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Time-dependent description of dephasing processes in adsorbate bonding
by pumped sum-frequency generation spectroscopy

A. A. Villaeys and F. P. Lohner
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Previous studies on five-wave mixing processes based on Gaussian pulses were restricted to dephasing times
shorter than any light pulse duration of the pump and probe beams. Therefore, they do not allow an analysis of
the dephasing processes taking place on the bonding mode of the molecular adsorbates. Here we give a
description of time-resolved profiles obtained from pumped sum-frequency generation spectroscopy which is
valid over the full range of the dephasing times. This enables a detailed analysis of the dephasing processes
acting on the adsorbate bonding mode. In particular, we show that pure dephasing processes acting on different
vibrational transitions can be analyzed by adopting different resonant conditions for the infrared probe beam.
Also, the high sensitivity of the sum-frequency generation signal intensity to the dephasing constants and to the
relative values of the field amplitudes is stressed. The model correctly reproduces the experimental data
obtained on the C-H stretching modes of hydrogen-terminated F/C(111)-(131).
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I. INTRODUCTION

Sum-frequency generation was used extensively to
velop a vibrational spectroscopy on noncentrosymmetric
dia, like molecular adsorbate or surface and interface st
of metals and semiconductors@1–6#. Former measurement
of the vibrational relaxation lifetimes, obtained from spect
analysis@7#, were misleading because of the dominating co
tribution to the infrared linewidth of an adsorbate vibrati
provided by pure dephasing processes@8#. To circumvent
this difficulty, vibrational relaxation lifetimes were dete
mined by using the transient bleaching method in conju
tion with sum-frequency generation~SFG! spectroscopy@9#.
While measurements of population and relaxation rates w
first performed in semiconductor surfaces by free-induct
decay and photon-echo experiments to probe the coher
of H adsorbed on Si~111! @10#, the first measurement of
vibrational coherent transient of CO adsorbed on a m
surface of Cu~111! was realized as soon as higher time re
lution, needed for the metal surfaces, became accessible@11#.
In addition, it was mentioned that SFG spectra display in
ferences which are induced by the cross terms between
resonant and nonresonant contributions of the second-o
susceptibility@12–14#. These interferences enable a determ
nation of the relative amplitude and phase of the reson
and nonresonant parts. From the spectral analysis of t
interferences, the band center and the linewidth of the vib
tional resonance of the surface SFG spectrum of CO
Cu~111! are consistent with the results obtained in reflectio
absorption infrared spectroscopy experiments@15#. More-
over, infrared-visible SFG was used by Chinet al. @16# to
obtain the vibrational spectrum of hydrogen on diamo
C~111!. From a fully relaxed 131 surface, they were able t
observe a single sharp peak at approximately 2830 cm21,
which can be identified as the CH stretching mode from H
top sites, and that with the surface freshly transformed fr
231 to 131 structure. However, another peak at a high
frequency was detected, which is attributed to H adsorbed
a metastable 131 structure.
1050-2947/2000/63~1!/013810~10!/$15.00 63 0138
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In fact, a complete understanding of the nonlinear
sponse of molecular adsorbates requires a microscopic
scription. This is quite difficult since it involves not only a
accurate description of the electronic and vibrational str
tures of the adsorbate and substrate, but also a descriptio
the dynamical processes taking place between the adso
and substrate. Concerning the electronic part, but for r
tively simple systems, complications arise due to the fact t
the excited adsorbate and substrate states, participating i
dynamical response, come into play. Systems like Na
Al ~111! were studied@17#, and emphasized the complexit
of the problem. Moreover, using band-structure calculatio
and a pseudopotential for the adsorbed alkali-metal atom
was demonstrated that a strong enhancement of SFG at m
surfaces by adsorbates can be obtained@18#. In addition, the
microscopic processes underlying this enhancement w
discussed on the basis of a quantum theory. Typical beh
iors for acceptors and donors were analyzed. In fact, don
induce a decrease of the SFG signal subsequent to
chemisorption-induced charge transfer in connection w
the second-order response of the image with respect to
plane of the substrate, showing a weak dependence on
pump frequency and the nature of the adatom. In the cas
acceptors, or covalently bonded atoms, an increase is
served, arising from the nonlinear polarizability of the ad
tom itself @19#.

In addition to studies dedicated to the role of the ele
tronic structure in the nonlinear response of the adsorb
and substrate, many works were devolved to a study of t
vibrational structure. In fact, it is now well established th
the vibrational line shape of an atom or molecule adsor
on a surface can be affected by several types of dynam
processes including mainly emission of electron-hole pa
@20–22#, emission and absorption of phonons@23,24#, and
dephasing via phonons and other vibrational modes@23,25–
27#, as well as dephasing via electron-hole pairs@28#. A
number of theoretical studies, based on simplified mod
@22,23,29–32#, was dedicated to a description of th
infrared-absorption line shape of an internal vibration
©2000 The American Physical Society10-1
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A. A. VILLAEYS AND F. P. LOHNER PHYSICAL REVIEW A 63 013810
mode of an adsorbed molecule. In addition to the role of
surface heterogeneity, this line shape is, of course, influen
by all the relaxation and pure dephasing processes ta
place because of the interactions existing between the ad
bate vibrational mode and localized or delocalized phon
modes, even with low-lying electronic excitations at a me
surface@20,33#. All these interactions induce a shift and
broadening of the homogeneous vibrational line shape. M
els based on lower-order perturbation were developed
evaluate the vibrational relaxation of single diatomic m
ecules like CO adsorbed upright on metal surfa
@22,31,32#. The homogeneous linewidth of their intern
stretching modes results mainly from pure dephasing p
cesses induced by anharmonic coupling with other lo
frequency localized or delocalized vibrational modes of b
the molecule and the surface@8,23,34,35#. However, the cal-
culated vibrational lifetimes are larger than experimental v
ues @23,33#. It should be noted that the dephasing proc
was described either in terms of the exchange model ba
on the thermal excitation of another vibrational mode loc
ized at the adsorbed molecule@36#, or in terms of elastic
scattering of the substrate phonons at the adsorbed mole
@35#. It is worth mentioning that a cross term between the
two processes was emphasized in the description of the
todesorption kinetics@37#. In addition, theoretical descrip
tions of phonon-induced dephasing of the internal vibratio
mode of diatomic molecules, say theV mode@38#, as well as
of the perpendicular adsorbate-surface vibrational mode,
the T mode@39–41#, were made. For a whole molecule, v
brating normal to the surface in the top position of an at
of the substrate, it was demonstrated that the contributio
the modes vibrating perpendicularly to the surface make
negligible contribution to the line shape@41#. The evaluation
of the phonon spectra clearly shows that the line shap
dominated by dephasing due to vibrations parallel to the
face.

More recently, by introducing an additional infrared pum
beam, it became possible to study the dynamical proce
involving the hot band of the spectra. Here the molec
initially populated by an infrared pump pulse is ultimate
tested by two coincident infrared and visible probe puls
Due to the possible overlapping of the pulses, the nonlin
process underlying the polarization created in the molecu
really a five-wave-mixing process involving the character
tic sequential, self-modulation, and interference terms.
using this pumped infrared-visible sum-frequency genera
~PSFG! spectroscopic method, the anharmonicity of the S
stretching mode of H/Si(111)-(131) was determined@42#.
For infrared-visible PSFG experiments, quantities like
recovery time of the ground-state population of either
Si-H stretching mode of the H/Si(111)-(131) surface
@9,10# or the C-H stretching mode of the H/C(111)-(131)
surface@43,44#, as well as the vibrational energy relaxatio
of the C-H stretching mode of methyl thiolate adsorbed o
metallic surface@45–47#, were experimentally determined
In a recent theoretical study on surface vibrational infrar
visible sum-frequency generation spectroscopy applied
adsorbed molecules@48#, frequency and time dependences
physical observables were evaluated on the basis of Gau
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light pulses whose durations are supposed to be longer
any dephasing times. The recovery time and time dep
dence of the transient SFG signals were evaluated for exp
mental situations where the infrared probe beam was re
nant with either the first or second vibrational transition
From the detailed steady-state and time-dependent ana
presented here, the different contributions are evaluated,
the influence of the vibrational and electronic dephasings
analyzed.

The paper is organized as follows. In Sec. II, we recall
description of the general time evolution required for fiv
wave mixing in Markovian systems. This is based on
evaluation of the multiple time integral valid for Lorentzia
pulses, as well as on the spectral decomposition of the e
lution Liouvillians. The second- and fourth-polarizatio
terms, previously evaluated in the steady-state analysis o
dip in the PSFG absorption spectra, are introduced brie
Next, in Sec. III, terms which give the dominant contributio
in the infrared-visible PSFG, enable us to evaluate the tim
integrated signal. Two different situations are discussed
pending on whether the infrared probe beam is resonant
the first or second vibrational transition. By adopting the
particular resonant conditions, we show that the integra
PSFG signal is very sensitive to the specific pure vibratio
dephasing processes acting on the vibrational transition r
nantly excited.

II. GENERAL TIME EVOLUTION AND POLARIZATION

A sum-frequency generation is a three-wave-mixing p
cess. Now, if an additional pump laser is applied to the
sorbate system, then the subsequent pumped sum-frequ
generation process occurring on the adsorbate is real
five-wave-mixing process. With respect to the usual infrar
visible SFG experiments, the additional infrared pump be
generates a population in the vibrationally excited states
the ground electronic configuration, which is later tested
the infrared and visible probe beams. This is the phys
picture supported by the sequential term contributing to
PSFG signal in the steady-state regime@49#. The contribu-
tion of the self-modulation term is quite similar, except th
pumping and probing in the infrared range are done by
same infrared probe beam. Of course, other contributio
like the synchronous and asynchronous interfering ter
cannot be interpreted this way due to the alternation of
interacting infrared beams. Note that for time-resolv
PSFG, there is no way to analyze these contributions se
rately, since we are dealing with the intensity and not w
the polarization. In typical PSFG experiments@43–48#, the
infrared pump and probe beams, as well as the visible pr
beam, are collimated in three different directions, as sho
in Fig. 1. Nevertheless, if we are interested in detecting
sum-frequency signal in the directionkW ir1kW vis , correspond-
ing to the sum of the infrared and visible probe beam wa
vectors, the wave vector of the infrared pump beam does
participate to the phase-matching conditions. For this rea
one important peculiarity of the pumped sum-frequency g
eration experiments lies in the fact that both second-
fourth-order polarization terms, contribute to the detec
0-2
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TIME-DEPENDENT DESCRIPTION OF DEPHASING . . . PHYSICAL REVIEW A63 013810
sum-frequency signal intensity, so that

I SFG~ t !}uPW ~2!~kWSF,t !1PW ~4!~kWSF,t !u2. ~2.1!

The required second- and fourth-polarization ter
PW (n)(kWSF,t)5Tr@r (n)(kWSF,t)mW #, n52 and 4, are straightfor
wardly deduced from the perturbational expansion of
density matrix valid for weak excitation light beams. Th
evolution Liouvillian G(t2t)5exp@(2i/\)(L02i\G)(t2t)#
is expressed along the same lines previously introduce
the dephasing analysis on the dip structure of the PSFG
sorption spectrum. As usual,L0 is the zero-order Liouvillian
built from the Hamiltonian of the molecular adsorbate alo
andG is the damping operator. Notice that the pure deph
ing constantsG i j

(d) are related to the dephasing constantsG i j i j

by the usual relationG i j i j 51/2@G i i i i 1G j j j j #1G i j
(d) , where

the Guuuu are the total decay rates of levelsu5 i , j . Here,
special attention will be paid to the pure vibrational deph
ing occurring in the vibrational structure of the ground ele
tronic configuration and induced by the surface. For our p
pose, a convenient model of the adsorbed system ca
made of two electronic configurations and of the vibratio
bonding mode, say the C-H or Si-H mode interacting w
the infrared pump and probe beams, in most of the c

FIG. 1. Experimental geometry required in a pumped SFG
periment to avoid additional contributions.

FIG. 2. Representation of the model introduced for the adsor
system.Q is the bonding coordinate between the adsorbed sys
and the surface. The two parabola stand for the ground and
excited electronic configurations. Their corresponding vibratio
energies are different because of anharmonicity, and are give
v2152838 cm21 andv3252736 cm21. The electronic transition en
ergy is set equal tov41530 000 cm21. The dipole moments are
chosen real, and their modulus corresponds tom125m145m24

5m34, while m2351.5m12. The dephasing constants are given
G1313530 cm21, G1414530 cm21, G2323515.5 cm21, G2424

540 cm21, andG3434530 cm21.
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experiments. This model is shown in Fig. 2. At low tempe
ture, only the first three vibrational states of the ground el
tronic configuration are required for the dynamics particip
ing to the five-wave-mixing process, while the excite
electronic configuration is kept vibrationally unexcited d
to the nonresonant condition always satisfied by the vis
probe beam. Finally,LV(t) is the interaction Liouvillian as-
sociated with the interaction between the laser beams and
molecular adsorbates. While the infrared pump beam ha
fixed frequency and is chosen resonant with the first vib
tional transition frequencyv21, as shown in Fig. 2, the in-
frared probe beam is usually scanned around the first and
second vibrational transition frequenciesv21 andv32. These
different types of excitation will enable a clear distinction
the pure dephasing processes acting on the different vi
tional transitions. Note thatv32 can differ fromv21 because
of anharmonicity. Finally, for the sake of simplicity, the vis
ible beam frequency is chosen to be strongly nonreson
with the electronic transition, so that the Placzek approxim
tion can be used@50#. As a consequence, the rotating-wa
approximation will be valid for the interaction between th
adsorbed molecule and the infrared pump and probe bea
only. Therefore, the interaction termV(t) takes the form

Vmn~ t !52^mumW un&•FEW ~smnv IR!

3e2 ismn~v IRt2kW IR•rW !LIR~ t !

1EW ~smnv ir!e
2 ismn~v irt2kW ir•rW !Lir~ t !

1 (
s561

EW ~svvis!e
2 is~vvist2kWvis•rW !Lvis~ t !G ,

~2.2!

wherevp , kW p , andLp(t) are the frequencies, wave vector
and laser pulse shapes of the infrared pump (p5IR), infra-
red probe (p5 ir), and visible probe (p5vis) pulses. Also,
the symbolsmn is equal to11 or 21, depending on whethe
the energy gap between the statesum& and un&, corresponding
to (Em2En), is positive or negative, respectively. The pul

shapes are choosen asLj (t)5e2g j u t̄ j 2tu where t̄ j represents
the pumping or probing times andTj5g j

21 the correspond-
ing pumping or probing pulse durations, depending on
nature of the fieldj.

As mentioned earlier, in a PSFG experiment the seco
and fourth-order polarization terms contribute to the pha
matched signal. Therefore, we are left with the evaluation
PW (2)(kWSF,t) andPW (4)(kWSF,t). To study the required dynami
cal evolution of the adsorbate bonding mode, the four-le
model presented in Fig. 2 is perfectly convenient. Note t
this model previously proved very useful in analyzing t
influence of the pure vibrational and electronic dephasi
on the dip observed in the PSFG absorption spectra of
lecular adsorbates@49#.

As long as we are concerned by a Markovian dynami
system, the contribution of the second-order polarizat

-

d
m
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l
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A. A. VILLAEYS AND F. P. LOHNER PHYSICAL REVIEW A 63 013810
term, associated with a given pathwayh, can be formally
expressed as

PW h
~2!~ ir,vis,kWSF,t !5S 2

i

\ D 2

SW h
~2!esh

~2!teikWSF•rW

3E
2`

t

dt2eBh
~2!t2e2g j ut22 t̄ j u

3E
2`

t2
dt1eAh

~2!t1e2g i ut12 t̄ i u, ~2.3!

where the constantsAh
(2) , Bh

(2) , Sh
(2) , andsh

(2) are listed in
Ref. @49#, and correspond to a system initially thermalize
r(2`)5u1&^1u. Note that like in a traditional sum
frequency experiment, there is no infrared pump beam ac
on the adsorbed molecule for this contribution. In additio
due to the initial conditions and the particular situation o
nonresonant visible beam, the main contribution involv
processes where the infrared beam interacts first, only. O
the integration constants have been introduced, the sec
order polarization in the directionkWSF results in the form
ou
ca
re

ng
ty
n
bi
e
y
s

01381
,

g
,

s
ce
d-

PW ~2!~kWSF,t !5(
h

PW h
~2!~ ir,vis;kWSF,t !5(

h
SW h

~2!esh
~2!teikWSF•rW

3F (
b51

7

H~ t2tbh
. !Dbh

. edbh
. t

1H̄~t1h
, 2t !D1h

, ed1h
, t

1 (
b51

6

H~ t2t1,bh
3 !H̄~t2,bh

3 2t !Dbh
3 edbh

3 tG .

~2.4!

This expression is completely general, and is valid
steady-state or pulsed experiments, as long as we are de
with Markovian systems. Note that for second-order term
only coherences participate in the dynamical evolution. F
this reason the evaluation of the contributions associa
with the two different pathways is quite easy.

The evaluation of the fourth-order term is evaluated sim
larly. Again, the contribution for a given pathwayh and a
particular combination of fields~I, J, K, L!, satisfying the
phase-matched condition, is given by the formal express
PW h
~4!~ I ,J,K,L;kWSF,t !5S 2

i

\ D 4

SW h
~4!esh

~4!tE
2`

t

dt4eDh
~4!t4e2g l ut42 t̄ l u E

2`

t4
dt3eCh

~4!t3e2gkut32 t̄ ku

3E
2`

t3
dt2eBh

~4!t2e2g j ut22 t̄ j u E
2`

t2
dt1eAh

~4!t1e2g i ut12 t̄ i u, ~2.5!

where the constants associated with the various pathways have been evaluated in our previous work@49#. Therefore, the
fourth-order polarization in the directionkWSF takes the form

PW ~4!~ I ,J,K,L;kWSF,t !5 (
j51

35

PW j
~4!~ I ,J,K,L;kWSF,t !

5 (
j51

35

SW j
~4!esj

~4!teikWSF•rWF (
n51

141

H~ t2lnj
. !Qnj

. eqnj
. t1H̄~l1j

, 2t !Q1j
, eq1j

, t

1 (
n51

220

H~ t2l1,nj
3 !H̄~l2,nj

3 2t !Qnj
3 eqnj

3 tG . ~2.6!
rms
e
erv-
In addition, because of the overlapping between the vari
light pulses, their interactions with the adsorbed system
take place with different chronological orders. They cor
spond to the various combinations of the subscriptsI, J, K,
andL taken from the three different fields and participati
in the five-wave-mixing process. For the sake of simplici
the field indices have not been reported in all the consta
They will be introduced if required. Note that these com
nations generate four different types of contributions term
the sequential term, the self-modulation term, and the s
chronous and asynchronous interference terms, as discu
previously@48,49#.
s
n
-

,
ts.
-
d
n-
sed

III. TIME DEPENDENCE OF PUMPED SUM-FREQUENCY
GENERATION SIGNAL

In Sec. II, we evaluated the second-and fourth-order te
contributing to thekWSF component of the polarization. For th
usual time-resolved PSFG experiment, the physical obs
able is the time integrated signal given by the expression

I SFG~D ir-IRD ir-vis!5E
2`

1`

dtuP~2!~kWSF,t !1P~4!~kWSF,t !u2,

~3.1!
0-4
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TIME-DEPENDENT DESCRIPTION OF DEPHASING . . . PHYSICAL REVIEW A63 013810
where the symbolD ir-IR5 t̄ tr2 t̄ IR stands for the time of delay
between the infrared pump and the infrared probe pul
while D ir-vis5 t̄ ir- t̄ vis stands for the infrared and visible prob
pulses. Note that the PSFG experiments performed right
were made with coincident infrared and visible probe puls
so thatD ir-vis50. The introduction of this parameter will of
fer, in the future, new opportunities for the determination
the dephasing constants in the vibrationally excited state

As mentioned above the integrated signal in thekWSF direc-
tion involves three different types of terms
01381
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w
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I SFG~kWSF,D ir-IR ,D ir-vis!

5I SFG
~2! ~kWSF,D ir-vis!1I SFG

~4! ~kWSF,D ir-IR ,D ir-vis!

1I SFG
~2-4!~kWSF,D ir-IR ,D ir-vis!. ~3.2!

The first contribution comes from the second-order ba
ground SFG polarization. With the additional notation
I (A,t)5eAt/A andJ(A;t1 ,t2)5(eAt12eAt2)/A, as well as
(t1 ,t2) inf or (t1 ,t2)sup, standing for the lower or highe
terms involved in the brackets, we have
s which
rm which
d for, we
n

I SFG
~2! ~kWSF,D ir-vis!5 (

h51

2

(
h851

2

Sh
~2!Sh8

~2!* F2 (
b51

7

(
b851

7

Dbh
. Db8h8

.* I ~sh
~2!1sh8

~2!* 1dbh
. 1db8h8

.* ;~tbh
. ,tb8h8

.
!sup!

1D1h
, D1h8

,* I ~sh
~2!1sh8

~2!* 1d1h
, 1d1h8

,* ;~t1h
, ,t1h8

,
! inf!

1 (
b51

6

(
b851

6

Dbh
3 Db8h8

3* H„~t2,bh
3 ,t2,b8h8

3
! inf2~t1,bh

3 ,t1,b8h8
3

!sup…

3J~sh
~2!1sh8

~2!* 1dbh
3 1db8h8

3* ;~t2,bh
3 ,t2,b8h8

3
! inf ,~t1,bh

3 ,t1,b8h8
3

!sup!G
12 ReH (

h51

2

(
h851

2

Sh
~2!Sh8

~2!* F (
b51

7

Dbh
. D1h8

,* H̄~t1h8
,

2tbh
. !J~sh

~2!1sh8
~2!* 1dbh

. 1d1h8
,* ;t1h8

, ,tbh
. !

1 (
b51

7

(
b851

6

Dbh
. Db8h8

3* H̄~t2,b8h8
3

2~tbh
. ,t1,b8h8

3
!sup!

3J~sh
~2!1sh8

~2!* 1dbh
. 1db8h8

3* ;t2,b8h8
3 ,~tbh

. ,t1,b8h8
3

!sup!

1 (
b851

6

D1h
, Db8h8

3* H̄~~t1h
, ,t2,b8h8

3
! inf2t1,b8h8

3
!J~sh

~2!1sh8
~2!* 1d1h

, 1db8h8
3* ;~t1h

, ,t2,b8h8
3

! inf ,t1,b8h8
3

!G J .

~3.3!

The second contribution comes from the fourth-order polarization term. It involves the sequential and interfering term
come from the fact that the adsorbed system experiences pump and probe beams, as well as the self-modulation te
comes from the probe beams only. Because the various possible ordering of the interacting fields must be accounte
have to introduce the sums over the various combinations of fields notedCi andCi8 . Therefore, the corresponding contributio
takes the form

I SFG
~4! ~kWSF,D ir-IR ,D ir-vis!5 (Ci51

4

(
Ci851

4

(
j51

16

(
j851

16

3H Sj
~4!Sj8

~4!* F2 (
n51

141

(
n851

141

Qnj
. Qn8j8

.* I „sj
~4!1sj8

~4!* 1qnj
. 1qn8j8

.* ;~lnj
. ,ln8j8

.
!sup…

1Q1j
, Q1j8

,* I „sj
~4!1sj8

~4!* 1q1j
, 1q1j8

,* ;~l1j
, ,l1j8

,
! inf…

1 (
n51

220

(
n851

220

Qnj
3 Qn8j8

3* H„~l2,nj
3 ,l2,n8j8

3
! inf2~l1,nj

3 ,l1,n8j8
3

!sup…
0-5
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TIME-DEPENDENT DESCRIPTION OF DEPHASING . . . PHYSICAL REVIEW A63 013810
Of course, all the constants depend on the fields participa
in a given combination. For the sake of simplicity, their i
dices have been omitted here. We have determined a ge
expression for the time-integrated signal obtained for
infrared-visible PSFG experiment. Therefore, Eqs.~3.3!–
~3.5! will be the starting point of a number of numeric
simulations to emphasize the role of the possible vibratio
dephasing processes taking place on adsorbed molec
Only the case of coincident infrared and visible probe puls
D ir-vis50, will be considered here. All along, the vibration
transition frequencies correspond tov2152838 cm21 and
v3252736 cm21 and the electronic transition frequency
chosen asv41530 000 cm21. The values of all the physica
parameters are typical values taken from experimental si
tions like H on Si~111! or H on C~111!.

We first analyze the influence of the physical parame
involving lifetimes, dephasing times, and amplitudes of
fields time dipole moments. In the first simulation, we re
resent the variations of the integrated PSFG signal versus
time of delay between the infrared pump pulse and the c
cident infrared and visible probe pulses. This is shown
Fig. 3, where the time-resolved profile is evaluated for inf
red pump and infrared probe fields exactly resonant with
first vibrational transitionu1&↔u2&. This implies thatv IR
5v ir5v21. In the low part of this figure, we show the tim
dependence of the total intensityI SFG(D ir-IR), while in the

FIG. 3. Representation of the time-resolved profile as a func
of the pump-probe time of delay, for infrared field frequenc
equal to the first vibrational transitionv IR5v IR5v2152838 cm21

andvvis520 000 cm21. The spectral widths areg IR515 cm21, g ir

512 cm21, andgvis510 cm21. The corresponding total decay rate
are given byG222250.1 cm21, G333351 cm21, andG444451 cm21,
while the pure dephasing constants areG1212

(d) 51 cm21, G2323
(d)

53 cm21, andG i4i4
(d) 55 cm21 ;, i 51, 2, and 3. In the upper par

of the figure, we show the three different contributio

I SFG
(2) (kWSF,D ir-vis), I SFG

(4) (kWSF,D ir-IR ,D ir-vis), and I SFG
~2-4!(kWSF,D ir-IR ,

D ir-vis), which contribute to the total intensity. The amplitudes
the fields correspond toE(v ir)5E(vvis)50.13E(v IR).
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upper part we draw the individual contributions associa
with the second-order I SFG

(2) (D ir-IR) and fourth-order
I SFG

(4) (D ir-IR) contributions as well as mixed second- a
fourth-order I SFG

(2-4)(D ir-IR) contributions. Except the sma
peak appearing in the vicinity of the minimum, we observe
short times a decrease of the total integrated PSFG sig
This results from a depopulation of the ground state indu
by the pump pulse, and occurring with a characteristic ti
corresponding to the duration of the pump pulse. At lo
times, the excited stateu2& begins to relax at the benefit of th
ground-state population. This recovery of the ground-st
population, which evolves mainly with the lifetimeG2222

21 ,
promotes the SFG process, which recovers its initial e
ciency at long times, as can be seen from this figure. Bes
this overall feature, the small peak observed near the m
mum of the curve comes from the fact that the various c
tributions to the signal intensity do not have the same ti
dependence. The contributionI SFG

(4) (kWSF,D ir-IR ,D ir-vis) de-

pends onPW (4)(kWSF,t) only, while I SFG
(2-4)(kWSF,D ir-IR ,D ir-vis) de-

pends simultaneously onPW (2)(kWSF,t) and PW (4)(kWSF,t). Note
that PW (2)(kWSF,t) is only a function of the dephasing time
G1212

21 since the visible field is strongly nonresonant, wh

PW (4)(kWSF,t) depends on the dephasing timesG1212
21 andG2323

21 ,
but also on the lifetimeG2222

21 . Because these last two term
do not have the same dependence on the relaxation
dephasing times, their corresponding time-resolved profi
are different, as can be seen from the upper part of the fig
The sum of these contributions having different time dep
dences results in a small peak in the vicinity of the minimu
where the time variations are rapid. Another important asp
of the time-dependent PSFG signal intensity results from
fact that various processes contribute to the polariza
terms. Because different combinations of fields contribute
the sequential, self-modulation, and interfering terms, th
contributions to the intensity will be strongly influenced b
the relative amplitude of the fields. This is unusual in no
linear optics, where we are often concerned with the con
bution of a single process leaving the field amplitudes
simple multiplicative constants. Moreover, here the PS
signal mixes the second- and fourth-order contributions,
the influence of the pump and probe field amplitudes is
hanced. This is emphasized in Fig. 4, where cases of dif
ent values of the pump amplitude are considered.
clearly show an attenuation of the small peak for incre
ing values of the pump amplitude, which indicates th
the time dependences ofI SFG

(4) (kWSF,D ir-IR ,D ir-vis) and

I SFG
(2-4)(kWSF,D ir-IR ,D ir-vis) becomes more similar due, in par

to the attenuation of the self-modulation term. Even if it
not possible to disentangle the field amplitude dependenc
these contributions, because we are dealing here with in
sities and not polarizations, at least we want to stress tha
result is very sensitive to the relative values of the infrar
pump and probe amplitudes. However, the amplitude of
visible field does not affect these time dependences, sinc
acts only once for each type of term. Next, in Fig. 5, w
analyze the influence of the total decay rateG2222 on the
time-resolved profile. Assuming the same resonant con

n
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A. A. VILLAEYS AND F. P. LOHNER PHYSICAL REVIEW A 63 013810
tions as in Fig. 5, we consider the cases of variousG2222. As
expected, an increase of the total decay rate induces an o
all decrease of the time-resolved profile. In addition, we n
the disappearance of the central peak, an observation w
is easily understandable. Here, with the increase of the t
decay rate, the lifetime of the excited stateu2& becomes
shorter and shorter, and the time dependences of the t
I SFG

(4) (kWSF,D ir-IR ,D ir-vis) and I SFG
(2-4)(kWSF,D ir-IR ,D ir-vis) become

comparable. As a consequence, we recover a similar

FIG. 4. We draw the same variations as in Fig. 3. Here
emphasis is on the influence of the field amplitudes on the cen
peak observed near the minimum of the time-resolved profile.
values are chosen as31 for E(v ir)5E(vvis)5E(v IR),33 for
E(v ir)5E(vvis)50.753E(v IR),313 for E(v ir)5E(vvis)50.5
3E(v IR), and3175 forE(v ir)5E(vvis)50.25E(v IR). The verti-
cal scale is enlarged according to the value indicated on each c
The parameters are the same as in Fig. 3.

FIG. 5. We draw the time-resolved profiles associated with
ferent values of the total decay rateG2222. The continuous, dashed
short-dashed, and dot-dashed lines correspond toG222251, 2.5, 4,
and 10.0 cm21, respectively. All other parameters are identical
those used in Fig. 3.
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dependence in the individual contributions, and the cen
peak disappears. Next we study the influence of the p
vibrational dephasing for an infrared pump field reson
with the first vibrational transition,v IR5v21 and an infrared
probe field resonant either with the first or second vibratio
transition:v ir52838 or 2736 cm21. In Fig. 6, we show the
influence of the pure vibrational dephasing constantG12

(d) of
the first vibrational transition on the time-resolved profil
obtained for both infrared probe frequencies. No central p
is observed because of the particular values of the field
plitudes and vibrational dephasing constants considered h
In addition,G12

(d) pertains to the range where the pure deph
ing predominantly drives the dynamical evolution. In add
tion, the influence of the dephasing processes is compar
for physical processes initiated either from the ground vib
tional state or from the first excited vibrational state. T
variations represented on the inset clearly show that the S
intensity retains the same time dependence for different
brational dephasing constants. Only an overall decreas
the time-resolved profile is observed. This variation straig
forwardly follows the time dependence of the population c
ated by the pump pulse in the first excited state. Finally
has to be noted that both experimental situationsv ir5v21
andv ir5v32 are influenced similarly by the pure dephasi
constants. The same type of variations are considered in
7 to analyze the influence of the pure dephasing proce
G23

(d) taking place on the second vibrational transition—tha
to say, between levelsu2& andu3&. The situation is more com
plicated here. First of all, we see that pure dephasing p
cesses are more efficient on a SFG signal created from
excited state than from the ground state. This can be un
stood easily. For the case where the infrared probe fiel
resonant with the first vibrational transition,G23

(d) does not
participate in the dynamics underlying the polarization te
PW (2)(kWSF,t) or in the main contributions of the polarizatio

e
al
e

ve.

-

FIG. 6. Influence of the pure dephasing processesG12
(d) on the

time-resolved profiles with an infrared probe field resonant with
first v ir52838 cm21 or the secondv ir52736 cm21 vibrational tran-
sition. All the other parameters are identical to Fig. 3. In the ins
we emphasize the variations for the casev ir52736 cm21. We just
recover the variation arising from the depopulation of the sec
vibrational state. The values of the pure dephasing areG12

(d)

51.5 cm21 ~short-dotted line!, 3 cm21 ~short-dashed line!, 6 cm21

~dot-dot-dashed line!, 15 cm21 ~dotted line!, 30 cm21 ~dot-dashed
line!, 45 cm21 ~dashed line!, and 60 cm21 ~plain line!.
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TIME-DEPENDENT DESCRIPTION OF DEPHASING . . . PHYSICAL REVIEW A63 013810
term PW (4)(kWSF,t). Of course, some pathways participating
PW (4)(kWSF,t) go through stateu3&, and therefore give a depen
dence onG23

(d) , but their contributions are small. Howeve
for an infrared probe field resonant with the second vib
tional transition, the dominant contributions involve pat
ways going through the transitionu2&↔u3&. This is why the
influence ofG23

(d) is stronger for an infrared probe beam res
nant with the second vibrational transition. Finally, in t
inset, we note an unusual variation of the time-resolved p
file showing a PSFG signal intensity which can be ev
smaller than the SFG signal intensity alone. These variat
arise from interferences taking place between different p
way contributions toPW (4)(kWSF,t) whose contributions be
come competitive due to the fact that the resonant condit
for both experimental situations are better satisfied for
creasing values of the pure dephasing constantG12

(d) .

FIG. 7. Influence of the pure dephasing processesG23
(d) on the

time-resolved profiles with an infrared probe field resonant with
first v ir52838 cm21 or the secondv ir52736 cm21 vibrational tran-
sition. All the other parameters are identical to Fig. 3. In the ins

we emphasize the interferences due to the mixing ofPW (2) andPW (4)

for the casev ir52736 cm21. The values of the pure dephasing a
G12

(d)51.5 cm21 ~short-dotted line!, 3 cm21 ~short-dashed line!, 6
cm21 ~dot-dot-dashed line!, 15 cm21 ~dotted line!, 30 cm21 ~dot-
dashed line!, 45 cm21 ~dashed line!, and 60 cm21 ~plain line!.

FIG. 8. We fit the experimental data~squares! obtained from
Ref. @43# for an infrared probe beam resonant with the first vib
tional transition,v215v ir52838 cm21. The values of the physica
parameters are taken from the experiment.
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Finally, in the two last figures, 8 and 9, we fit the SF
signal intensity obtained for the C-H stretching modes on
hydrogen-terminated F/C(111)-(131), and corresponding
to both resonant cases previously mentioned. We cle
show that a proper account of the dephasing constants g
a good fit of both experimental data. Note that all the para
eters, except the infrared probe frequency, must simu
neously fit these data. As previously mentioned, the ti
dependence, and more precisely the position of the ex
mum, are very sensitive to the total decay rateG2222 and
dephasing constantG1212 for v ir5v21, and with the addi-
tional dephasing constantG2323 for v ir5v32. For physical
parameters which are very sensitive to the time depende
we obtain G222252.5 cm21, G1212

(d) 53.5 cm21, and G2323
(d)

54.5 cm21. Of course, the electronic dephasing is not acc
sible in this experiment due to the nonresonant conditions
the visible field. Again, the relative values of the field am
plitudes have a strong influence on the time dependenc
the signal intensity because they strongly modify the po
lation and coherent contributions to the SFG signal inten
ties.

IV. CONCLUSION

In the present work, we have developed a unified desc
tion of pumped sum-frequency generation valid on the f
scale of dephasing times for steady-state or pulsed exp
ments, which appears to be very powerful to study and
bonding processes on adsorption, as well as molec
surface reactions@51,52#. The same methodology can be a
plied to a study of any type of wave mixing, provided th
the spectral decomposition of the Liouvillian evolution o
erator can be obtained. This is due to the fact that the m
tiple time integral involving this type of pulse shape resu
in a recurrent form which can be extended to higher ord
This approach opens new possibilities to study the influe
of vibrational and electronic dephasings on the time dep

e

t,

-

FIG. 9. We fit the experimental data~squares! obtained from the
experiment of Chinet al. @43#, and considered in Fig. 8. Here, th
infrared probe beam is resonant with the second vibrational tra
tion, v325v ir52736 cm21. The other parameters are identical
those in Fig. 8.
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dence of the transient sum-frequency signals, which w
previously limited to very short dephasing times. We ha
shown, in the particular case of coincident infrared and
ible probe pulses, that pure vibrational dephasings acting
successive vibrational transitions can be determined by u
different resonant conditions for the infrared probe bea
Finally, with the possibility of exploring the complete ran
of dephasing times, we have been able to obtain a conve
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fit of the experimental time-resolved profile obtained
Chin et al. on the C-H stretching mode. From this fit, th
dephasing times of the first and second vibrational transiti
of this mode were determined. More complex situations,
volving for example time-delayed infrared and visible pro
pulses@52,53#, which are required for a study of the dynam
cal evolution in the highly excited vibrational states, can
handled with this description.
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