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Adsorbate hopping via vibrational-mode coupling induced by femtosecond laser pulses
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We study the heat transfer from femtosecond laser-heated hot electrons in a metal to adsorbates in the
presence of vibrational-mode coupling. The theory is successfully applied to the experimental result of atomic
oxygen hopping on a vicinal Pt(111) surface. The effective friction coupling between hot electrons and the
vibrational mode relevant to the hopping motion depends on the transient temperature of the partner mode
excited by hot electrons. The calculated two-pulse correlation and fluence dependence of the hopping prob-
ability reproduce the experimental results, which were previously analyzed using the hot-electron temperature
(T,)-dependent friction 7,(7,) in a conventional heat transfer equation. A possible elementary process behind
such a hypothetic modeling using 7,(T,) is discussed in terms of an indirect heating of the vibrational mode for

hopping at the surface.
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Real-time monitoring of adsorbate motions and of chemi-
cal reactions induced by femtosecond pulse laser heating of
hot electrons in a metal substrate has been a major goal and
challenge in surface reaction dynamics.! Recently two differ-
ent groups carried out time-resolved study of lateral motion
of adsorbates on vicinal Pt surfaces using femtosecond laser
pulses.>3 Employing optical second harmonic generation
spectroscopy, Stépan et al.> measured the hopping rate of
atomic oxygen for step-terrace diffusion on a vicinal Pt(111)
surface. The experimental results of the two-pulse correlation
(2PC) and the laser fluence dependence of the hopping prob-
ability have been reproduced assuming a hot-electron tem-
perature (T,)-dependent friction #,(7T,) in the conventional
heat transfer equation

dr,
dt :na[Te_Ta]s (1)

in order to calculate the transient adsorbate temperature
T,(1). They proposed, as a possible mechanism behind such a
hypothetic T,-dependent friction, that it may involve a pri-
mary excitation of the O-Pt vibration by hot electrons, which
then couples anharmonically to the frustrated translation
(FT) mode of the O atom required to overcome the barrier
for lateral motion. This mechanism seems to be supported by
several facts. The anharmonic mode coupling in the
O-Pt(111) system has been found in the temperature depen-
dence of the vibrational linewidth of the O-Pt stretch mode
observed by infrared absorption spectroscopy.* Indispensable
role of anharmonic mode coupling has also been found in
hopping of a single CO on Pd(110) (Ref. 5) and NH; on
Cu(100) (Ref. 6) induced by an inelastic tunneling electron
with a scanning tunneling microscope. The T,-dependent
friction coupling is also a key ingredient to reproduce the
2PC and the fluence dependence for femtosecond laser-
induced desorption of oxygen molecules from a Pd(111)
surface.” The understanding of the microscopic elementary
processes, however, remains at the phenomenological level.
No theoretical modeling has been developed to explain why
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such an anharmonic coupling leads to 7,-dependent friction.
According to a theory of electronically driven adsorbate
excitation,® we do not expect T,-dependent friction coupling
to the FT mode nor to the molecule-surface stretch mode for
atomic oxygen on Pt(111) having a broad unoccupied reso-
nance close to the Fermi level,’ and for low-frequency vibra-
tional modes.!°

Recently we have proposed a theory for the energy trans-
fer between adsorbates and ultrafast laser heated hot
electrons'! in the presence of the vibrational-mode
coupling.'? It extends existing theories on electronic friction
by considering a general anharmonic oscillator potential for
the adsorbate motion and coupling between different vibra-
tional modes of the adsorbate. The coupling to the substrate
is expressed by a heat transfer coefficient that depends on the
adsorbate temperature. It has been shown that the theory re-
duces to the conventional heat transfer Eq. (1) in the case of
the harmonic oscillator and a linear electron-vibration cou-
pling. The model has been successfully applied to describe
an experiment on femtosecond laser-induced hopping of CO
molecules on a stepped Pt(111) surface.? It has been shown
that even if the direct heating of the FT modes relevant for
the considered reaction is too low to activate hopping, the
anharmonic coupling between the FT and the frustrated ro-
tation mode with an efficient friction coupling to the hot
electron is able to heat up the FT mode in the time scale of
CO hopping on Pt(553).

In this Brief Report the heat transfer equations for
coupled harmonic oscillators are used to calculate the two-
pulse correlation and fluence dependence of the hopping
probability of atomic oxygen on a vicinal Pt(111) surface.’?
According to our general formula of the energy transfer be-
tween modes a (with the energy of Ziw,) and b (Aw,) excited
by the friction coupling 7, to the hot electrons, the tran-
sient temperature T,(¢) and T,(¢) of each mode are calculated
for two harmonic oscillators coupled via V(ua,ub)zﬁq)\q(b;
+b,)u,u,, where N, is the coupling constant and b;(bq) is a
creation (annihilation) operator of the substrate electronic ex-
citations with the energy fiw,, and u,.u, are the adsorbate
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vibrational normal mode coordinates.'? Since fw, is in gen-
eral different from % w,, we need energy exchange with the
substrate in order to conserve the energy through absorption
or emission of small energies of electron-hole pair excita-
tions in the substrate. The coupled heat transfer equations
between T,, T, and T}, are given by'?

dT, (1) kBTb}
S B\ T 2
dt { Ma + Mab ficob ( e a)’ ( )
dT,(1) kgT,
= {mﬁ nbahB—%](Te— ,). (3)

where the indirect friction couplings have the relations 7,
=Sw,, 1,,=Sw,, and S=87T[ua0ubOXp(eF>]2 [here u,q and u,,
are the zero-point vibration amplitudes of mode a and b,

respectively, A the averaged coupling constant, and Ple) the
substrate density of states at the Fermi level (see Ref. 12 for
more details)]. This leads to 7,/ 7,,= w,/ wp. The mode cou-
pling thus gives another source of temperature increase and
may play a dominating role in the heating of mode a, respon-
sible for a motion even when its direct heating via 7, is
small, as often is the case, e.g., for parallel adsorbate vibra-
tions. It is noted here that after a long enough time the
adsorbate-metal system reaches thermal equilibrium 7,=T7,
=T,, as expected because of the coupling to the substrate
electrons.

Equations (2) and (3) are combined with the so-called
two-temperature model'3 to calculate T,(z), T,(t), and T,(1)
for atomic oxygen on a Pt surface at 7=80 K {using ma-
terial parameters'* [Debye temperature=240 K, electron-
phonon coupling=6.67 X 10'7 W K~! m=3, electronic spe-
cific heat=748 J K2 m~2, thermal conductivity (at 77 K)
=71.6 W K~' m~'] and the laser fluence=23 J/nm?, Gauss-
ian shape laser pulse width=55 fs, and skin depth
=12.56 nm at laser wavelength of 800 nm}. Here we use
hw,=50 meV and %w,=60 meV, which, respectively, cor-
respond to the atomic oxygen FT mode (the reaction coordi-
nate mode for hopping) and the O-Pt stretch mode on a
Pt(111) surface.’> We fix 1/7,=1 ps estimated from the
low-temperature limit of the linewidth of the O-Pt stretch
mode.*

Figure 1 compares the time-dependent effective friction
7(0) = 9,4 7 (kpT),/ hwy) of mode a due to a weak direct
(77,=0.3/ps) and a strong indirect friction coupling (7,
=6.0/ps) and of the T,-dependent friction 7,(T,)=7 T (t)
with 7]2: 1.8 X 10° K2 ps~!3, where F=23 J/nm? is used to
calculate T,(1), T,(t), and T,(¢) from Egs. (1)—(3). The tran-
sient behavior of nfff(t) is the same as that of T}(z). Because
of the efficient coupling of the b mode to hot electrons T),(t)
immediately follows T,(z). Figure 2 shows T,(r) and T,(¢)
after excitation with a pair of two 55 fs pulses with F
=23 J/nm? fluence each and a temporal pulse delay of 3 ps.
The rest of the parameters are the same as in Fig. 1.

Figure 2 shows T,(¢) (red curve) and T,(r) (black) calcu-
lated for 7,=0.3/ps with the mode coupling 7,,=6.0/ps to
the b mode (7,=1.0/ps), using Egs. (2) and (3) (the fluence
is 23 J/nm?). For comparison we also plot T,(¢) calculated
from Eq. (1) with a constant friction (green curve) of 7,
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FIG. 1. (Color online). Transients of the effective friction nsz(t)
(black curve) and the T,-dependent friction 7,(7,) (blue-dashed
curve). See the text for the parameters used herein.

=0.3/ps, as well as with a temperature-dependent friction
(blue-dashed curve) 7,(T,)=7T2, 7°=1.8X10° K2 ps™3,
It is found that T,(¢) can be substantially heated up to higher
temperature via the mode coupling than that calculated using
Eq. (1) with a constant and T,(¢)-dependent friction.
Knowing the time-dependent adsorbate temperature 7,(z)
describing the vibrational excitation of the adsorbate, the re-

action rate is then given by an Arrhenius-type expression as
R(1) = koe™ V0 a7, (4)

where k is a prefactor. Gudde et al.'> compared the transient
behaviors of T,(r) and R(z) calculated using Egs. (1) and (4)
and the generalized friction model,®
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FIG. 2. (Color online). Temperature transients of the electron
T,(r) (red curve) and a mode T,(r) with (7,=0.3/ps; black curve)
and without (77,=0.3/ps; green curve) a coupling to the b mode
(1,=1.0/ps and 7,,=6.0/ps) calculated using Egs. (2) and (3) and
Eq. (1), respectively. The blue-dashed curve is calculated using Eq.
(1) with the T,-dependent friction. See the text for the rest of the
parameters used herein.
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FIG. 3. (Color online). Normalized 2PC for the hopping prob-
ability as a function of time delay between two pump pulses. The
black curve is calculated using the present model and compared
with the T,-dependent friction model (blue-dashed curve) and the
experimental result (red curve) from Ref. 3. The inset (black-dashed
curve) shows 2PC calculated using constant friction model with
7,=0.3/ps. The parameters are the same in Fig. 2.

Uo o~ UolkpTy (1) (5)

R®=m@nm

The empirical and the generalized friction model showed
nearly identical results not only for T,(z) but also for R().
We have confirmed this and have used Eq. (4) to calculate
the 2PC as well as the fluence (F) dependence of the hopping
yield given by Y(F)=[R(z,F)dt.

Figure 3 shows the normalized 2PC for atomic oxygen
hopping as a function of time delay (z;) between the two
pump pulses of the equal fluence. The experimental (red
curve) and the calculated results (blue-dashed curve)? using
7.(T,)=7aT? in Eq. (1) are shown for comparison to our
numerical result (black curve). In both cases the 2PC exhib-
its a peak at t,=0, while a dip is observed when we use a
constant friction 7,=0.3/ps in Eq. (1) as shown in the insert
(black-dashed curve). Here we used Uy=1.4 eV in Eq. (4)
and 0.8 eV in Eq. (5), respectively. In the present theory
T,(t;) shows a peak at t;,=0 due to the strong vibrational-
energy transfer mediated by the friction coupling to the sub-
strate and bears a close resemblance to 7,(z,). We also found
that a peak evolves to a dip in the 2PC(z,=0) with a decrease
in 7, We note that the 2PC(r;,=0) exhibits a peak even
when there is no direct heating of the a mode, i.e., 7,=0, as
far as we assume an efficient friction 7, and mode coupling
M- As has been found before! the width of the 2PC be-
comes narrower with increasing U,. In the analysis using
7,(T,) the best agreement with the experimental results was
achieved for Uy=1.2 eV, which is, however, much larger
than that estimated for the thermal activated diffusion. Nev-
ertheless, the numerical fitting (blue-dashed curve in Fig. 3)
is quite narrow compared to the experimental result (red
curve). Our choice of Uy=1.4 eV nicely reproduces the ex-
perimental 2PC except in the tail at longer time delay. This
fit using significantly small value of 7, compared to 7, con-
vinces us that the frustrated translational mode of the atomic
oxygen can be heated up through the mode coupling to the
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FIG. 4. (Color online). Fluence dependence for hopping prob-
ability; the present model (black curve), the T,-dependent friction
model (blue-dashed curve), and the experimental result (red curve)
from Ref. 3. The parameters are the same in Fig. 3.

O-Pt stretch mode with an efficient friction coupling to the
hot electrons. The deviation of the fit from the experimental
data at the wings, however, indicates a slower cooling rate
(higher reaction rate) of T,(t) [R(r)] in the present theory
than the actual reaction takes place at long time after laser
excitation.

The width of a 2PC provides information about the time-
scale of the energy transfer from the initial excitation of the
electrons to the adsorbate motion and allows the distinction
between an electron- and a phonon-mediated process.! We
obtain the full width at half maximum (FWHM) 7=1.44 ps
[the 7,(T,) model gives FWHM=0.68 ps], which is very
close to the experimentally observed FWHM=1.45 ps.

Using T,(f)-dependent friction Szymanski et al’ at-
tempted to reproduce the 2PC for desorption of molecular
oxygen from Pd(111). They found that the reproduction of
their experimental 2PC is significantly improved with the use
of a desorption barrier much higher than that determined
from thermal desorption experiments. A choice of the activa-
tion barrier height is one of the key issues in the analysis of
adsorbate dynamics induced by ultrafast laser pulses. In a
recent review by Frischkorn'® and in Ref. 1 it is pointed out
that the multidimensionality of the relevant potential energy
surface, which governs the reaction dynamics, is the origin
of the discrepancy between the values for U, derived from
the friction calculations based on a truncated one-
dimensional potential and those experimentally obtained
from thermally induced reactions. More importantly a funda-
mental issue is how we can be sure to use Arrhenius type of
reaction rate, which assumes a thermal equilibrium of a sys-
tem, for adsorbate dynamics taking place on ultrafast time
scale.

Figure 4 shows the fluence dependence of hopping. Here
the experimental (red curve) and numerical results (blue and
black curve for the 7,-dependent friction model and for the
present model, respectively) are rescaled and set to 1 at F
=50 J/nm?. All parameters used here are the same as in the
calculation of the 2PC shown in Fig. 3. The reason for the
rescaling is that we do not expect a simple one-dimensional
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model to get the absolute numbers correct.!” The extremely
strong nonlinear fluence dependence ~F'> has been better
reproduced by the 7,-dependent friction model than that cal-
culated by the present model. Nevertheless our model also
reproduces an extremely nonlinear fluence dependence al-
though not in a power law. This deviation from the experi-
mental result is not a serious shortcoming at a level of the
present modeling. As discussed in Ref. 1, the experimentally
observed reaction yield-vs-fluence dependences are well de-
scribed by a power law Y=F", with n=3-8 in a limited
fluence range. A nonlinear fluence dependence of the reac-
tion yield, however, does not allow us to draw any conclu-
sion regarding the excitation mechanism. A better agreement
with the experimental result can be obtained by varying the
parameters 17,, 7, M., and U, within their physically reason-
able ranges. However we find that none of them is able to
reproduce the 2PC better than that shown in Fig. 3. We em-
phasize that our modeling of indirect heating reproduces a
peak in the 2PC and extreme strong fluence dependence of
atomic oxygen hopping with the same set of properly chosen
parameters.

In summary we have applied the heat transfer equations
via a direct friction coupling and an indirect mode-mode
coupling to the FT mode responsible for atomic oxygen hop-
ping on a stepped Pt surface. One of the possible elementary
processes behind the phenomenological T,-dependent fric-
tion model used before is an efficient activation of the FT
mode via anharmonic coupling to the molecule-surface
stretch mode excited by hot electrons. In the present theory
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the effective friction coupling to the reaction coordinate
mode depends on the transient temperature of the partner
vibrational mode T;(r), which immediately follows T,(¢) in
the case of the efficient mode coupling accompanied with a
simultaneous excitation and de-excitation of the electron-
hole pairs in the substrate. The time scales of the heat trans-
fer by the mode coupling and of 1/ 7, need to be shorter than
the electron-phonon coupling time, otherwise the hot-
electron heat transfers away from the surface into the bulk
phonons. We have added an additional coordinate (that of the
b mode) to the very simple one-dimensional theory that have
been used for the past decades. This captures the most im-
portant features of the experimental results, and is helpful
in getting a better description of the mechanisms at work.
At the present we believe that our modeling of the
T, (t)-dependent mode coupling provides a possible elemen-
tary process behind the empirical T,(z)-dependent friction
model. The validity of the present theory can be reinforced
by direct time-resolved observation, which permits a real-
time monitoring of the temperature of the vibrational modes
involved in the adsorbate motions induced by femtosecond
laser excitation.?
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