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Influence of the pure vibrational dephasing processes on the dip structure
in pumped sum-frequency generation spectroscopy
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Recent theoretical analysis of infrared-visible pumped sum-frequency spectroscopy on adsorbed molecules
exhibits a dip structure on the frequency dependence of the sum-frequency signal intensity. To get more
physical insight into this dip, which has not yet been observed experimentally, we present a unified description
capable of handling, on the same footing, steady-state and pulsed experiments. Contrary to previous treatments,
this description is valid for any duration of the dephasing times. Therefore, it enables a detailed discussion
about the origin of the dip, as well as a determination of the conditions of its observability. These conditions
are, in fact, very sensitive to the pure vibrational dephasing processes. In the nonresonant conditions, usually
adopted in these experiments for the visible probe beam, the pure electronic dephasing does not affect the dip
structure and the underlying dynamics. However, if the visible probe beam becomes resonant with the elec-
tronic transition, the pure electronic dephasing introduces a strong asymmetry of the dip.
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[. INTRODUCTION recovery time of the ground-state population of either the
Si-H stretch mode of the H/Si(111)&1) [14,15 or the
Today, a large number of nonlinear optical spectroscopie€-H stretch mode of the H/C(111)¥l1) [16,17], as well as
are currently applied to the studies of the various dynamicalhe vibrational energy relaxation of the C-H stretch mode of
processes taking place in material systems. Among the greatethyl thiolate adsorbed on metallic surfdd8—20, have
panel of techniques based on optical nonlinearities, secondieen experimentally determined. In a recent theoretical study
order optical processes involving second-harmonic generan surface vibrational infrared-visible sum-frequency gen-
tion (SHG) and sum-frequency generatié8FG are of spe- eration spectroscopy applied to adsorbed moled@&k fre-
cial interest to determine the physical properties and theuency and time dependences of physical observables have
underlying dynamics taking place on the surfaces, interfacedieen evaluated on the basis of Gaussian light pulses whose
as well as in the adsorbed systefs-6]. durations are supposed to be longer than any dephasing
Among all these spectroscopic methods, infrared-visibldimes. Recovery time profiles and time dependence of the
sum-frequency generatidilRVSFG) experiments constitute transient SFG signal have been evaluated for experimental
a vibrational spectroscopic method of particular interest tcsituations where the infrared probe beam was resonant with
identify the adsorbed species deposited on surfaces, and #ither the first or the second vibrational transition.
study their dynamical evolution. Systems as different as ad- However, some information can yet be extracted from the
sorbed moleculef?,8], Langmuir-Blodgett filmg9-12], or  frequency dependence of the second-order and fourth-order
even the formation of dimers or clusters at surfddég have  polarization terms, which have been determined in the
been the subject of numerous studies. steady-state regime. Both terms are required since, for this
More recently, by introducing an additional infrared pumptype of experiment, the phase-matching conditions cannot
beam, it has been possible to study the dynamical processdisentangle second-order and fourth-order contributions,
involving the hot band of the spectra. Here, the moleculeaven when the three pump and probe beams have different
initially populated by an infrared pump pulse is ultimately orientations. A peculiar feature of these variations is the ob-
tested by two coincident infrared and visible probe pulsesservation of a dip in the frequency dependence of the fourth-
Due to the possible overlapping of the pulses, the nonlineaorder polarization term. At present, this dip has not been
process underlying the polarization created on the moleculebserved experimentally. It is the goal of the present work to
is really a five-wave mixing process involving the character-get some physical insight into this dip, and to define the
istic sequential, self-modulation, and interference termsconditions for its observability.
From the detailed analysis presented here, we will show that The paper is organized as follows. In Sec. I, we introduce
we really have two different contributions of similar magni- the model for the adsorbed system, as well as the character-
tude which contribute to the interference terms. They aréstics and geometry of the pulsed and probe beams used in
termed synchronous and asynchronous interference terms bifs experiment. With the present description, steady-state
cause of the ordering of the infrared pump and probe bearand pulsed situations can be handled on the same footing.
interactions. By using this pumped infrared-visible sum-Notice that due to the combination of second-order and
frequency generatio(PIRVSFG, the anharmonicity of the fourth-order terms contributing to the pumped sum-
Si-H stretch mode of H/Si(111)(41) has been determined frequency signal, we cannot define a nonlinear optical sus-
[14]. ceptibility. For this reason, we will discuss the physical in-
For pulsed PIRVSFG experiments, quantities such as thsights in terms of the nonlinear polarization. Section Il is
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in the five-wave mixing process. Besides the existence of the
sequential and self-modulation terms, we will establish that -y 14>
the additional interference term results from two different
contributions comparable in magnitude. They are associated
with synchronous and asynchronous contributions of the in-
terference term taking place between the pump and probe Hiabod Has .
beams. In Sec. IV, we focus on the frequency dependence of
the various contributions to the five-wave mixing process
only, and analyze the influence of the pure vibrational pro-
cesses in the frequency region where the dip is located. Fi-
nally, in Sec. V, we discuss the conditions of observability of \ / 3>
S : : N\t [/
the dip in pumped sum-frequency generation experiment 12
subject to electronic and vibrational dephasing. As expected,
due to the nonresonant conditions for the visible probe beam, Q
it will be shown that the pure electronic dephasing does not
affect the frequency structure of the dip.

devoted to the general description of the dynamics involved E(Q) \ /

field energy

FIG. 1. Representation of the model introduced for the adsorbed
system. In the left part of the figur€ is the bonding coordinate
between the adsorbed system and the surface. The two parabolas
Il. DESCRIPTION OF THE ADSORBED SYSTEM stand for the ground and first excited electronic configurations. The
AND FIELDS vibronic levels|1)=1g,0), [2)=|g,1), |3)=19,2), and|4)=|e,0)
) ) are shown in the figure. The notatiogsand e stand for the elec-
The dynamical evolution of a molecular system undergoyronic configuration and 0,1,2,... for the vibrational quantum num-
ing relaxation and dephasing processes, and interacting Wither. Their corresponding vibrational energies are different because
one pump beam and two probe beams, satisfies the Liouvillgf anharmonicity and are given bw,;=2838cm® and ws,
equation given by =2736 cmL. The transition electronic energy is set equaldg
=30000 cm. The dipole moments are chosen real and their mod-
dp(t) i ulli correspond tOw1y= pt14= pos= i34, While wys=1.5u,,. The
ot %[Loﬂ— Lv(t) 1p(t) —I'p(t), (2.9 dephasing constants are given b¥,35=30cm Y, T4
=30cmY, T=155cm?y, T,~=40cm?, and Ty

B 1 . ‘ .
wherep(t) represents its density matrix afitis the damp- =30 cm On the right part of the figure, we represer_lt thg energies
of the infrared pump and visible probe fields used in this experi-

ing operator involving the relaxation and dephasing con- ¢
stants accounting for its surrounding. All of them will be ment.

explicitly given in the next section since they will be re- yansition frequency. Therefore, the energy mismatch due to
quired for the evaluation of the dynamics. To avoid the well-these nonresonant conditions is always greater than the vi-
known artificial discrepancy encountered in the evaluation ofy;ational energy of the level which can be involved in the
four-wave-mixing processes like Rayleigh-type optical mix-gynamical process. For this reason, the vibrational excited
ing and pump-probe absorption applied to homogeneousl¥iates of the excited electronic configuration do not influence
broadened linef22-24, we introduce all the constants and the frequency dependence of the absorption spectrum. This is
take their limiting values after performing the time integra- known as the Placzek approximatif2s], and has been ex-
tion. Here, special attention will be paid to the pure vibra-tensjvely used in the literature. The model is introduced in
tional dephasing occurring in the vibrational structure of the,:ig_ 1. Levels 1 to 3 are the electronic and vibrational levels
ground electronic configuration and induced by the surfaceys the ground electronic configuration and level 4 corre-
Notice that the pure dephasing constBfft is related to the  sponds to the excited electronic configuration vibrationally
dephasing constant by the relatidh;; =3[ +T'j;;;1  unexcited. The relevant transition dipole moments are shown
+Fi(jd). In addition, L, is the Liouvillian associated to the in the figure. To avoid additional contributions in the de-
zero-order HamiltoniaH,, andL/(t) is the Liouville op-  tected signal, the optical beams are collimated in three dif-
erator for the interactioV(t) between the adsorbed system ferent directions. In addition, the infrared pump beam has a
and the radiation fields. fixed frequency and is resonant with the first vibrational tran-
For our purpose, a convenient model of the adsorbed sysition w,,, while the infrared probe beam is scanned around
tem can be made of two electronic configurations, the grounthe second vibrational transition frequeney,, which dif-
and the first excited configurations, and of one stretch vibrafers from w,, because of anharmonicity. Within the dipole
tional mode which is the bonding mode between the surfacapproximation and the rotating-wave approximation valid for
and the adsorbed species, say C-H or Si-H in most of thehe infrared pump and probe fields onl(t) takes the form
cited experiments. While only the first three vibrational
states of the ground configuration are required for the dy- _ - = —iop(wrt—Kg T
namics of thegfive-wave n?ixing, we do r?ot introduce thg mn(t)=—(M[&|n) | E(ompwig)e ™ Tmrl“RMR T £,0(t)
vibrationally excited states in the excited electronic configu-

ration because the visible beam is always nonresonant with +é(o’mnwir)67i‘rmn(‘“irt*kif":)ﬁir(t)

the electronic transition. With the usual conditions adopted

in this type of experiment, the sum of the infrared and visible n E(sw.: e—is(wvist—livis-F)E (t 22
field frequencies is always much lower than the electronic S:Eil (Swwe) b)) (22
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wherew,, K,, andL,(t) are the frequencies, wave vectors, P G Lv G Lv pi
ma ecplos b v iR n ) 00 ez an n
P ' P puises. /980 24 2424 2421

the symbolo,,, is equal to+1 or —1, depending on whether
the energy gap between the stat@sand|n), corresponding  contribute efficiently to thekse=k; +K,;s component of the

to (Em—Ey), is positive or negative, respectively. For the pojarization. If we note that the contribution associated to
sake of convenience, we shall choose any pathwayz can be formally written as

£i()=e == nYH—T) +en " WH(T; - 1), N i\2. .
! oy N (2.3 CPP(1,3Ksr 1) = T S7'e%s telkor”

wheret, represents the pumping or probing times and
=7 ! is the corresponding pumping or probing pulse dura-

tlon depending on the nature of the fi¢ld\lso, H(t) stands

for the Heaviside function with the additional notation,

H(t)=1—H(-1). It has to be mentioned that the introduc-
tion of the previous line shape enables a unified description
of the steady-state and time-resolved situations, dependintie second-order polarization, in the directilZ)é]:, is given
on whether the pulse durations are longer or shorter withpy

respect to the time constants of the material system.

‘ B tyn— yilt,—t|
X dt,e®y e il
—

tz -
x f dt,e?s e it (3.4

2

52 (Rge,t) = S, CPP
IIl. DYNAMICAL EVOLUTION INVOLVED P (ksr,t) = Z (13;Ksr 1)
IN A FIVE-WAVE-MIXING EXPERIMENT

2

~In a pumped SFG experiment, the wave vectors of the => s 2)gs Pt |ks,:r[ E H(t— 7 )D>. ot
infrared pump beam do not contribute to the phase-matching =1 An"=Bn
condition because their sum cancels. Therefore, in the direc-

tion of the phase-matched SFG signal, we will necessarily (Tln_t)D< &1

have a three-wave-mixing background which contributes to 6

the five-wave-mixing signal. As a consequence, the corre- X (X X adlt
sponding polarization is given by 2 MG 10 H (72,5, DD, €007

(3.5

where the constants of integration are glven in Appendix A.
The second-order contribution is obtained from the perturba- = (2)
Notice that this polarization contributioR (kSF,t) is ex-

tional expansion of Eq(2.1) with respect to the interaction
V(t). It can be written in terms of the Liouvillian evolution pressed in terms of the constants resulting from the second

operator defined byG(t—t’)=exp[[—(i/f)Lo—](t—t)}. time integration constants alone, as shown in Appendix A.

For a system interacting first with the fieldand next with tl;m;v;ver, a ra;p|d 'tT‘SPeth'?Q o::_thtets_e qqatntmef_ clearly sthol/vs
the fieldJ, it takes the form at they are functions of the first time integration constants.

This is why they are listed in Appendix A. For the sake of
= 2) . i ty simplicity, we have introduced the notatioB$w,) = Ep and

P Jksr )=Tr | =% f_wdtzf_mdtle(t_tﬂ E(—wp):é; for p=IR, ir, and vis. Moreover, the various
constants of the pathways 1 and 2 taken by order from the
top to the bottom are given in Table I. Similarly, with the
same assumptions, the fourth-order contribution to the polar-
ization, which can be written as

P(t)=P@(Kgg,t) + P (Kgp,t). (3.0

X Ly)(t2) G(ta—ty) Lyy(t) p(—=2) |,

(3.2

where the symboalq) stands for the Liouvillian involving PA(] J.K,LiKkse,t)
the interaction with the fiel® only. In addition, the various

matrix elements can be expressed as AR ta t3 t2
P =Tr| - % f dt4J dt3J dtzf dt,

Gmnmr(t, _tll) — e*i(wmnfil"mn)(t’ft"),

33 X G(t—tg)LyL)(ta) Gty —ta)Lyk)(ts)

Ly o d 1) = Ve (1) San—Van(t) 8.
movd e A X G(tg—ty)Lyg)(t2) G(ta—ty) Ly (t)p(—2) i |,

This is all that we need to calculate the contributions associ-
ated to the second-order background contributions. With our (3.9
previous assumptions, only the pathways schematically rep-

resented by is associated with the pathways
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TABLE I. Constants associated with the pathways required for the calculatidﬁéz)tlﬁf,J;lzsp,t).

§P=- %1/142- Eyisfior Eyr AP =iy +T s~ 0y

5(12) =—iwyn—Tpa B(lz) =loyn+tTa—ioys—ion—Tnn
g22) 222:“‘14 Qws/-’:Zl' Igir A(ZZ) =l t o~ iop

sP=iwT o BY) = —iwpt Tospat i oyis—i 01— T2

_ The eigenvalued’, and overlappingg(mmaa)) are ob-
p 6 v 6 v 6 v & v P Gined from the Laplace transform of the previous equation

24 2424 2421 2121 2111 1111 1112 1212 1211 113.9. It gives
41 4141 4121 p(p)=[pl—M] 1p(0), (3.10
24 2424 2421 2121 2122 2222 2212

41 4141 4121 so that o

34 3434 3432 3232 3222 P(t):f dt e pl—M]1p(0)=G(1)p(0).

42 4242 4232 —otie

24 2424 2421 2121 2111 1122 (3.11
41 4141 4121 From the inverse of the matriM, and the introduction of the
41 4141 4121 2121 2131 3131 3121 2121 2111  closure relationl’y,pp=—2q.plgqpp, the eigenvalues are
42 4242 4232 3232 3231 easily obtained:

34 3434 3432 _ _ _ _
[,=0, T>=Ty111+ oo, T'a=Taazs, L'a=Tasaa.
41 4141 4121 2121 2111 1111 1121 1 270 1T ez 13T 8333 T4 42‘%‘_‘12)

24 2424 2421
42 4242 4232 3232 3222 2222 2221
34 3434 3432

41 4141 4121 2121 2122

24 2424 2421 e Tt 22225 4555,
41 4141 4121 2121 2111 1122 Cuafti—t)= i T oz :
24 2424 2421

Next, using the time translation invariance, the matrix ele-
ments ofG(t;—t;) are straightforwardly deduced. They are
given by the following expressions:

—T o™ (Praa1t T2 (L —1)) I 000

Here, contrary to the second-order contribution where only ~ Gui2dti—tj)) =
coherence is involved, the evolution of the populations, as
well as the transfer of the populations, contribute to the vari-
ous pathways. For this reason, their corresponding evolution Gyt —t;)=
Liouvillians G, mndt’ —t”) need to be evaluatd@6]. Their Fi110+Uagpo
formal expressions can be expressed as

(3.13

(Pt P22 (G4 )

111t o200

—T11€

r r
| P —(F1110+ o2 (ti— t)+F1111

Goodti—tj)= I aT
Gt/ 1) = 2 (mmaa))((aalnny)e T,
We must bear in mind that, for the pumped sum-frequency
(3.7 generation experiment considered here, only these quantities
gescrlblng the evolution or the transfer of the populations are
required. From the previous expressions, the contribution of
any pathwayz to the polarization can be evaluated. For an
(I J,K,) combination of fields, it is given by the formal ex-
pression

We still have to evaluate the eigenvalues and overlapping
contributing to the spectral decomposition of the Green func-
tion Gmndt’ —t"). If we remember that the coherences are
diagonal in the Liouvillian space, we just need to diagonalize
the population Liouvillian space. We have
—>(4) C
3 CPYW(1,3,K,LiKsg 1)
—pi ()= Myijj pji (1), (3.9 4 7
ot i 2 @, [t @)
=( - %) S\Ves tf dt,ePy s vilta=til
where, for our model, the matriM corresponds to o

ta Wty mlta—tyl [ 2 B Wty yilta—ti
—Tl1111 —Tie —Tizs —Thiaa X dtge™r e vt dte®s 2e viltz =t
-T -T -T -T o B
we| Tl e L
0 0 0 r xj dt,ety e~ il til, (3.14
1 4444 -
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TABLE Il. Constants associated with the pathways participating in the calculaticﬂ“b(ﬂ ,J,K,L;IZSF,t). Notice that the quantity
Xg.?l,z] is given by the expression involving the left part of the brackets for index 1, and the right part of the brackets for index 2. In addition,
we have introduced the notatidi 11+ ' 2905= gt -

way _ [T1110Tooooliagfiag Ey oy Exfioy Egfiap EV
1.2~ PEas
tot

4 .
S(1.[)1,2] =i T 404

way T Tooool flrafhar By fior Efior Eyfiag EY

[1,2]™ h4rt0t
4 .

5(2,[)1,2]: —lwn—T

24 _ [T2020 T 1111l flafira- EL flor- Ex o Egfip EY
11,2 h4rt0t

4 .
s =i 0aTazaz

§ )y [F2222!Flll]]/114/'z42' ELﬁZl' EKIJ'Zl' EJ/'_;“lZ' Er
4[1,2] ﬁ4rt0t

4 .
551.[)1,2] =—lwyn—T4a

4 _ [F22221rlll]]/‘243/124' ELﬁ32. EKILZZl' EJ/'Z12' EI*
11,217 ﬁ4r
tot

4 .
5(5.[)1,2] =lwgz—T 343

w4 [T 2020,  1111] fh2atlaz E o Ex o Egfiao ET
[1,21~ — h4l~tm
4 .

S((a.[)l,z]: —iw=T 4042

O [ - ]'—‘2222'1—‘2222—',2421214. EL/zZl' EKIJ‘ZI' EJ/ZIZ' Er
[1,2]™ h41’*
tot

4 .
5(7.[)1,2] =iws—T 442

sy [F22220= Uoopaldinafiar By oy Excfor Egfiap BV
1.2~ PEIS
tot

4 -
5(8.[)1,2] =—lwgn—Tau

4 . X
A(l.[)l,Z] =lw —lwyn+T 0

4 . .
B(l.[)1,2] =—lwytiwyn+[Tig—T2101, =121
C(lz.l[)l,z] =—lwgtiwy+ [T 2121~ Tt [2121]

4 . i
D (1.[)1,2] =—lo —ioy+tTpp=Tan

4 . .
A(Z.[)l,Z] =lo—lwn+Tom

B(zl.l[)l,z]: —iwytioy+[Tig—12121, =T 2124]
4 . .
C(Z.[)l,Z] =—lwgtiwy+ [0 Tt [2121]

4 . i
D(Z.[)l,z] =—lw FiontTan—Tun

4 . i
A(s.[)l,z] =lo—iwnt+ T

B(sl.l[)l,z]: —iwytioy+[Tig—T2121, =T 2124
C(3‘.1[)1,2] =—lwktiwy+ [T Tt 2121

4 . .
Dg.[)l,z] =—lw —ioyn+T 00T

4 . i
Aﬁl.[)l,Z] =loj—iwnt+ T

4 . i
Bgl.[)l,Z] =—io;tiowpnt[Tio=T2121, = T2121]
4 . .
CEl.[)l,Z] =—lwg iyt [T Tt l2121]

4 . .
D El.[)l,z] =—lo tiont a1

4 . .
Aé.[)l,Z] =lo—iwnt T

B(Sl.l[)l,Z] =—iwytiowynt+[Tio—T2121,— 212
C(s?l,z]: —iwgtiwgt [T ol 5232

4 . .
D(S.[)l,z] =—lw —io4t T3 T

4 . i
Ag.[)l,Z] =loj—iwnt T

4 . .
Bé.[)l,z] =—lwytiwpnt+[Tig—T2101, = o121
Cg.l[)l,Z] = —lwgtiwgt [T~ T 3237

4 . i
Dgs.[)l,z] =—lw Fiogt T T

4 . i
A(7.[)1,2] =lo—iwnt T

4 . .
B(7.[)1,2] =—lwytiwynt[Tig—T2101, =12
C(7‘.1[)1,2] =—lwgtiwy+ [T 210~ Tt 2121

4 . i
D(7.[)1,2] =—lw —lwyn+tlppTaun

4 . .
Ag.[)l,Z] =lo—lwn+Tom

4 . i
B(8.[)1,2] =—lwytioynt [T, — T2l

Cg.?l,Z] =—logtiogt+ [T T 2121]
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TABLE Il. (Continued.

=) Haafar B flog Ex gy Bl E
S—g - ﬁ4

4 .
stV=—iwy—Tan

§o— oafiaz By fl1y Exfiay Bl Ey
0o~ h4

4 _ .
S(10) =—lwp—T a0

§14)7 fagflog By flgo Eﬁﬁaz' Ejiia1- E
1= 1A

4 o
5(11) =iwa3— T 4343

(4) [F11117F222ﬂﬁ14242' ELIZZZL' EK:&lZ' ESﬁ'Zl' EI

2[1,2] hAFtOT
4 .

3(12)[1,2]: —iwy—T 4

4 [T1111. T 2000l agfhaa By fhor Exfiaz B fior- Ey
(12 h4rtot
4 .

S(13)[1,2]: twaz— T g242

zay _ Ta2o2.lanilloapias B iz Exfigo EjdarE
a[1,2— — h41~wt
4 .

5(14)[1,2]: —ilwsTg202

(4) _ [r2222!rllll]la‘43/z24' EL[ZSZ‘ EKla‘lZ' EjllzZl' El
5[1,2) " ﬁ41‘*[0t

4 .
5(15)[1,2] =iwa3— 4343

(4) _ [F2222 11—‘111]]/114142' EL/'ZZl' EKla’lZ' E;ﬁZl' El
6[1,2] ﬁ4rt0t

4 .
5(15)[1,212 —lwg—Taa

4 . .
Dé[)l,z] =l tiontlapa—"Tna

AP = —iw+iwy+Tom

4 _ i
Bg )— — iwytiwat 33— o101
N .
CS=iwg—iwz—T 3131+ Toron
4 _ i
Dg )= _j o Fiwgpt 14T o1
4 _ i
A= —iw+iwyn+Tm
4 _ i
Bgo) =—iwjtiozgptTaiz—o0

4 . .
ClY =iwx—iwy+T 3Tz

4 _ . .
DY = —iw +iwst T iosTarz
4 . .
AP =—iw+iwn+Tyn
4 . .
B{Y=—iwy+iwat Tz Tonn

4 s .
Ci{Y=iwk—iwp+T 33 Tarz

4) _ i
D?Ll)f —iw —iwgpt F4343_F3232

4 . .
A(lz)[1,2]: —lwtiwy+Tr

4 . .
B(lz)[l,z]: lwj=iwy+[Tig—T2121, = 2124
4 . .
C(lz)[l,z]: —log+iopnt[T o= ol 2121]

4 . .
D(lz)[l,zj =—lo tiontlpn—Tna
4 . .
A(ls)[l,z]: —lotiwn+To

B(143)[1,2]: 03— 1@+ [Tior=T2121, = 2124
C(143)[1,2]: —log+iopnt[T o~ ol 2124]

4 . .
D(ls)[l,z] =—lo —Toyu+T 44T
4 . .
A(14)[1,2]: —lotiwyn+Tann

4 . .

B(14)[1,2]: twy=iwyt [T T21010, = To121]
4 . .

C(14)[1,2]: —logtiozpt[a T 3230

4 . .

D§L4)[1,2] =—lw_ +1 (1)43"" l_‘4242_ F3232
4 i i

AfSiig= lortioat Doz

B%)[l,Z]: ;=i @+ [Tior=T2121, = 2124
C(fé)[l,z] =—lwktTiogpt[Tm o330

4 . .
D(ls)[l,z] =—lo —Twst Tz ez
4 . .
A(le)[l,z]: —lotiwyn+Tann

B(lé)u,z]: iwy—iwy+[Tio—T2121, = T2124]
4 . .
C(le)[l,z] =—lwgTiwy+ [T Tigrl 2121

4 . .
D(le)[1,2] =—lo ot Tia—Tan
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TABLE Il. (Continued.

[F22221r111]:|/~242/214' ELﬁZl' EK/ZIZ' E3ﬁ21' EI
AT o

d4)
701,21~

4 .
5(17E1,2] =lwa— 1202

(4) _ [F2222! - F2222-|ﬁ14l242' ELfZZl' EKﬁlZ' ES/ZZl' EI

8[1,2] ﬁ41‘*[0t
4 .

3(18%1,2]: —lwy—Tun

zay L2202, 0000l fapfira- By oy Epigp Ejda E
9[1,2=

7T o

4 .
S(19)[1,2] =lwg— T

4 . .
A(17){1,2]— —lotiowntTann

BEL?[LZ]: oy =0+ [TiorT2121, = 121
Cgé)[l,Z]: —iogtiwpt [0 Tigil2124]
DEL‘;)[:L,Z] =—lw —iwntTpp T
A(fé){l,z]: —lotiwntTan

Bg%)[l,z]: Fiw;=iwy+[TiorT2121, = 2121
C(llfls)[l,Z]: —logTiwnt+[To12= o] 2121

4 . .
D(ls)[l,z] =—lo Tiont a1 o

4 . .
A(lg){l,Z]: —lwFiwyn+Tom

4 . .
B(lg)[l,z]: toy=iwyn+[Tio—T2101, = o104
4 . .
C(lg)[l,z] =—lwgtioy+ [T T l2121]

4 . .
D(lg)[l,Z] =—lo —ioynt T Tan

where the constants associated to the nineteen pathways are 1V. CONTRIBUTIONS TO THE PUMPED SFG

given in Table Il. Performing the time integration, the fourth-
order polarization in the directioﬁs,: takes the form

P@(1,3,K,L;Ksp,t)
35
_ ~B(4) T
= > CPY(1,3,K,L;Ksg 1)
=1

35 141
- (4, i© = >
=2 SPe% te'kSF{E H(t—X,)Q; e
1 =1
+HO\— 1) Qre!
220
— X
+V21 H(t=A ) HNS, — 1) Qe

(3.19

Notice thaté runs from 1 to 35 and not to 19, which is the

number of different pathways. This is because the pathways

involving the evolution of the populationG,,,(tj—t;) or
the transfer of the populatior;,,{t;—t;) give two differ-

SUSCEPTIBILITY

We first analyze the various terms involved in the pumped
sum-frequency generation process. For the sequential term,
the pump beam first creates a population which is later tested
by the infrared probe and visible probe beams. In relation

(3.15, the quantitiesS{") ,5{*), as well as the various con-
stantsQ andq depend on thé, J, K, andL indices. There-
fore, the contribution to the polarization of this sequential
term can be expressed as

P erkse ) =P@(IR IR irviskse, ). (4.0
This is exactly what we get from a usual pump-probe experi-
ment. In the case of the self-modulation term, it is just the
probe infrared beam which first populates and next simulta-
neously with the visible beam probes the system. In this
case, we have
P - i(Ksp,t)=P@(ir,ir,ir vis; Ksp, t). 4.2

Finally, for the interference term, the population is first cre-
ated by combining the infrared pump and probe beams, and

ent contributions. The first one is associated with the expopayt is tested by the combination of the infrared pump and
nential term and the second one with the constant term, aggsjple probe beams. We have two different contributions.
we can see from their analytical structure given by relationyp,o synchronous interference term corresponds to two suc-

(3.13. In addition, because of the overlaping between th&ggsjye interactions with the pump field and generates a con-
various light pulses, their interactions with the adsorbed SySgipytion given by

tem can take place with different chronological orders. They
correspond to the various combinations of the subscligts

K, andL taken from the three different fields and contribut-
ing to the five-wave mixing process. These combinations

generate four different types of contributions termed sequenWhIIe for the asynchronous interference term the pump beam

tial term, self-modulation term, and synchronous and asyn|_nteracts alternatively with the infrared probe beam, so that

chronous interference terms. A detailed analysis of these
contributions will be done in the next section.

P chindKsr ) = P@(Ir IR, IR VisiKsr ), (4.3

P eninf Kse ) =P@(IR,ir IR VisiKsg, 1), (4.4
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Im(Ptot) [arb. units]
sequential component
" [arb. units}

2650 2700 2750 2800 2850 2900

probe frequency o [em™']

FIG. 2. Calculated spectrum of the total polarization in a
pumped sum-frequency experiment. The vibrational dephasing cor
stantl";,4,is equal to 3 cm®. For our purpose, the field amplitudes

are set equal tcﬁ(w,R)=2I§(wir)=2I§(wvis). The pumping and
probing times are chosen equijz=t;=t,s=0, and this is also
true for the pumping and probing spectral widthggz= = Wis

=10"%cm™L In addition, the pumping beam is resonant with the ' i 1 t

first vibrational transition ana,;=20 000 cm*.

self-modulation component
[arb. units]

In Fig. 2, we have drawn the imaginary part of the total

polarization, IniP@(ksp) + P@(Ksp ], which gives the fre-
guency dependence of the absorption spectrum

IM[P? (Ksp) + P (Ksp)]
= Im[ P2(ir,vis; kgp) + ﬁ(siguerﬁlzsﬁ + Pl mod(Ksp)

+ P(s%ch.int.( ksp) + Pf’:\g/nch.inl( ksp)1, (4.9

synchronous interference component
[arb. units]

where the trivial time dependence has been omitted. ng

clearly see the two resonances corresponding to the first arg
second vibrational transitions in the ground electronic con-g

figuration. The dotted arrows show the resonance energs -
transitions, and the spectra have been drawn for differer’s
total decay rates of level 2. For the two lower value$'ef,,

the dip is observable, while for higher values it disappears g
There are two main reasons for its observability. The first5
one is quite trivial and results from the fact that the dip & - . . . ‘ . .

comes from the interference term@f*(ksg,t) alone. Since w0 amb mi o mA meme e
the five-wave-mixing polarization mixes contributions of the probe frequency @  fem ']

RO ir
second and fourth order, if the conditiofP®(kgg,t)]
>|P®)(Kge,t)| is satisfied, the dip will be washed out. This

[arb. units]

us interfe

FIG. 3. Influence of the pure vibrational dephasing processes on

. . . . . .~ the polarization corresponding to the five-wave-mixing process
situation can be avoided by a convenient choice of the fiel lone. The various contributions to the imaginary part of

amplitudes and polarizations. The other one arises from th8(4) K vzed V. Th 49 | t0 2.8
internal dynamics of the adsorbed system driven by the re- _(1 SF_t) are ana_){ze separate_yl. € ca eqlfa o2
laxation and dephasing constants. This is the point which i§m ( )112'2 cm *(---), L7em™ (o), Llem = (- - - ),
. . .o . . and 0.6 cm~ (- - - -) are considered. The total decay rate is set
emphasized in this flgur_e, showing the total a_bsorp_tlon Specéqual tol',p,,=2 cm L. Other values are identical to those used in
trum. We observe the disappearance of the dip for increasing, o
values of the vibrational total decay rafe,,,. To go fur-
ther, we will analyze the influence of the pure vibrationalare of comparable magnitude. Therefore, really both syn-
dephasing processes on the frequency spectra of the varioohronous and asynchronous interference terms must be ac-
sequential, self-modulation, synchronous, and asynchronousunted for to analyze the dip. While the sequential and self-
interference terms, previously defined. The different termsnodulation terms show a characteristic dip structure

are represented with the same arbitrary scale in Fig. 3, angsulting in a decrease of the absorption at the center of the
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}> 0.35 v T T T T T T
= T -1
= OO 1 e e =10 000
g g 0.30 . o om
g = S — o =20 000 cm
L . s B
05 5 8 0254 ® =27050cm
o 38 a vis
| 5 a3 -
10 &
= g 0.20 4
g8 ] ]
~ =] [
1.5 E 2 0.15 1
S 3 |
S 20 B S
s 5 0107
L g |
4.8
0.05 1 B
2834 @ 0.00 ) 1
2838 " . . . . : : . . . .
2842 12 [, [em] 0.0 0.1 0.2 0.3 04 05
probe frequency @  [cm-] 2846 0 ) (@ i
’ pure dephasing 1—;2 [em™1]

FIG. 4. Representation of the synchronous interference term as a . (@
function of the probe frequency and pure vibrational dephasing for FIG. 6. We draw the set of conjugated valuds,{o,I'1;)

. - . which cancels the second derivative of the total absorption spec-
the five-wave-mixing process alone. The various constants are the

ones used in Fig. 3. trum IM{P® (ksg,t) + P™(Kge,t)]. The region enclosed between
the vertical axid’ ,,,,, the horizontal axi¢'{?, and the curve is the

. . . zone where the dip exists. The cases of different probe visible fre-
line shape, both interference terms show, symmetricallyyyencies are considered. Other values are identical to the ones used
around the dip zone, an enhancement of the absorption. Witk Fig. 3.

respect to the influence of the pure vibrational dephasing, all

the terms are similarly influenceq and §h0w a co_ntinqous V. OBSERVARBILITY OF THE DIP IN PUMPED

decreas_e of the_ dip structure for increasing pure vibrational SUM-FREQUENCY GENERATION EXPERIMENT
dephasing. Notice that the asynchronous term is spectrally

wider and has a smaller absorption enhancement than the The experimental determination of the dip can only be
synchronous one. To stress the importance of the asynchrdone through the measurement of the pumped sum-
nous term with respect to the synchronous one, we mafrequency signal involving the second-order background and
the variations of the synchronous interference termthe five-wave-mixing contribution. This implies, in turn, that
ﬁgglch int(IZSF!t) in Fig. 4 as a function of both the infrared the conditions for its observability come through the total
probe frequency and the pure vibrational dephasing. Similapolarization[ P®(Ksp) + P@(Ksp]. A quite simple way to
variations are shown in Fig. 5, for the asynchronous terndefine the region where the dip exists is obtained from the
P ncnin{Ksr:t). We note that both interference terms have
similar behavior, even if the asynchronous contribution is
spectrally wider. However, the decrease of the dip is compa-
rable for both terms. This demonstrates the high sensitivity
of the dip to the pure dephasing processes.

600

500

400

300

200

100

asynchronous interference term
[arb. units]

2830
€
2845 2
probe frequency @ [cm™ ] 2850
2842 ’ FIG. 7. Total absorption spectra as a function of the infrared
probe frequency o [cm-1] 2846 0 probe frequency and the pure electronic dephasing defindihs

=ex30cm ! for i=1 to 3. The visible probe frequency is set
FIG. 5. Variations of the asynchronous interference term ob-nonresonant with the electronic transition and corresponds to
tained for the same parameters previously used in Fig. 4 for thes,,=20000cm?. All the other values are identical to those used
synchronous term. in Fig. 3.
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curvature of the total absorption profile which corresponds tasts on the frequency spectrum. To define the set of pairs
the imaginary part of the total polarization. When the (I'(3.I'») ensuring the existence of the dip, we have
second-order derivative of the total absorption profile withdrawn, in Fig. 6, the curve corresponding to the zero value of
respect to the infrared probe frequency is positive, a dip exthe second derivative given by

2 7 21> > > 24> > 12
d<D dD7_dd d-=d dd >
0=Im §(2)es(2)t H(t— > B Bn Z7B1 , o> A1, p> Bl | odpt
P PR et U
2R < < < 2.4< <12
e —p[¥PL 4L, 0T, oL, [ddlv i
7 dw% doj doj 1 dwﬁ 1 doj
6 21 X X X 24X X 12
— d<D dDj; dd d<d dd x
+ Ht— 75 YH(75. —t B Bn =~ By X B”—I—DX Bn 4% t
,;Zl (= 710 A (T2 )( dwZ |~ doy deop P de? P day | €7
35 141 2> > > 2> > 12
2 d=Q dQ,, dq d°q dq >
+ (4) st 3> vy vy "oy > 1 o> | 2 et
21 SMes Zl H(t—X,) o 2 dor dor Q., do? Q. dur | |
_ d’Qy, . dQr, dar d’qy; dag,|*|
n < L ” 74+ 0< 74+ 0< 7 At
H()\lg t)( da)ﬁ, 2 dwi, dwir Q177 dwﬁ. Q177 dwir el
220 2A X X X 2 X X 12
— d=Q dQ;, dq d=q dq x
3\ X X vy vy vy X vy X vy gt
+V21 H(t=Ng, ) HN ¢ t)( d0? +2 dw, duy +Q5, do? Q. do, et | ¢, (5.2

Three different visible probe frequencies have been considsarable to the electronic transition frequency. Here, we see
ered. For each visible probe frequency, the region where that for small values of the pure electronic dephasings, the
dip is observable is enclosed by the curve defined in relatiodlip structure obtained in the nonresonant case is recovered.
(5.1), the horizontal axisl*(lj) and the vertical axid 55y». However, for increasing values of the pure electronic

From this simulation, we note that the region where the digiePhasing, the dip becomes asymmetric with a decrease of

is observable increases as much as the visible field frequenc}?e peak str_c()jnger on the kt))Iue freq?encyhsid_e thar: ondtg.e. red
gets away from the electronic transition frequency. equency side, as it can be seen from the inset. In addition,

Up to now, we have been concerned with the influence oyve note that the pure electronic dephasing increases the ab-

the pure vibrational dephasing. However, when populationS2"Ption on the red side while it decreases on the blue side,
. . T where even induced emission can be obtained, as is the case
are tested by the conjugated infrared and visible prob

. " . DFor the valuee=2. Finally, we represent in Fig. 9 the varia-
beams, the electronic transition contributes to the dynam|c§ions of the total absorption spectrum as a function of both
It is interesting to analyze the influence of the pure electroni(fhe infrared probe frequency and the pure vibrational dephas-
dephasing taking place between the excited electronic conag \we observe a strong attenuation of the dip structure
figuration described by the level 4 and the various vibrationa|,qyced by the vibrational dephasing processes. Yet, for pure
states of the ground electronic configuration. To this end, W&;prational dephasing constants of the order of the vibra-
parametrize the pure electronic constants by the pararaeterijona) total decay rate, the dip has been severely washed out.

like However, contrary to what is observed for pure electronic
. dephasing, here the symmetry of the dip structure is pre-
Tigia=3iii + Tasad + T, i=1-3 sefved. J Y Y P P

since all the pure electronic dephasing constants associated
to the various ground vibrational levels must be influenced
similarly. First, we consider the case of a nonresonant visible In the present work, we have developed a unified descrip-
probe beam. In Fig. 7, we draw the variations of the totaltion of five-wave mixing which is valid for the full scale of
absorption spectrum as a function of the infrared probe frethe dephasing times. The same methodology can be applied
quency for different pure electronic dephasings. It clearlyto the study of any type of wave mixing provided that the
appears, as can be expected in such a nonresonant situatigpectral decomposition of the Liouvillian evolution operator
that pure electronic dephasing does not influence the aborgan be obtained. This is due to the fact that the multiple time
tion spectrum leaving the dip structure unchanged. This igntegral involving this type of pulse shape results in a recur-
not true anymore when the visible probe field is such that theent form which can be extended to higher order. This theory
SFG signal becomes near-resonant with the electronic traras been applied, here, to the particular case of pumped sum-
sition. We have reported in Fig. 8 the same variations as ifrequency generation spectroscopy, which appears to be very
Fig. 7, except that the visible probe frequency is now com-powerful to study and test bonding processes on adsorption,

VI. CONCLUSION
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FIG. 8. We show, for a visible probe field near-resonant with the Fl Total ab . in the vicinitv of the di
electronic transition, the same variations previously given in Fig. 7. G. 9. Total absorption spectra in the vicinity of the dip struc-

The visible probe field frequency correspondssi=27 050 cn L. ture. The attenuation of the dip induced by the pure vibrational
All the other values are set as in Fig. 7 dephasing is emphasized. All the physical constants are set identical

to the ones of Fig. 3.

as well as molecule-surface reactiof7,28. We have dephasings on the time dependence of the transient sum-
clearly established the origin of the contributions to the dipfrequency signals, which were previously limited to very
located at the center of the vibrational absorption spectrumshort dephasing times. Also, more complex situations involv-
In particular, the contribution of a new additional asynchro-ing time-delayed probe pulsé29,30, which are required
nous interference term has been demonstrated and is com@ar the study of the dephasing processes in the hot vibra-

rable in magnitude to the synchronous interference term preional bands, can now be handled. This problem is currently
viously discussed. The influence of the pure vibrational orunder investigation.

electronic dephasing on the dip has been analyzed. The pure

vibrational dephasing plays a dominant role and can wash APPENDIX A

out the dip for dephasing time comparable to the excited

lifetimes. In addition, this approach opens new possibilities In this appendix, we introduce the formal expression of
to study the influence of the vibrational and electronicthe double time integral required in the text. It takes the form

t

720~ |

dt,eBrtee il tjl f dt,errtie” vilti—til

7 6
= Zl H(t— r;,)Dj,,ed?H H(rfn—t)Dfnedfnt+ 21 H(t— Tfy,])H(T;m—t)Dj”edf,,t_ (A1)

The various constants resulting from the first time integration oyare given by

PL,= e >_-0, P = e > —A p< — et “A 4 (A2)
1y A”-i- Vi A77_ i’ P1, ) 2y A”— v P2, 7 Vi 1y AW‘F 7’ P1y, i

and the second time integration ougrgenerates the constants

Dfﬂ:Pfﬂe*Vj?il(zTiT B, Pt 7)), Z,=0, =T (A3)
D, H(t—t) 3, P73t 1,8, +p;,+ ), dz,=0, e
D3,=H(t — 1) P5,e"(t; .t; ,B,+P5,~ ), d3,=0, e
D;,=P7,e"(B,+p5,~ %) %, d;,=B,+pi,— 7. =7,

D5, =P2,€"(B,+p3,~ ) 6, =B, p;,— v, -y
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Dg,=—P7,e"' Jl(T,J B, +P1,~ 7)) ds,=0, Ton=Tii »
D7,=—P2,en'(T; ,B,+pz,~ 7). d7,=0, 7, =T
Dln—Pln_ V_JJ(B,]+p1ﬂ+yj) 1 1,=B,tpPL, T, rf,,:Ti_T,
Dfﬂ:H(tJ_ti)P1>71e77jtj(Bn+ p1>77+7j)7ly df,]:B,]+ p1>77+ Y s T]>.<,l77:ti1
S

_ 7-2,177=ti’
D;n=H(tj_ti)Pine_yjtj(BnJr p2>n+7j)_lv d£<77=87/+ p2>1]+ 7]7 T]>.<,277:E'
_ 7-;277:“’

D3,= —H(tj—t)PL,e” Nl(t;,B,+p1,+ %), d3,=0, Tiay=ti,
_ T§371:tl'

D}, =—H(t;—t)P5,e "4l(t, ,B,+p3,+ %), d;,=0, =1
_ 75,477:?],

D&, =H(t—t;)P5,e" (B P,y h ds,=B,+p1,~ ¥, Tisn= 1t
. _ 7'£<,577:ti'
Dg,=—H(ti—t;)PL, el (t;,B,+p1,~ 7). dg,=0, Tien= 1
726,] ti,

with the additional notations
T, =supt;,t), T =inf(t;,t;),
(A4)
[(t,A)=erA, J(t;,t,,A)=(er1—er2)/A.

where “sup” and “inf” stand for the greater and the smaller term, respectively. Notice that all the constants generated by the
second time integration depend on the constants arising from the first time integration.

APPENDIX B

Taking advantage of the expressions given in Appendix A, the time integratiort pisegiven by the formal expression

t _
fﬂa)(t) = fﬁmdtsecntae* Ylta— tk‘z{nz)(ts)
29
> — <
= 521 H(t—65,)F ;,e'ort+H(07,— D F et
+E H 01577 H(Gz&n t)F57]e 577, (Bl)
where the various constants correspond to

Thrge=inf(te,75,), Tegys=Suity, 7;,),

_ _ (B2)
> X < . X
Tkipyx =SUAtK, Tig,),  Tiigyx =iNf(te,7i5,),
and
F(?:l—ﬂ,?y: ;neyktk(cr]-i_ d;ﬂ_ yk) 711 f§>77: CZ+ d;’]— Yk (83)
o 05ﬂ:Tk,5ﬂ> ’
Fozs-14,= ~D(5-7),8"* (T (5-7)n> +CnF 8-y~ 70, ‘Ev: o
B B B 5= Tk (6-7) >
Fo_15,=D1,@"*H (7, — t)I(7L,, tx,C,+di,— %), f§>,7: 01<
05”= Tiys
141 - o
Fo-16,= 2, Dpye "H (e 75,)3(t, 75, C ot dgy 10, =0,
>

_ 57 ks

F§:l7,7]:D1<77e77ktkl(Tk<;l77< 7cr]+dl<‘r]+ ‘)/k)7 ;7:01

> _ 1<
05”—Tk;17]<,
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> _RX s X > > _
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F§=17H22,r;:D(X&fle)neyktkH(72(6716)17_Tk;l,(5716)77><) fan C +d(5 16~ Yko
x -1
X(Cn+d(5,le),]—7k) , 9151, Tk 1,(6-16) x>
_ 02577 7'2(5 16)7
X X > >< _
Fo—23-28,= — D(5-22,8 " "H(72(5- 22~ Tie1(5- 22 yx) f5,=0,
> X
XN (Tic15-29 7% CnT (5222, Y0 9157; Tkl 5-22) g% 1
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Finally, the last time integration ovéy, appearing in the text, is given by

t _
1(7,4)(0 = J7 dt4eD Tag~ 7||t4_t1|z(7]3)(t4)

141 220
= 3 H-A)Qp e+ HOVE, ~DQE, %+ 3 H(t=A{,  H(,,~ Q)" (B4)

where the corresponding constants are listed below. They are given by

T|>:577>:SUF(t| ,6;’7), | 1p< |nf(t| 9177)
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A=t
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