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Motivation

R. Bombín, A. S. Muzas, D. Novko, J. I. Juaristi, and M. Alducin
Phys. Rev. B 107, L121404 (2023)
Phys. Rev. B 108, 045409 (2023)

Metallic surfaces covered with polar molecules
The internal stretch mode is measured with pump-probe infrared
spectroscopy with a resolution of femtoseconds.

In our case we study the Pd(111) surface with 0.5 ML of CO
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Motivation

Thermal heating
Thermal equilibrium

Changes in the internal stretch mode
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Motivation

Pump-probe femtosecond spectroscopy

1 Low intensity IR pulse –> phase coherence F ∼ 15µJ/m2,
∆τ ∼ 150 fs, λ = 800nm

2 Pump UV pulse F ∈ [10− 200]J/m2, ∆τ ∼ 150 fs, λ = 400nm

3 Probe pulse The internal stretch mode is tracked 4 3 2 1 0 1 2 3
t(ps)
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Pump-probe experimental results

Always redshift??

- FCC and HCP Transition metals
- Different surfaces: (111), (100)...
- Different coverages
- Different adsorbates: CO and NO
- Different lasers
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Method

Phonon self-energy π(ω) = π[1](ω) + π[2](ω)
Novko et al. PRL 122 016806 (2019)

interband ∝ g2 π
[1]
λ =

∑
µ,µ′,k

∣∣∣gµ,µ′

λ (k, 0)
∣∣∣2 f (εµ,k)− f (εµ′,k)

ωλ − εµ,k − εµ′,k + iη

intraband ∝ g4π
[2]
λ (ωλ) =−

∑
µµ′kσ,λ′k′

s,s′=±1

|gµµλ (k, 0)|2
∣∣∣gµµ′

λ′ (k, q′)
∣∣∣2

×
f (εµ,k)− f (εµ′,k′ − s ′sωq′,λ′)

εµ,k − (εµ′,k′ − s ′sωq′λ′)

s [nb(sωq′λ′) + f (s ′εµ′,k′)]

ωλ [ωλ + iη + s ′(εµ,k − εµ′,k′) + sωq′λ′ ]
,

Frequency shift ∆ω and linewidth γ
∆ω = Reπλ(ωλ) γ = −2Imπλ(ωλ)
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Method

electronic states at DFT level

phonons from DFT perturbation theory

electron-phonon coupling using many-bodymany-body perturbation theory

In second quantization

Ĥ =Ĥe + Ĥph + Ĥe−ph

Ĥ =
∑
n,k

εn,kĉ
†
n,kĉn,k +

∑
ν,q

~ων,q(â†ν,qâν,q + 1/2)

+N−1
∑

k,q,m,n,ν

gm,n
ν (k,q)ĉ†m,k+qĉn,k(âν,q + â†ν,-q)
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Method - time dependence
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∂

∂z

(
κe
∂Te

∂z

)
− G (Te − Tl) + S

Cl
∂Tl

∂t
= G (Te − Tl),

Input parameters
Heat capacities Ce and Cl .

thermal conductivity κe

electron-phonon energy exchange coupling constantG

We use the values obtained by ab-initio by Li and Ji
Comp. Mater. Sci. 202 110959 (2022)
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Previos results for CO/Cu(100)

References:

D. Novko et alPhys. Rev. Lett. 120 156804 (2018)
D. Novko et alPhys. Rev. Lett. 122 016806 (2019)
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CO/Pd(111) - Low temperature
linewidth
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Quite similar to CO/Cu(100) results
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CO/Pd(111) - heat
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CO/Pd(111) pump-probe experimen-
tal conditions
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CO/Pd(111)
pump-probe experimental conditions
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CO/Pd(111)
pump-probe experimental conditions
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Where does the blue-shift
comes from?

Usually, Re[π[1]] is increased as Te does

π
[1]
λ =

∑
µ,µ′,k

∣∣∣gµ,µ′

λ (k, 0)
∣∣∣2 f (εµ,k)− f (εµ′,k)

ωλ − εµ,k − εµ′,k + iη

=⇒ Red-shift that increases with Te

But in the Pd surface...

Ne = 2
∫

DOS(ε)f (ε,T , µ)dε

f (ε,T , µ) =
1

e(ε−µ(Te )/kBT + 1

The chemical potentials shifts to preserve the number
of electrons Ne
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Where does the blue-shift
comes from?

Response function, χ(ω)

χ(ω) =
∑
µµ′kσ

f (εµk)− f (εµ′k)

ω + εµk − εµ′k + iη
.

=⇒ electronic structure effects

Phonon self energy, π(ω)

π(ω) =
∑
µµ′kσ

|gµ,µ
′

λ (k, 0)|2
f (εµk)− f (εµ′k)

ω + εµk − εµ′k + iη
.

=⇒ e-ph coupling + electronic structure
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Summary

Take home message
Under thermal heating

Under IR pump-probe experiments conditions the coupling
to hot electrons and the EMPPC mechanism compete.

The electronic structure of Pd(111) screens the e-ph
interaction giving place to an anomalous blue-shift.

The coupling to other phonon modes induces a red-shift.
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