to the author(s)
and the published article’s title, journal citation, and DOL

2469-9950/2023/107(12)/L121404(6)

L121404-1

population of the CO antibonding 27 * that is thought to cause
the weakening and strengthening of the IS mode, respectively.
An important assumption in these models is that the IS mode
only brings information on the adsorbate dynamics. However,
there are examples showing that there might be other factors
contributing to the transient frequency changes. This is the
case of the blueshift observed in the rather more complex
system formed by CO molecules coordinated to ruthenium
tetraphenylporphyrin on a Cu(110) surface [16], which neither
the intermode couplings nor the adsorption site changes are
able to explain.

In this Letter we study the ultrafast transient dynamics of
0.5 ML of CO on the Pd(111) surface, using the theoretical
framework of Ref. [17] that correctly reproduced the exper-
imental ultrafast time-resolved vibrational spectra of CO on
Cu(100) [15]. Our calculations predict an unusual blueshift
occurring within the subpicosecond timescale that is not re-
lated to the commonly accepted intermode coupling, but to
the peculiar properties of the surface electronic structure. In
solids, the electron-phonon scattering strength is expected to
increase with the electronic temperature causing a softening
in the frequency because more electrons participate in the
interaction [18,19]. This is what explained the subpicosec-
ond redshift in the CO/Cu(100) system [17]. Here, we show
that the strong reduction of the Pd(111) density of states
around the Fermi level can revert this normal behavior at
extreme laser-induced high temperatures. Hence the predicted
blueshift of the IS mode brings information on the surface
electronic structure rather than the intermode couplings. The
present results show that dipolar molecules can serve alterna-
tively as a direct probe of the ultrafast electron dynamics of
metal surfaces, providing time-dependent chemical potential
shifts, the structure of density of states, electron temperatures,
and coupling strengths.
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The transient vibrational spectra of the CO adlayer is calcu-
lated, following Ref. [17], in terms of the phonon self-energy
expressed up to second order in the electron-phonon (e-ph)
interaction, i.e., 7 (w, q) ~ n{l](a), qQ + n{z](w, q), where A,
w, and q denote the index, energy, and momentum of the
phonon mode, respectively. In the femtosecond pump-probe
experiments of interest, the CO molecules are initially pre-
pared with their IS mode vibrating in phase by illuminating
them with an IR pulse. Thus, only the q = 0 excitations are
considered.

The expression for the first-order term that exclusively
accounts for the electron-hole pair (de)excitations [i.e., the
usual nonadiabatic coupling (NC)] reads [20]
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elements; and the summation over o accounts for the spin
degrees of freedom. The function f(e,) = 1/(ePlém = #T 4
1) is the Fermi-Dirac distribution function, where g =
1/(kgT,), kg is the Boltzmann constant, 7, is the electronic
temperature, and (7 ) is the chemical potential at 7,. Follow-
ing previous works [20,21], we fix the broadening parameter
to a finite, physically motivated value of 30 meV [22,23]. As
it will soon become apparent, in the above expression not
only the e-ph matrix elements, but also the Pd(111) electronic
structure are crucial to understand the ultrafast transient dy-
namics of the CO adlayer.

Equation (1) only contains interband contributions [20],
and the first nonvanishing intraband processes that can affect
the CO vibrational dynamics are those involved in the cou-
pling of the IS mode with other phonons. In the framework
of many-body perturbation theory, these electron-mediated
phonon-phonon coupling (EMPPC) processes are included
in the second-order intraband phonon self-energy term that
reads [21,24],
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where ¢ = k' — k and n,(wq 1) = 1/(e?? — 1) is the Bose-
Einstein distribution, with 8 = 1/(kgT;) and T; the lattice
temperature. The contribution of the vertex correction [second
term in the square brackets of Eq. (2)], which is expected
to be small [25], is neglected to reduce the computational
cost. Finally, we use the two-temperature model (TTM) [26]
to describe the excitation induced by the femtosecond pump
pulse in the system as two coupled (nonequilibrated) heat
thermal baths. It provides us with the temporal evolution of
T, and T; that are used to evaluate Egs. (1) and (2). The
transient frequency shift due to e-ph coupling is obtained
from the real part of the phonon self-energy as Aw(t) =~
Re[m; (w, t)] — Re[m; (w, 0)]. Obviously, the contributions
to Aw(t) from the first- and second-order terms will be
Awl(t) ~ Re[r[M(w, )] — Re[r](w, 0)] and Aw?!(t) ~
Re[nk[z] (w, )] — Re[nxm (w, 0)], respectively.

At 0.5 ML, CO adsorbs on Pd(111) with an overall
c(4 x 2) symmetry that consists of two coexisting struc-
tures, in which the CO molecules either occupy bridge sites
[c(4 x 2)-2COy;] or the fcc and hcp hollow sites [c(4 x
2)-2COyw] [27]. The results obtained in both structures for the
experimental conditions under consideration are qualitatively
similar. Thus, only the results for the ¢(4 x 2)-2COy, structure
are discussed here. The inset in Fig. 1(a) shows a top view of
the supercell used in these calculations, which includes four
Pd layers with two CO molecules in the adlayer, and 12.9 A
of vacuum.

All the calculations are based on density functional the-
ory and the Bayesian error estimation functional with van
der Waals correlation (BEEF-vdW) [28], as implemented
in the QUANTUM ESPRESSO package [29,30]. In particular,
the electron-phonon Wannier (EPW) code [31,32] is used to
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evaluate the e-ph coupling matrix elements. All the compu-
tational details and parameters that are needed to reproduce
the results presented here are described in the Supplemental
Material [33].
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FIG. 1. Transient changes induced in CO/Pd(111) by a 450 nm
pump pulse (100 fs duration and absorbed fluence of 40 J/m?) that
hits the surface at + = 0.1 ps. The initial temperature is 100 K.
(a) Electron T,(¢) (blue) and lattice 7;(¢) (orange) temperatures cal-
culated with TTM. Inset: Top view of the c¢(4 x 2)-2COy, unit cell.
(b) Transient frequency shift of the CO IS mode: Aw(¢) (black solid),
Aw!M(z) (blue dashed), and Aw®(¢) (orange dashed). Contributions
of the CO and surface phonons to Aw!?!(¢) are shown by red- and
green-dotted lines, respectively.
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Figure 1(b) contains the central result of this Letter. The
black curve shows that upon exciting the surface with a
450 nm pump laser pulse, the CO IS mode exhibits an
unexpected fast initial blueshift that contrasts to the usual
redshift that has been observed in other metal surfaces by all
previous time-resolved pump-probe vibrational spectroscopy
experiments [9-15]. The predicted blueshift occurs within the
first hundreds of femtoseconds, reaches a maximum value
of ~3 cm~!, and progressively vanishes giving rise to a late
steady redshift of about —7 cm~!. The comparison between
the time evolution of the transient frequency shift Aw(#) and
that of the electronic and phononic temperatures, 7,(¢) and
T;(¢) [Fig. 1(a)], suggests that the initial blueshift and subse-
quent redshift follow T,(¢) and 7;(¢), respectively.

By analyzing the contribution to Aw(#) coming from the
first-order interband NC term Aw!'l(¢) and the second-order
intraband EMPPC term Aw!?(t) [blue- and orange-dashed
lines in Fig. 1(b), respectively], it is evident that the blueshift
is caused by the coupling to the laser-induced hot elec-
trons. This (positive) NC contribution, which is fully ruled
by the time evolution of 7,, dominates the IS transient fre-
quency during the initial instants in which 7, > 7;. The
subsequent redshift is caused by the coupling to other sys-
tem phonons via electron-hole pairs. This (negative) EMPPC
contribution, which clearly increases following 7;(¢), dom-
inates the frequency changes as 7; increases above 300 K,
being responsible of the almost steady redshift observed at
t > 1 ps. Interestingly, a slow steady redshift of comparable
magnitude was observed for similar pump laser fluences in
CO/Pt(111) [13], for which the transient lattice temperatures
are expected to be equally large. Figure 1(b) also shows that
the EMPPC contribution is dominated by the coupling to the
Pd(111) phonons (green-dotted lines) rather than to the rest
of CO modes (red-dotted lines). Note that both the surface
and the CO adlayer phonons contribute to the EMPPC red-
shift, discarding any similarity between the present blueshift
induced by hot electrons and the blueshift observed under
thermal conditions on Ni(111) [34] and Pd(100) [35], ex-
plained in terms of anharmonic coupling between the CO
vibrational modes.

The above analysis reveals a different mechanism behind
the subpicosecond transient blueshift that is correlated to
the 7T, dependence of the nonadiabatic coupling between the
IS mode and the laser-induced hot electrons. One naively
should expect an enhancement in the e-ph scattering strength
as temperature rises. This is what would cause the transient
subpicosecond redshift in the CO/Cu(100) system found by
both experiments [15] and theory [17]. Thus, the obtained
NC blueshift suggesting an effective screening of the e-ph
interaction by the hot electrons is somehow anomalous. It
must be related to the peculiarities of the CO/Pd(111) elec-
tronic structure. Compared to the mentioned CO/Cu(100)
system, the presence of the d-band edge near er causes a
sharp decrease of the CO/Pd(111) density of states (DOS)
around the Fermi level [see Fig. 2(a)]. As T, increases, the
population and depopulation of states above and below w(T,)
compensate each other, assuring conservation of the number
of electrons N,. Thus, the CO/Pd(111) chemical potential
shifts to higher energies to counterbalance the strong asym-
metry of the DOS around ep. Figure 2(b) shows that the
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FIG. 2. (a) Electronic DOS of the CO/Pd(111) system. Verti-
cal red dashed line marks the Fermi level. Insets: Constant energy
cuts of the band structure over the Brillouin zone at € = u(7,) for
T, = 100 K (top) and 7, = 3000 K (bottom). (b) Dependence of the
chemical potential with the electronic temperature. (¢c) Change in the
real part of x (blue) and in Aw!" (orange) as a function of 7,.

chemical potential, which is calculated numerically by solv-
ing iteratively the equality, N, = f DOS(e)f e, T,, u(T,)]de,
increases by 0.2 eV when 7, raises from 100 to 3000 K. Such
an increase is enough to induce an important reduction in the
DOS around u(T,), i.e., the states that are likely to contribute
to the e-ph interaction. To illustrate it, the constant energy cuts
of the CO/Pd(111) band structure with the plane € = u(7;)
are shown across the whole Brillouin zone in the insets of
Fig. 2(a) for T, = 100 K (top) and 7, = 3000 K (bottom).
There is an evident reduction of the electronic states that
would support the above interpretation of the blueshift as a
weakening of the e-ph interaction. The results calculated with
w(T,) = ef further confirm this idea [33].

The dependence of the NC term Aw!'! on 7, is not mono-
tonic. As shown in Fig. 2, Aw!!(T,) (orange curve, right axis)
initially increases with 7, up to reaching its maximum value
at around 4000 K and it starts to decrease, becoming negative
at temperatures larger than 7000 K. There are two factors rul-
ing the first-order phonon self-energy 7!!! that can affect the
temperature dependence of Aw!!!, the e-ph matrix elements,
and the electronic structure. To disentangle each contribution,
it is useful to evaluate the response function x (w) under the
constant matrix element approximation [36], that reads

_ f(euk) - f(E/JJk)
@)= ) e 3)

np'ko

Mathematically, the above expression coincides with setting
the e-ph matrix elements to one in the first-order phonon
self-energy expression [cf. Eq. (1)], allowing us to single
out the effect of the electronic structure in the temperature
dependence of 7!'!(w, T,). Figure 2(c) shows that the change
in the real part of the response function (blue, left axis) grows
monotonically with 7, in contrast to the nonmonotonous be-
havior of Aw!!l. Altogether, these results suggest that the
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FIG. 3. Transient changes induced in CO/Pd(111) by a 450 nm
pump pulse (100 fs duration) with different absorbed fluences: F = 6
(purple lines), 19 (blue lines), and 40 J/m? (green lines). The pulse
maximum is at £ = 0.1 ps and the system initial temperature is
100 K. (a) Electron temperature 7,(z), (b) lattice temperature 7;(t),
and (c) transient frequency shift of the CO IS mode Aw(?).

initial blueshift that is observed in the initial stage dynamics
of Fig. 1(b) is a direct consequence of the electronic structure.
This mechanism competes with the strength of the e-ph cou-
pling that tends to redshift the frequency as 7, increases. It is
only for extreme large electronic temperatures that the latter
will dominate the frequency change. Therefore, the next step
is to elucidate how the amount of energy that is deposited on
the system affects the IS mode dynamics.

We compare in Fig. 3 the results obtained for three differ-
ent pump laser absorbed fluences: F' = 6, 19, and 40 J /mz.
Figure 3(c) shows that the behavior of the transient frequency
shift Aw(t) is qualitatively similar for the three absorbed flu-
ences. Both the fast initial blueshift and the subsequent steady
redshift increase in magnitude as F' increases. In particular,
for the lowest fluence of 6 J /mz, the highest 7, values of
about 1000 K [see Fig. 3(a)] are clearly insufficient to induce
a sizable blueshift in the frequency. However, we expect it to
be experimentally accessible for fluences as low as 19 J/m?,
provided that T, temporally reaches values of ~ 2000 K, as
shown in Fig. 3(a). Let us finally remark that in experiments
the pump pulse creates a nonequilibrium electron distribution
during the first tenths of femtoseconds that is not included

in our calculations. This could introduce a competing mecha-
nism that eventually may affect the initial transient blueshift.
However, considering that the inelastic lifetime of electrons
in Pd (around 10 fs [37]) is much smaller than the width
of the pump pulse (100 fs) and that thermalization occurs
continuously, the nonequilibrated electrons in this system are
expected to thermalize very rapidly without masking the pre-
dicted blueshift.

In summary, our calculations reveal that the e-ph interac-
tion can be screened upon femtosecond laser pulse irradiation
provided the electronic density of states of the system changes
abruptly around the Fermi level. In particular, we study the
ultrafast transient dynamics of the internal stretch mode of
CO adsorbed on Pd(111). To do so, we combine density
functional theory with many-body perturbation theory and
evaluate the phonon self-energy up to second order in the e-ph
interaction [17]. This allows us to characterize the two main
mechanisms that participate in the vibrational relaxation of the
internal stretch mode: the first-order interband nonadiabatic
coupling and the intraband electron-mediated phonon-phonon
coupling. Under current state-of-the-art femtosecond pump-
probe experimental conditions, the large transient electronic
temperatures that are induced in the femtosecond regime (with
T, > T;) give rise to an unconventional blueshift in its fre-
quency. The latter is followed in the picosecond regime by
a redshift, larger in magnitude. We show that the initial fast
blueshift arises purely from temperature-dependent electronic
structure effects, while the subsequent redshift occurs due to
the coupling of the internal stretch mode with other phononic
modes. The similarity of the results presented here and those
of Ref. [16] suggests that an analogous mechanism might
be behind the blueshift that was observed for CO molecules
coordinated to ruthenium tetraphenylporphyrin on a Cu(110),
where large planar molecules might introduce localized high-
density states close to the Fermi level in equivalence to the
d states in the present case. Our results are accessible to
current experimental setups and we hope they will stimulate
further research on the ultrafast dynamics of polar molecules
on complex metallic surfaces with localized states.
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