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We present a theoretical description of the excitation of a stretch mode and energy transfers among different
degrees of freedom within an adatom-substrate system under an infrared resonant laser field. There are two
competing mechanisms via which the adatom-substrate bond can be highly excited: The pooling process and
the absorption of multiphotons. We show that if the frequency dispersion of the laser is much smaller than the
anharmonicity of the selected mode, namely, if the laser can be treated as monochromatic, the pooling process
is dominant in exciting the stretch mode to highly vibrational states. As the frequency dispersion of the laser
increases, the excitation to highly vibrational states by direct photon absorption becomes more dominant. We
further show that the dependences of the two mechanisms on photon frequency are quite different: If pooling
dominates, there is only a single peak in the excitation probability; if multiphoton absorption dominates, there
may exist several peaks and the main peak may exhibit a redshift. These findings are illustrated using the

H/Si(111) system as a prototype example.
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I. INTRODUCTION

Laser has been widely used in surface science. It can be
used to investigate the vibrational spectroscopy of the nor-
mal modes of adsorbates to reveal the chemical and struc-
tural information at surfaces.' It can also provide valuable
information about the interadsorbate interaction and the
adsorbate-substrate coupling.> However, it has not been very
successful in using laser to achieve selective vibrational ex-
citation at surfaces,’ though selective excitation enjoys great
success with molecules in the gas phase.* The main reason is
that the substrate in a surface system has many low-
frequency phonon modes that can smear out the selectivity.
This is in stark contrast with gas-phase molecules, which
have few low-frequency phonons.

To achieve selective excitation at surfaces, two conditions
have to be met. First, the vibrational mode of the adatom-
substrate bond should have a long lifetime. In other words,
the vibrational mode should not be strongly coupled to the
substrate phonons. Second, the substrate should be transpar-
ent to the applied laser so that the laser generates little heat in
the substrate. It was pointed out in Ref. 5 that these condi-
tions are met for the H/Si(111) system. Therefore, an infrared
laser can be used to selectively excite the Si-H bonds, poten-
tially offering a way to control silicon film growth.’ Re-
cently, the desorption of hydrogen from the Si(111) surface
by resonant excitation of the Si-H vibrational stretch mode
has been reported.® These developments thus urge a more
in-depth study of selective excitation at surface.

In this paper, we study the mechanisms via which the
stretch mode of the adatom-substrate bond is excited to
highly vibrational states in an adatom-substrate system
where the selective excitation is achievable. We will focus on
the excitation to the second excited state. Discussions of
higher excited states are similar.

The frequency of the stretch mode is typically high; we
consider only the temperature range where its thermal exci-
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tation can be neglected. In this case, the stretch mode can
achieve the second excited state by either direct photon ab-
sorption or pooling. These mechanisms are illustrated in Fig.
1.

There are two kinds of photon absorption. One is called
one-by-one process, where the adatom-substrate bond ab-
sorbs one photon at a time. The other is multiphoton absorp-
tion, where two or more photons are absorbed simulta-
neously. Because of the large anharmonicity U=wg;—w;
>0 in the stretch mode of an adatom-substrate system, the
photon absorption to higher excited states is always a non-
resonant process. The larger the anharmonicity is, the smaller
is the excitation probability. In practice, this anharmonicity is
overcome by using short-pulsed laser that is usually picosec-
ond or even femtosecond long. In the one-by-one process,
because of the rapid phase relaxation (always picosecond
long), the process is incoherent. Therefore, we can treat each

wser \\‘&ser (@
== =69

\\.\mr (b)
() ==

(c)

D=6 O

FIG. 1. Illustration of different excitation mechanisms to highly
excited states of the adatom-substrate bond: (a) one-by-one photon
absorption, (b) simultaneous multiphoton absorption, and (c) pool-
ing process. The dot indicates how highly the adatom is excited.
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absorption independently. For the one-by-one process to
dominate, the lifetime of the first excited state has to be
relatively long. As the laser intensity increases, the nonlinear
multiphoton absorption will become more important.

The excitation to the second excited state can also be
induced by vibrational energy pooling through the lateral in-
teraction of the neighboring bonds. Chang and Ewing’ re-
ported the observation of this effect in the CO/NaCl system,
where dipole coupling induces many CO molecules, each of
which is excited by a single photon, to pool their energy into
a few CO molecules so that these molecules are highly ex-
cited. Because of the anharmonicity, pooling is an energy
downward process, which is energetically preferred.

The purpose of this paper is to examine these mechanisms
in detail. We first discuss these excitation mechanisms inde-
pendently and then compute the probability of each mecha-
nism with a set of master equations. A critical assumption in
our work is that each of the adatom-substrate bonds of the
system can be regarded as containing a specific number of
vibrational quanta. The assumption is valid whenever the
time scale for energy transfer is much longer than the
dephasing time. Although the bonds are excited collectively
by the laser, it is reasonable to assume that the collective
behavior is destroyed by the rapid dephasing and the time
scale of the energy localization is much shorter than that of
other processes. In our study, we use the H/Si system as an
example to illustrate the results for three reasons: (1) this
system is simple and thus is an ideal prototype system for
such illustrations; (2) the previous studies show that selective
excitation does exist in this system;>® and (3) this system is
technologically important.®

We find that if the frequency dispersion of the laser is
much smaller than the anharmonicity of the selected mode,
the pooling process is dominant. As the frequency dispersion
of the laser increases, multiphoton absorption becomes more
dominant. We also find that the frequency dependences of
the two mechanisms are quite different: If pooling domi-
nates, there is only a single peak; if multiphoton absorption
dominates, there may exist several peaks and the main peak
may exhibit a redshift.

The paper is organized as follows: In Sec. II, we present a
general theoretical description of the system and discuss the
computation of the stretch mode and dipole moment. In Sec.
III, we study the photon-absorption processes, including both
one-photon absorption and two-photon simultaneous absorp-
tion. In Sec. IV, we investigate the energy transfers between
neighboring adatom-substrate bonds, which include resonant
transfer and pooling process. A short discussion about the
lifetime of the stretch mode is given as well. In Sec. V we set
up the master equations and compute the probability of the
excitation induced by each mechanism. Both monochromatic
and short-pulsed lasers are considered. Finally, a summary is
given in Sec. VL.

II. GENERAL DESCRIPTION

We consider a group of atoms which are adsorbed on an
insulating substrate with a submonolayer coverage. We wish
to know how the stretch mode of adatom-substrate bonds can
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be excited to high excitation states when the system is illu-
minated by a resonant infrared laser. This kind of excitation
is the result of various energy-transfer processes in the sys-
tem. First, there are energy transfers from the laser to ada-
toms or the substrate via photon absorption. Second, energy
can be transferred between neighboring adatom-substrate
bonds. Third, excited adatoms can dissipate energy into the
substrate and relax to the ground state or vice versa. We will
focus on the first two processes as the third process is well
understood.

Together, the above prescribes a very complicated many-
body system. To make it tractable, we introduce a few rea-
sonable assumptions. First, we assume the absence of elec-
tronic excitations since only an infrared laser is used.
Second, the adatom and the substrate form a chemical bond
and thus the adatoms are spatially well localized. Third, the
substrates are regarded as a collection of phonons and these
phonons are coupled weakly to the vibrational modes of the
adatom-substrate bond. With these assumptions, we write the
system Hamiltonian as

P?
i i,j i
(1)

where V(7;) is the potential describing the adatom-substrate
bond at the ith site and U;; is the lateral interaction between
adatoms. The laser field is treated as a classical field E and is
coupled to the electric dipole moment D of the adatom. Hp
represents the substrate phonons and the last term H' de-
scribes the coupling between the stretch bond and the sub-

strate phonons.

A. Stretch mode of the adatom-substrate bond

We first focus on an adsorbed atom at the ith site of the
substrate. The Hamiltonian for this adatom is

ﬁZ
H;=- *V12+Vl(;)7 (2)

! 2m

where m”* is the effective mass and V,(7) is the interaction
potential between the adatom and the substrate. If the sub-
strate surface is isotopic, i.e., there is an azimuthal symmetry,
V can be written as

V=V(z) + V(R) + W(z,R), (3)

where z and R represent the motions of the adatom normal
and parallel to the substrate surface, namely, the stretch and
bending modes, respectively. W is the coupling between the
two modes. For the H/Si(111) and H/Si(100) systems, W can
be omitted when only the low-lying states are considered.®’
The simplest treatment of V(z) and V(R) is the harmonic
approximation. However, for the stretch mode, the anharmo-
nicity is generally strong and the harmonic approximation is
insufficient. A better choice is the Morse potential V(z)
=D(e™2%~2¢"%), where D is the dissociation energy and «
is a parameter determining the anharmonicity. Since the an-
harmonicity is constant in the Morse potential but it is not in
reality, the Morse potential is a good approximation only for
the lowly excited states.

125303-2



THEORY OF THE EXCITATION OF THE VIBRATIONAL...

20 .

V (eV)

0.0 -

-0.4 -0.2 0.0 0.2 0.4 0.6 0.8

FIG. 2. The normal potential V(z) for the Si-H bond on the
Si(111) surface. The equilibrium position is taken at z=0.

A better way is to compute the normal potential V(z) with
ab initio calculations without any fitting parameter. We use
the H/Si(111) system as an example to illustrate this method.
The calculation is implemented by the ab initio code VASP.'0
The Perdew-Wang (PW91) (Ref. 11) exchange-correlation
functional has been used and the inner electrons are replaced
by projector augmented wave (PAW) pseudopotentials.'? The
energy cutoff is 300 eV. The supercell contains six-layer Si
slabs with a vacuum of 13 A. For a 3 X3 surface cell, a
Monkhorst-Pack grid with 4 X4 X1 k points is used. Since
silicon is much heavier than hydrogen, the stretch mode is
primarily localized on the hydrogen atom. Therefore, in our
ab initio calculations we keep all the silicon atoms fixed
(frozen phonon calculation) and elongate/shorten one Si-H
bond. To map out the potential, we take 110 equally spaced
points for the hydrogen atom along the z direction from —0.4
to 0.7 A away from the equilibrium position. The results are
shown in Fig. 2. These data are enough to ensure the accu-
racy of the lowest few excited states. With these data, we
solve numerically the following one-dimensional (1D)
Schrddinger equation:

2 2
{ ;‘ ;2+V(z)}¢(z) Eu). @

where the effective mass is given by m”*= ,:LHH;' We ﬁnd that
the frequency of the Si-H stretch mode is 2025 c¢cm™! and the
anharmonic frequency is 75 cm™!, which are in good agree-
ment with other theoretical calculations.'>!> However, this
computed stretch mode frequency is 58 cm™' smaller than
the experimental result (2083 cm™!).!% There are several
possible reasons for this difference: (1) The frozen phonon
calculation causes 1% error.!® (2) In our calculations, we
omitted the interaction of the adatom with other adatoms and
the substrate phonons. This may also induce a frequency
shift.!718 (3) The effective mass m”* is an approximation. Our
computed anharmonicity frequency is 15 ¢cm™' smaller than
the experimental one (90 cm™'), which is related to the ex-
istence of the two-phonon bound state.'® Since the lateral
interaction between the adatoms is ignored here, the two-
phonon bound state is not taken into account.
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B. Lateral interaction between the adatoms and the dipole
moment

As discussed above, the adatom-substrate bonds are well
localized. In this case, the lateral interaction between the
adatoms is mainly via dipole coupling, which is true for the
H/Si system.'® The dipolar interaction is described by

D.-D

_ iy
0= (5)

where R; is the coordination of the ith site of the substrate.
Because the substrate atoms vibrate around the equilibrium
positions, we have R;=R;y+r;, where R, is the equilibrium
position and r; is a small displacement. We expand Eq. (5)
around the equilibrium positions to the first order:

D;-D; 3D;-D; U (r,— 1) - Ro. ©)
47T80R0 4are ORo

Since r; represents the motion of the substrate atom, the first-
order term in the above equation actually represents a cou-
pling of the adatoms to the substrate phonons. Because the
lateral interaction decays with distance with the inverse cu-
bic law, we consider only the coupling between nearest
neighboring adatoms.

The dipole moment D; is generally a vector. In our dis-
cussion, we focus on the case where only the stretch mode is
important. In this case, only the component perpendicular to
the surface D(z) is significant. Consequently, the dipole mo-
ment can be regarded as a scalar with its direction repre-
sented by the sign of D(z). A simple model of the dipole is
D(z)=Dy+ az, where Dy, is the polarization of the bond at
equilibrium and a= ?1;
good if z is not far away from the equ111br1um position.
When the vibrational amplitude is large and the nonlinearity
is strong, a Mecke-type function is preferred,®!”

D(z) =Ag+AZ"e ™%, (7)

=

where Ay,A;,A,,m are system parameters and can be deter-
mined by fitting the ab initio results or the experimental data.
In this paper, we have performed a frozen phonon ab initio
calculation to get the dipole moment D(z) of the H/Si sys-
tem. The method is the same as for the potential calculation
presented before (Fig. 2). The result is shown in Fig. 3. In
these calculations, only one Si-H bond is allowed to elongate
or shorten, and due to the symmetry of the supercell, the
dipole moment at the equilibrium position is zero.

In the following discussions, what is needed in computa-
tion is the dipolar matrix elements of the vibrational stretch
modes, mn—<m|D(z)|n> For H/Si(111), we have Dy,
=0.016 53 eA and D,=0.024 78 €A.

III. PHOTON ABSORPTION

When an infrared laser is applied to an adatom-substrate
system, the photons can be absorbed by either adatoms or the
substrate. If the photons are absorbed by the substrate, the
substrate will be heated up and eventually excite the ada-
toms. This process is almost identical to directly increasing
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FIG. 3. The normal dipole moment D(z) of the Si-H bond on the
Si(111) surface.

the substrate temperature and is less intriguing. In this paper,
we focus on the system where the laser is transparent to the
substrate so that the direct laser heating of the substrate is
minimal.

When the laser frequency is tuned to the vibrational mode
of the adatoms, the adatoms can absorb photons and jump to
excited states. The dominant process is one-photon absorp-
tion, in which the adatom absorbs one photon and is excited
from the ground state to the first excited state. Other pro-
cesses are also possible, for example, one-by-one absorption
and multiphoton absorption (Fig. 1). In one-by-one absorp-
tion, the adatom is excited to the second excited state by
absorbing two photons one after another. In the multiphoton
process, the adatom is excited to highly excited states by
absorbing two or more photons at the same time. We inves-
tigate the probability of these different photon-absorption
processes.

As the interactions among the adatoms and the substrate
are not important in the absorption of photons, we ignore
them and study the following one-body Hamiltonian:

H=Hl'_Dl'.El'7 (8)

which is the Hamiltonian of the adatom on the ith site. The
interaction between the adatom and the laser is described
within the semiclassical electric dipole approximation and
the infrared laser is represented by its electric field,

E,=E cos wt, 9)

where E is independent of the position as the spatial scale of
an atom is much smaller than the wavelength of the infrared
laser. For simplicity, we omit the subscript i below. When the
polarization of the electric field is along the z direction, the
Hamiltonian can be rewritten as

H=Hy-D(2)E cos(wt), (10)

where H is the Hamiltonian of a single oscillator described
above.

A. One-photon absorption

For the one-photon absorption [0)—|1), according to
time-dependent perturbation theory, the transition possibility
at time ¢ is given by
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Dy [PE§ sin?[ (wy; — w)1/2]
412 [(wo; — (1))/2]2 ’

POl(t)= (11)

where wy=w;—w, is the frequency of the stretch mode.
When ¢ is long enough, only the resonant photon, i.e., w
=wyq;, can be absorbed:

Tt
Py (t — ) = W|D01|ZE(2)5[(&’01 - w)/2]

Tt

= ﬁ|D01|2E(2)5(w01 - ). (12)
The transition rate is given by
d ™

wor = d_th(f) = %|D01|2ES5(¢001 - ). (13)

For a real system, the line shape of the absorption peak is
broadened and has a finite full width at half maximum
(FWHM). We replace the & function by a Lorentzian with
FWHM of 2v,

Y
L(w) = . (14)
(g1 = @)% + 7]
The transition rate consequently becomes
1 Y
=—|DyfEE——5—. 15
Wo1 2ﬁ2| Ol| 0(“’01 _w)2+ ’)’2 (15)

The transition rate wy, for |1)— |0) is identical, w;o=w.
The cross section is defined as the effective area of the
adatom that absorbs a photon:

g = WOI/F, (16)

where F'is the photon flux, defined as the number of photons
arriving at the surface in unit area per second. Notice that the
flux F satisfies the relation

Fho = gEgc/2, (17)

where c is the speed of light and g is the dielectric constant
of vacuum. Substituting Egs. (15) and (17) into Eq. (16) and
setting w=wy; for resonance, we get

_ Dyi[*@
hegcy

For H/Si(111), 2y=1 ecm 11720 »=2083 cm™',!® and D,
can be calculated by the ab initio result in Sec. II. The result
is o~10""7 cm?, which is in agreement with the estimate
from the experimental studies.’

When the time spread of the laser pulse is longer than the
dephasing time, the excited state becomes incoherent with
the laser and the first excited state can be excited to the
second excited state incoherently. Because of the anharmo-
nicity of the oscillator, the |1)—|2) transition is off-
resonance if w=wy;. Since the absorption peak has a finite
linewidth, the nonresonant process has a small transition
rate,

g

(18)

1
242

Y
Wi = |D12|2E(2)(w12_ w01)2+ ’}’2 (19)
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In the above discussion, we have not considered the cou-
pling with the substrate. If the absorption is off-resonance,
the system can absorb a photon by creating a stretch mode
phonon and transferring the anharmonic energy to the sub-
strate. As will be shown in Sec. IV B, this energy transfer is
mainly due to the inelastic scattering with a substrate phonon
at room temperature. For simplicity, we assume the stretch
mode is strongly coupled to a localized phonon which domi-
nates the dephasing. The discussion here follows Ref. 17.
The Hamiltonian is given by

H=Hy+Hy-D-E + 6wiB'B, (20)

where 7 is the phonon number operator of the stretch mode,
B and B' are the creation and annihilation operators for a
quasilocalized surface mode, respectively, and dw is the
strength of the coupling. Using the second-order perturbation
theory, we can get

(n+ 1|D|n)
U

2’7TE(2)

2
T ht 4 0w’

w(n)

Xf dodw'n(w)[n(w") + 1]p(w)p(0") U+ w - '),

1)

where w(n) is the transition rate between the nth and (n
+ 1)th excited states. We use this notation to distinguish from
the transition rates without substrate phonons (w;;). In the
equation above, U=wy;—w;, is the anharmonic frequency,
n(w) is the Bose-Einstein distribution of substrate phonons,
and p(w) is the local density of the states which is assumed
to be a Lorentzian,

n2mT
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Ey |(n+1Dl) (>
= . 25
wln) =2 U 1+ (U @5)
Now we compare it with Eq. (19). The ratio
wn=1 U+
(n=1) _ ' 26)

Wio U2+U4/7]2'

Generally U?/ > v; therefore, w(n=1)<wjj,.

In the discussions above, we have omitted the lateral in-
teraction of the oscillators. When the lateral interaction is
involved, there exists a local field and the peak of the ab-
sorption will shift depending on the population of the excited
states.!” However, if the anharmonicity is much larger than
the bandwidth of the stretch mode, it is possible to neglect
the lateral coupling.'® The two-phonon bound state has not
been discussed either. A simple method to fix the problem is
to replace the anharmonicity frequency U with the experi-
mental result which includes the two-phonon bound state.

B. Multiphoton absorption

When the laser intensity is strong, the adatom-substrate
bond can absorb two (or more) photons simultaneously. We
focus on two-photon absorption since it is the strongest
among all multiphoton-absorption processes. Because it is a
higher-order process, the probability of two-photon absorp-
tion is much smaller than that of one-photon absorption. The
transition probability was first derived by Goppert-Mayer?!
using the second-order perturbation theory. The second-order
coefficient is given by

1\ (T ‘
THOE (E) f dr(2|E() - D|1)e'!

plw) = : (22)
(@—w)* +(9/2)? 0
t
Assuming kzT> n,U, we get X f dr,(1|E(z,) - D|0)e’10"1, (27)
0
dedw n(w)[n(0”) + p(w)p(e) AU + 0 - o') In the case of a monochromatic laser, namely, E(H)=Ey(e'
il +e7'°") /2, the coefficient becomes
~———n 1+n . 23
U2+ 772 (wo)l (wo)] (23) o 1, 1 = expli(ws; — )T
C02 (T) = ?EODZIDIO
As the linewidth of the stretch mode is given by!7-? 4 (@19~ 0) () - @)
Sw’ 1 — expli(wyy = 2w)T]
_ 2P hwylkpT( haylksT -2 - . 28
2y=2 7 A G O (24) (019~ w)(wy - 2w) 28)
we obtain The probability of two-photon absorption is
|
Po(t) = |CR(0 = EyD,D5; | sin®[(wy — 0)1/2] sin?[ (wy — 2w)1/2]
” 0 4nt (s — w)z(wlo - w)2 (@0~ 20))2(0)10 - w)2
sin’[(wy, — @)1/2] + sin*[(wyg — 2w)1/2] — sin*[(w;o — w)1/2] 29)

(wzl - w)(wzo - 20))(@10 - w)z
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FIG. 4. Dependence of the two-photon absorption probability on
the laser frequency. Py, is normalized to 1. The anharmonicity is
80 cm™!' and w, is set as the reference point.

The frequency dependence of P, is shown in Fig. 4. There
exist three peaks: a major one at w=(wy +w,)/2 and two
minor satellite ones at w=wy;, w,. If we consider only reso-
nant absorption, namely, w= wy,/2, the absorption rate is
given by

Wp=—"= —7""""50(w)y—2w). 30

02 ¢ 8ﬁ4(w10 _ w)z ( 20 ) ( )

In the above equation, we may use a Lorentzian with a line-
width 29 to replace the & function for realistic computation.

IV. ENERGY TRANSFER BETWEEN THE ADATOMS

Once the adatoms are excited by laser at the surface, the
acquired energy can be redistributed among adatoms due to
the dipole-dipole coupling. There are two kinds of energy
transfer via the stretch mode between two neighboring ada-
toms. One occurs when an adatom in its nth excited state of
the stretch mode is excited to the (n+1)th excited state by
acquiring a phonon from its neighbor which is in the (n
+1)th excited state. This energy-transfer process is denoted
as |n,n+1)—|n+1,n). Since the energy is conserved be-
tween the neighboring adatoms during the process, we call it
resonant energy transfer. The other process, denoted as
n,my—|n—1,m+1)(n#m+1), is an off-resonant energy
transfer. Due to the anharmonicity, the energy is not con-
served between the neighboring adatoms, and it requires en-
ergy exchange with the substrate phonon. These two funda-
mental processes are responsible for many physical
phenomena. For example, an energy pooling can occur via
the off-resonant energy transfer.”

A. Resonant energy transfer

When the adatom-substrate system is illuminated by an
infrared laser, the adatoms can be excited by absorbing pho-
tons. It is important to know whether the excitation energy
will be passed on to other adatoms during the lifetime of the
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excited states. For this purpose, we need to know the rate of
resonant energy transfer between neighboring adatoms.
Since the energy is conserved, the involvement of the sub-
strate is minimal. As a result, the resonant energy transfer
can be described by the following Hamiltonian:

DD,
47780R0’

where H| and H, are the Hamiltonians for the two neighbor-
ing adatoms and the third term is for the dipolar interaction
between them. Since the lateral interaction is small compared
to H, and H,, we regard it as a perturbation.

Each adatom can be regarded as an oscillator with its
eigenstates given by |m). When the dipolar interaction is ig-
nored, the eigenstates of the two neighboring adatoms are
given by |m,n)=|m)|n) with the corresponding eigenvalues
E, .=E,+E,. When the interaction is turned on, it has two
consequences: (i) the eigenenergy shifts and (ii) the degen-
eracy, e.g., between |1,0) and |0,1), is lifted. We focus on
the latter since it is related to the resonant energy transfer.
We take the |1,0)—|0, 1) transfer as an example. After ap-
plying the degenerate perturbation theory, we obtain a 2 X2
Hamiltonian matrix,

H=H,+H,+ (31)

1 01|DD,|01) <(01|D,D,|10
e ]

4areRy \(10|D,D,|01) (10|D,D,|10)
(32)

Diagonalizing the matrix, we can get the energy split A
~=(.135 meV, from which we will be able to find the reso-
nant transfer frequency. Because the phonon oscillates coher-
ently between the two adatoms, the possibility of the phonon
localized in one Si-H bond is given by

A
Pt =cosz<—t). 33
(0 =cos?| - (33)
However, the rapid dephasing?? will destroy the coherent os-
cillation. Therefore, we define a time scale ¢* for the transfer
by setting P,o(t*)=1/e.?3 The frequency of the transfer is
roughly given by

’:—:—:].IZXIOH S_l. 34
YT o arccos(e™?) (34)

Since each Si-H bond has six neighbors, the effective trans-
fer frequency is v=61"=6.74 X 10" s~!'. The lifetime of the
Si-H first excited state is about 0.8 ns,2* which is 3 orders of
magnitude larger than the resonant transfer time. This shows
that the resonant energy transfer is very frequent. Since the
laser power usually has a Gaussian distribution in the cross
section of the beam, it is clear that there are more Si-H bonds
getting excited at the center of the laser beam. However, due
to the rapid resonant energy transfer, these excitations will be
spread out in a short time. As a result, it is reasonable to
assume that excited adatoms (or adatom-substrate bond) are
uniformly distributed in the laser-illuminated area.
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B. Off-resonant energy transfer

We now turn to off-resonant energy transfer. Via this pro-
cess, an interesting phenomenon called energy pooling can
occur. For example, one adatom-substrate bond in its first
excited state can jump to the second excited state by acquir-
ing one phonon from its neighbor which was in the first
excited state and returns to the ground state by giving out the
phonon. Since there may be other excited neighbors or the
de-excited bond may be excited again by resonant energy
transfer from its neighbors, this newly excited adatom-
substrate bond may acquire one more phonon via off-
resonant energy transfer and get excited to the third excited
state. This process can go on until the lifetime of the highly
excited state becomes too short to allow for off-resonant en-
ergy transfer. In the CO/NaCl system, the CO stretch mode
can be excited to n=15 by this pooling mechanism.” For a
concrete system, the importance of the energy pooling is
determined by how fast the off-resonant energy transfer can
occur.

Due to the anharmonicity, the energy of the final state is
lower by AE=AU than that of the initial state, and the excess
energy is dissipated to the substrate. There are a couple of
ways for the substrate to absorb the energy: (1) inelastic
scattering of a bulk phonon from the excited oscillator and
(2) creation of a bulk phonon. The former process was stud-
ied in Ref. 17 with the assumption that the process is domi-
nated by coupling to the substrate phonon that is largely
responsible for the dephasing of the stretch mode. The inter-
action Hamiltonian is given by!”

ij i

where #;; describes the strength of the dipole coupling, dw
describes the coupling between the stretch mode and the sub-
strate phonons, n; is the phonon number operator of the ith
site, and Bi,BlT are the creation and annihilation operators for
a quasilocalized surface mode. Using perturbation theory,

one can obtain the transfer rate,!”

8
.

ij= 4
Xp(w)p(w)o(U+w-w'), (36)

2
% §w2f dodw'n(w)[n(w') +1]

where n(w) is the Bose-Einstein distribution and p(w) is the
density of states of the local surface phonon described by

n2mw

= . 37
P = )+ (2 57
After some simplifications, we find
2
t; 2
: U/ 1+(Uln)

where 27 is the linewidth of the stretch mode given by Eq.
(24). Since other parameters depend on temperature weakly,
the transfer rate w;; depends on temperature mainly via Y(7).

For H/Si(111), the bandwidth of the stretch mode A
~9¢t; j» where (i,j) means the nearest sites. At room tem-
perature (300 K), 2y=1 cm™!, AQ=10 cm™', U=87 cm™,
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and 7=52 cm™!, and for every bond there are six nearest
neighbors. Using these parameters, we have w=2Xw;~2
X108 s7'. At T=130 K, 2y=0.1 cm™!,20 and we obtain w
~2x 107 s7!, which is 1 order of magnitude smaller than
that at 300 K.

For the latter process involving the creation of bulk
phonons, we follow the study in Ref. 23. The coupling be-
tween the oscillator and the substrate is given by the first-
order term of Eq. (6), which involves only one substrate
phonon. Since the anharmonicity is always smaller than the
Debye frequency of the substrate, the process needs to create
only one substrate phonon and the truncation here is reason-
able. With the choice of R, being along the y axis, the
Hamiltonian is given by

3D, (Zl)Dz(Zz)

H=H1(Zl)+H2(Z2)+HB— 4
4megR,

()’1 —)’2)~

(39)

Here the substrate Hamiltonian Hpy is chosen to be two inde-
pendent collections of harmonic oscillators with frequencies

(OFS

HBZE wa(b.lrabla*'b;abhz)' (40)

Hp is comprised of two separate collections to allow for the
definition of two collective coordinations, y; and y,,

yi=§<

1/2
bl +b.), 41
2Mwa> (bjo+Dbiy) (41)

where M is the mass of the substrate atoms. The density of
states is assumed to be of the normalized Debye form,

3w?
plw) = —,
wp

0= w=wp, (42)

where wp is the Debye frequency. According to the Fermi
golden rule, the transfer rate is

2
w= f P(w)ﬁ_Z|Vi,f|25(wf— w;), (43)

where we use the notation V; =(i |VIf). After a series of cal-
culation and simplification, the rate is given by

127(n(U) + 1]U<3IDO,IIIDI,2|>2
w= .
ﬁMw3D 47T80Ré

(44)

where U is the anharmonic frequency, n(U) is the Bose-
Einstein thermal occupation number, and D;;=(i|D|j). For
H/Si(111), it gives w=4.2X 10° s~!. The temperature depen-
dence of this phonon-creating process is mainly via n(U).
When the temperature is low, it is almost temperature inde-
pendent.

We can conclude that when the temperature is high, the
inelastic-scattering process dominates, whereas the phonon-
creation process dominates when temperature is low. Physi-
cally this conclusion is reasonable because the coupling in
the former process is stronger than that in the latter one.
When the temperature is high, both processes contribute with
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the former one dominating. When the temperature is low
enough, there are few phonons in the substrate that can scat-
ter with the stretch mode phonon. Therefore, the former pro-
cess is quenched.

In the discussions above, we calculated the |1,1)—|0,2)
process, in which the energy is dissipated to the substrate.
The calculation of the reverse process [0,2)—|1,1) is
straightforward. To do so, we only need to replace n(U)+1
with n(U) in Eq. (44). When the substrate is in equilibrium,
we have

wie _ n(U)+1

wo.n  n(U)

=exp(hUlkgT), (45)

which is just the detailed balance relation.

C. Lifetime of the excited stretch mode

The excited stretch mode can relax by transferring energy
into low-frequency modes, which include the wagging
modes of the adatom-substrate bond and substrate phonons.
Because the frequency of stretch mode is generally much
larger than that of the other modes, the relaxation always
involves several low-frequency phonons. In other words, it is
a high-order process. At a surface numerous combinations of
low-frequency modes can accept energy, rendering a short
lifetime to the excited state of the stretch mode.

The calculation of the lifetime 7; of the ith excited state is
not straightforward because the relaxation mechanism is
complicated. We take H/Si as an example. The lifetime of the
first excited state of the H/Si(111) stretch mode has been
measured experimentally’® and the value is 7,=0.8 ns,
whereas the theoretical value varies among different ap-
proaches. Ab initio molecular-dynamics simulation gave a
lifetime in excess of 20 ns for the H/Si(100) system,” which
is much longer than the experimental result. Gai and Voth,?
using the Bloch-Redfield theory combined with classical
molecular-dynamics simulations, gave 7;=1.7%*0.1 ns for
H/Si(111), which is about twice the experimental value.
However, their calculation cannot determine 7, accurately.
For H/Si(100) system, Andrianov and Saalfrank®’ gave 7,
=1.53 ns at 300 K, which is in agreement with the experi-
mental result of 1.2 ns.?® They argued that the relaxation
mechanism is mainly due to two-phonon process, while oth-
ers attribute it to one-phonon process?® or four-phonon
process.%3! A simple scaling law has also been suggested for
lowly excited states,

1= (46)

n

—_

However, this scaling law is not as accurate for the stretch
mode as for the wagging mode and underestimates the life-
time of stretch mode excitations. The four-phonon process
decays exponentially with increasing temperature.>® How-
ever, in the one- or two-phonon process, the dependence is
somehow weaker.?”?
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V. PROBABILITY OF EXCITATION OF THE STRETCH
MODE

The probability of excitation of the stretch mode can be
evaluated through a set of master equations using the transi-
tion rates derived previously. Since the probability to the
third or higher excited state is very small, we consider the
excitations only up to the second excited state. As a result,
the master equations are given by

n 11-02 2
i (Ajp+ B1o)(ng = ny) + (Agy + Bo) (ng = 1) + Wooing
0211 )
- WpooTing”Z”O - : > (47)
2
dn, 11-02 2
o (Ao1 + Bo)(ng = ny) + (Aja + Byp)(ny —ny) = 2W pooling!1
0211 n, m
+ 2Wp0:lingn2n0 + : - :’ (48)
2 T
dng 11-02 2
Al (Ag1 + Bo)(ny = ng) + (Agy + Bop) (ny = 1g) + Wootingi
0211 &
- Wp()(;ingn2n0 + : (49)
1

In the equations above, A;; represents the transition rate from
the ith state to the jth state induced by the laser and it is
generally time and frequency dependent. B;; represents the
thermal transition rate and it can always be omitted in the
following discussions since we focus on the temperature
range where the thermal energy is much smaller than the
excitation energy of the stretch mode. For most adatom-
substrate systems, this temperature range is below hundreds
of kelvins. For H/Si(111), it is below 700 K. wpoojing in the
master equations is the transition rate of the pooling process
given in Sec. IV B. 7; is the lifetime of the ith excited state.
In the equations, due to the selection rule and large off-
resonance, we omit the |0) — |2) one-photon transition.

In the master equation above, there are two mechanisms
for the adatom-substrate bond to reach the second excited
state. One is direct photon absorption, which is described by
either Ay, and A, or Ay, in the master equations. The other is
pooling, which is given by wyyojing- In the discussions below,
we will consider the probability induced by each mechanism
separately and compare their relative importance.

A. Probability of excitation to the first excited state

Before solving the above master equations, we first dis-
cuss the excitation probability to the first excited state. Be-
cause the probabilities of higher excited states are generally
much smaller than that of the first excited state, we omit
higher excitations and reduce the master equations to

dn n
d—;=A<no—nl>—;l, (50)
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FIG. 5. The numerical results of probability in the first excited
state n; in the case of a pulsed laser. The duration of the pulse is 1
ps and the interval between two pulses is 350 ps. The laser starts at
t=0.

dﬂo ny
— =A(n; —ny) + —, (51)
dt ! 0) 7]

where we have used A for Ay;. We will discuss two cases, a
continuous-wave (cw) laser and a pulsed laser.

For a cw laser, A=wy=Fo is time independent. When the
system is in a steady state, the probability to the first excited
state is

A

= 52
2A+1/Tl ( )

n

For a pulsed laser, when the duration f, of the pulse is

much shorter than the interval T between two consecutive
pulses, we can treat the laser as a series of J functions,

A=Ay, 8t—nT), (53)
n
where Ag=wt, is the transition possibility in each pulse.
Using no+n,;=1, Eq. (50) is rewritten as
d”l]

o =Ao(1 - 2n1)§n‘, 8t —nT) -

Y (54)
1

In the numerical calculations, we broaden the & function to a
square pulse with a duration of 1 ps. The numerical result is
given in Fig. 5.

Between the pulses, nT<r<(n+1)T, Eq. (54) can be
solved exactly, yielding

ny(t) = ny(nT + 0%)e =D/ (55)

When n> 1, the system reaches a steady state and for any ¢
we have

n(nT+1t)=n[(n+m)T +1] (56)
and

n(nT+0%) =e"in,(nT+07). (57)
With Egs. (54) and (57), we get
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(1-e240)2

ny(nT+0%) = 0 Tin 2y (58)

_
The average probability of finding an oscillator in its first
excited state is given by

n;7(nT+0%)

1 (7
ﬁl=}f n(nT+0%)e " dt = (1-eTm).

0
(59)

In the limit T<7), n;(nT+0%)=n;(nT+07)=n,. Using 1
—e '"M=T/7 and 1-e 0=2A,, we get

Ay T

S U (60)
2A0/T + 1/7'1

n
Comparing it with Eq. (52), we get the effective transition
rate A=A,/ T=0F1y/T. It is clear that if the lifetime of the
excited state of the stretch mode is much longer than the
interval of the pulse, the laser can be treated as a cw mode
with an effective flux F*'=1,F/T.
Next we consider the fluence dependence. We first discuss
two extreme situations: A<<(1/7;) and A>(1/7). When A
<(1/m), Eq. (52) is reduced to

n =An,=FoT, (61)

and the dependence on flux (intensity) is linear. When A
>(1/m7), we get n;=0.5, which is the saturation value and is
independent of the flux. We note that the number of photon
absorbed is often lower than the order of the dependence on
the laser flux.

B. Probability of the second excited state induced by
multiphoton absorption

In this subsection, we omit the pooling and consider only
the effect of direct multiphoton absorption. There are two
kinds of multiphoton absorption. One is one-by-one absorp-
tion. In this process the bond first absorbs a photon to reach
the first excited state and before dropping back to the ground
state it absorbs another photon to jump to the second excited
state. Because of the anharmonicity, at least one of the two
steps must be off-resonance. It is described by Ay; and A}, in
the master equations. The other one is two-photon absorp-
tion, in which the adatom absorbs two photons simulta-
neously. It is described by Ay, in the master equations.

We first discuss the one-by-one absorption and ignore
two-photon absorption. The master equations can then be
reduced to

dnz ny

—=A —ny)——, 62

dt 12(”1 "2) 7 (62)
dl’ll l’l2 l’ll
—=Ag(ng—n) +Ap(ny—n)+—-—,  (63)
dt T T

d

0= Agi(my =)+ (64)

t 71

Using ny+n;+n,=1, we obtain
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FIG. 6. The dependence of the probability in the second excited
state n, on the monochromatic laser frequency w. n, is normalized
to 1. The anharmonicity here is 80 cm™' and w;, is set as the
reference point.

AIZAOI

ny = " " . (65)
3A12A01 + 2A01_ + A12_ +
) T TIT
1
Ap+ . Ao
2
n = 66
I 1 T 1 (66)
3A12A01 + 2A01_ +A12_ +—
) I )

Here both Aj, and A, depend on w and . Because of the
large anharmonicity, the |0)—|1) and |1)—|2) transitions
cannot be resonant simultaneously. If Ay, is large, A, is
small. In this case, we get

ny z14127'2/2, (67)

which is the saturation value. If A}, and A,; are both small
(compared to 1/7), we have

7172E4E)
(w1 — ) + (@ - ©)*+ %3]
(68)

ny(w) = Ay 1A |7 =

For the frequency dependence, n, has two peaks at w=w;
and w=wy; as shown in Fig. 6.

If the laser has a finite spectral width I", we should replace
%SOE(Z)C with [p(w)dw, where p(w) is the frequency distribu-
tion of the laser. We assume that p is a Lorentzian with the
central frequency at w,,

2z
(w—w.)?+ (T/2)*

plw) = (69)

Now n, becomes
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FIG. 7. The dependence of the probability in the second excited

state n, on the central frequency w, of the dispersed laser. The

dispersion I' is given in the figure. n, is normalized to 1. The an-
harmonicity is 80 cm™' and w,; is set as the reference point.

Y1
1y %) dw
? fp( )77[(6001—60)2"‘ 7’%]

8 jp(w )77{(0)12—

If I'> vy, v, we get

Y2 do
w1)2 + 7%]

" (70)

I'nR2a I'n2a@
x .
(w1 — @)* + (I72)* (w1, — @) + (T772)*

(71)

ny
If the dispersion of the laser is much smaller than the anhar-

monicity, we have

w01 + (1)12) Fz/(277)2
| w, = o (72)
2< 2 (wm - wc)2(wl2 - wc)z

and

1

71'2(6001 - 0’12)2. (73)

ny(w, = Wy, wy5) *

Similar to a monochromatic laser, n, has two peaks at w,
=Wy and W.=wWip (Flg 6)

When the dispersion of the laser increases, as shown in
Fig. 7, the two peaks in Fig. 6 will move to the center (the
top panel of Fig. 7). If the dispersion is large enough, even
larger than the anharmonicity, the two peaks can merge into
one single peak and the maximum of n, is at w=(wy,
+w;,)/2 (the bottom panel of Fig. 7).

Now we focus on two-photon absorption and ignore all
other mechanisms. Since two-photon absorption is a second-
order process, it is generally weak. The master equation is
now given by

dn n
—2 = Apyng—ny) - =. (74)
dt b

We get
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Apm

ny = ny = Agpmhyg. (75)

- 1 +A027’2
If the two-photon absorption is the most important mecha-
nism of the system, the probability of the second excited
state is given by the equation above. We also notice that if n;
and n, are small, i.e., ny=1, we have

ny = ApTy. (76)

C. Probability of the second excited state induced by energy
pooling

As mentioned already, a pooling process can occur via the
off-resonant energy transfer between the adatoms: One ada-
tom may be highly excited by acquiring multiple phonons
from its neighbors. For simplicity, we focus on investigating
the probability of an adatom reaching the second excited
state via pooling. We assume that the laser is strong enough
to pump adatoms from the ground state to the first excited
state, keeping n; and n, constant. In this case, the master
equation is

dn, n
2 M
E = Wpooling/?1 — ? (77)
2
In the above, we have omitted the reverse process, which is
snlllallogince n, and wggjh}l; are generally smaller than n; and
wpo(;mg, respectively. For the steady state, namely, dn,/dt

=0, we get
2
Ny = ToWpooling/ | - (78)

This shows that the probability of pooling increases with n;.
Since n; depends on the laser, the probability of pooling
depends on the laser implicitly. The pooling probability
achieves maximum value only when n; achieves maximum
value. In other words, the laser must be resonant with the
|0) — |1) transition, i.e., @=wy;. As the dispersion of the laser
increases with the laser power staying the same, photons are
not absorbed by the |0) — |1) transition efficiently and n; will
decrease. If the dispersion is much larger than the linewidth
of one-photon absorption, we find

J J T2 v/ 2
ny <« w S
! (0= )+ (T2 (w=-wy)+y @l
(79)

where I' and 27, is the dispersion of the laser and the line-
width of one-photon absorption, respectively. Because the
pr(;bability of pooling is quadratic in ny, it is proportional to
r—.

The excitation probability to the higher excited states can
be evaluated similarly. If the lifetime of the excited state is
long enough, the oscillator has the possibility to reach highly
excited state through a series of pooling.

D. Comparison and discussion

So far, we have considered two main processes via which
an adatom-substrate bond can reach the second excited state,
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i.e., pooling and multiphoton absorption. Both of the mecha-
nisms depend on the lifetime, dipole moment, and anharmo-
nicity of the adatom-substrate bond, which are the intrinsic
properties of the system. In general, the probability of exci-
tation increases with the lifetime and dipole moment but de-
creases with the anharmonicity. In addition, the probability
of excitation depends on the properties of the lasers applied:
its power and its frequency dispersion. Specifically, the pool-
ing mechanism depends additionally on the strength of the
dipole interaction and the coupling between the stretch mode
and the substrate phonons. We now compare these two
mechanisms and see how they differ in characteristics and
which mechanism is more important under a given situation.
Without doing any calculation, we can point out that the
two different mechanisms depend on the laser frequency
very differently. On the one hand, since the dependence of n;
on the laser frequency has a single peak at w=wy,, the pool-
ing mechanism also has a single peak at w=w; according to
Eq. (78). On the other hand, the multiphoton-absorption pro-
cess has either two peaks if one-by-one absorption dominates
or three peaks if two-photon absorption cannot be ignored.
We next consider the effect of the laser power on the
excitation probability of the second excited state induced by
each mechanism in the case of a cw laser. We assume that the
laser is not very strong, namely, the probability of excitation
is far away from saturation. For this case, we have n;
=wg,; 7, according to Eq. (52). Since the probability of exci-
tation induced by pooling is given by Eq. (78), we obtain

ngooling = Wpoolingw(2)1 7-27%' (80)
According to Egs. (68) and (76), the probabilities induced by
two-photon absorption (TPA) and by one-by-one (OBO) ab-
sorption are given respectively by

TPA
ny, =Wy,

OBO
ny o =Wo TWe T2, (81)

where we have used the fact that A;;=w; in the case of a cw
laser.

With the probability given above, we now discuss the
effect of the laser power. For a monochromatic laser, we get

e 0.24(AQ)? 1|D°‘|21/ (82)
nyth L+ (UIn)* D v,
and
pooling 2 |D |2 pe
2 2 o1l” 7
=~ 0.24(AQ) ———— —, 83
n3B0 (A 1+ (UIn)?* Dy, (®3)

where vy is the linewidth of the two-photon absorption. For
H/Si(111), AQ=10 cm™, 7,=0.8 ns, =52 cm™!, and 7y,
=1 cm™!. Both ratios above are much larger than 1. This
shows that pooling is more dominant than multiphoton ab-
sorption in this case.

The situation becomes very different for a dispersed laser.
As we have discussed in Sec. V C, when the laser dispersion
I' increases, the frequency dependence dose not change, but
the probability of pooling decreases with the dispersion
width as I'=2. Physically, it is because when w,=w,; and the

125303-11



MA et al.

0.8 -

OBO

0.6 - _

02

0.0 . 1 . 1 . 1 . 1 . 1 . 1
0 20 40 60 80 100 120

r (cm'1)

FIG. 8. The dependence of ngBO on the dispersion I" of the laser.
The total energy is always the same and ngBo is normalized to 1.
The anharmonicity of the bond is 80 cm™.

dispersion increases, the photons cannot be absorbed reso-
nantly, and the |O)—> |1> transition rate decreases. However,
the |1)—|2) transition rate increases because there are more
photons that participate in the transition. We have calculated
the dependence of ngBO on I', which is shown in Fig. 8. It is
clear that the probability induced by one-by-one photon ab-
sorption nearly stays constant as the dispersion increases. As
a result, the probability of one-by-one photon absorption will
become more and more important as the dispersion in-
creases. However, when the dispersion is much larger than
the anharmonicity, according to Eq. (71), the one-by-one
probability will decrease as I'"2, which is the same as that of
pooling. Furthermore, as the dispersion increases, the fre-
quency dependence will change: The two satellite peaks will
move to the center and finally merge into a single peak at
(wg; +w1,)/2, which is redshifted from wy,.

The above analysis shows that pooling generally domi-
nates and the multiphoton absorption can be ignored. How-
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ever, as the dispersion of the laser increases, multiphoton
absorption will become more important and must be taken
into account.

VI. SUMMARY

In summary, we have presented a theoretical description
of the excitation of an adatom-substrate bond to highly ex-
cited states, in particular, the excitation to the second excited
state. There are several different mechanisms via which the
bond can be highly excited, including one-by-one photon
absorption, multiple photon excitation, and pooling. We have
compared the excitation probabilities of these different
mechanisms. We found that if the frequency dispersion of the
laser is much smaller than the anharmonicity of the selected
mode, the pooling process is dominant. As the frequency
dispersion of the laser increases, the photon absorption (one-
by-one and multiple) becomes more important. We also
found that the frequency dependences of the two mecha-
nisms are quite different: If pooling dominates, there is only
a single peak in the dependence of the excitation probability
on the laser frequency. If the multiphoton absorption domi-
nates, there may exist several peaks and the main peak may
exhibit a redshift. In our discussion, the H/Si(111) system
has been used as an example to illustrate our analysis.
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