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Time-dependent description of dephasing processes in adsorbate bonding
by pumped sum-frequency generation spectroscopy
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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/g{r11).
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[. INTRODUCTION In fact, a complete understanding of the nonlinear re-
sponse of molecular adsorbates requires a microscopic de-
Sum-frequency generation was used extensively to description. This is quite difficult since it involves not only an
velop a vibrational spectroscopy on noncentrosymmetric meaccurate description of the electronic and vibrational struc-
dia, like molecular adsorbate or surface and interface statdsres of the adsorbate and substrate, but also a description of
of metals and semiconductof$—6]. Former measurements the dynamical processes taking place between the adsorbate
of the vibrational relaxation lifetimes, obtained from spectraland substrate. Concerning the electronic part, but for rela-
analysig 7], were misleading because of the dominating con-+ively simple systems, complications arise due to the fact that
tribution to the infrared linewidth of an adsorbate vibration the excited adsorbate and substrate states, participating in the
provided by pure dephasing proces$8% To circumvent dynamical response, come into play. Systems like Na on
this difficulty, vibrational relaxation lifetimes were deter- Al(111) were studied17], and emphasized the complexity
mined by using the transient bleaching method in conjuncef the problem. Moreover, using band-structure calculations
tion with sum-frequency generatid8FG spectroscopy9]. and a pseudopotential for the adsorbed alkali-metal atom, it
While measurements of population and relaxation rates wereras demonstrated that a strong enhancement of SFG at metal
first performed in semiconductor surfaces by free-inductiorsurfaces by adsorbates can be obtaiied]. In addition, the
decay and photon-echo experiments to probe the coherencgicroscopic processes underlying this enhancement were
of H adsorbed on ®111) [10], the first measurement of a discussed on the basis of a quantum theory. Typical behav-
vibrational coherent transient of CO adsorbed on a metaibrs for acceptors and donors were analyzed. In fact, donors
surface of C(l11) was realized as soon as higher time reso-induce a decrease of the SFG signal subsequent to the
lution, needed for the metal surfaces, became acceg$dible chemisorption-induced charge transfer in connection with
In addition, it was mentioned that SFG spectra display interthe second-order response of the image with respect to the
ferences which are induced by the cross terms between th@ane of the substrate, showing a weak dependence on the
resonant and nonresonant contributions of the second-ordpump frequency and the nature of the adatom. In the case of
susceptibilityf 12—14. These interferences enable a determi-acceptors, or covalently bonded atoms, an increase is ob-
nation of the relative amplitude and phase of the resonargerved, arising from the nonlinear polarizability of the ada-
and nonresonant parts. From the spectral analysis of thesem itself[19].
interferences, the band center and the linewidth of the vibra- In addition to studies dedicated to the role of the elec-
tional resonance of the surface SFG spectrum of CO otronic structure in the nonlinear response of the adsorbate
Cu(111) are consistent with the results obtained in reflection-and substrate, many works were devolved to a study of their
absorption infrared spectroscopy experimefits]. More-  vibrational structure. In fact, it is now well established that
over, infrared-visible SFG was used by Clehal. [16] to  the vibrational line shape of an atom or molecule adsorbed
obtain the vibrational spectrum of hydrogen on diamondon a surface can be affected by several types of dynamical
C(111). From a fully relaxed X 1 surface, they were able to processes including mainly emission of electron-hole pairs
observe a single sharp peak at approximately 2830'cm [20-22, emission and absorption of phonof3,24, and
which can be identified as the CH stretching mode from H ordephasing via phonons and other vibrational md@8s25—
top sites, and that with the surface freshly transformed fron27], as well as dephasing via electron-hole pd28]. A
2X1 to 1X1 structure. However, another peak at a highemumber of theoretical studies, based on simplified models
frequency was detected, which is attributed to H adsorbed of22,23,29-32 was dedicated to a description of the
a metastable X1 structure. infrared-absorption line shape of an internal vibrational
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mode of an adsorbed molecule. In addition to the role of thdight pulses whose durations are supposed to be longer than
surface heterogeneity, this line shape is, of course, influenceghy dephasing times. The recovery time and time depen-
by all the relaxation and pure dephasing processes takingence of the transient SFG signals were evaluated for experi-
place because of the interactions existing between the adsgnental situations where the infrared probe beam was reso-
bate vibrational mode and localized or delocalized phonomant with either the first or second vibrational transitions.
modes, even with low-lying electronic excitations at a metalFrom the detailed steady-state and time-dependent analysis
surface[20,33. All these interactions induce a shift and a Presented here, the different contributions are evaluated, and
broadening of the homogeneous vibrational line shape. Modhe influence of the vibrational and electronic dephasings are
els based on lower-order perturbation were developed tgnalyzed. _
evaluate the vibrational relaxation of single diatomic mol-  The paper is organized as follows. In Sec. Il, we recall the
ecules like CO adsorbed upright on metal surfaceglescription of the general time evolution required for five-
[22,31,33. The homogeneous linewidth of their internal Wave mixing in Markovian systems. This is based on an
Stretching modes results main|y from pure dephasing proevaluatlon of the multlple time Integral valid for Lorentzian
cesses induced by anharmonic coupling with other low-Pulses, as well as on the spectral decomposition of the evo-
frequency localized or delocalized vibrational modes of botHution Liouvilians. The second- and fourth-polarization
the molecule and the surfaf®,23,34,35. However, the cal- terms, previously evaluated in the steady-state analysis of the
culated vibrational lifetimes are larger than experimental valdiP in the PSEG absorption spectra, are introduced briefly.
ues[23,33. It should be noted that the dephasing procesdVext, in Sec. lll, terms which give the dominant contribution
was described either in terms of the exchange model basdfl the infrared-visible PSFG, enable us to evaluate the time-
on the thermal excitation of another vibrational mode local-Ntégrated signal. Two different situations are discussed de-
ized at the adsorbed molecu|86], or in terms of elastic Pending on whether the infrared probe beam is resonant with
scattering of the substrate phonons at the adsorbed molecufé€ first or second vibrational transition. By adopting these
[35]. It is worth mentioning that a cross term between thesdarticular resonant conditions, we show that the integrated
two processes was emphasized in the description of the phg_SFG §|gnal is very sensitive to the _spec.n‘lc pure V|Ib.rat|onal
todesorption kinetic§37]. In addition, theoretical descrip- dephasmg.processes acting on the vibrational transition reso-
tions of phonon-induced dephasing of the internal vibrationan@ntly excited.
mode of diatomic molecules, say thlemode[38], as well as
of the perpendicular adsorbate-surface vibrational mode, sayL GENERAL TIME EVOLUTION AND POLARIZATION
the T mode[39-41], were made. For a whole molecule, vi-
brating normal to the surface in the top position of an atom A sum-frequency generation is a three-wave-mixing pro-
of the substrate, it was demonstrated that the contribution ofess. Now, if an additional pump laser is applied to the ad-
the modes vibrating perpendicularly to the surface makes gorbate system, then the subsequent pumped sum-frequency
negligible contribution to the line shafpé1]. The evaluation ~generation process occurring on the adsorbate is really a
of the phonon spectra clearly shows that the line shape ifive-wave-mixing process. With respect to the usual infrared-
dominated by dephasing due to vibrations parallel to the survisible SFG experiments, the additional infrared pump beam
face. generates a population in the vibrationally excited states of
More recently, by introducing an additional infrared pumpthe ground electronic configuration, which is later tested by
beam, it became possible to study the dynamical processége infrared and visible probe beams. This is the physical
involving the hot band of the spectra. Here the moleculepicture supported by the sequential term contributing to the
initially populated by an infrared pump pulse is ultimately PSFG signal in the steady-state regifd®]. The contribu-
tested by two coincident infrared and visible probe pulsestion of the self-modulation term is quite similar, except that
Due to the possible overlapping of the pulses, the nonlineaumping and probing in the infrared range are done by the
process underlying the polarization created in the molecule i§ame infrared probe beam. Of course, other contributions,
really a five-wave-mixing process involving the characteris-like the synchronous and asynchronous interfering terms,
tic sequential, self-modulation, and interference terms. Bycannot be interpreted this way due to the alternation of the
using this pumped infrared-visible sum-frequency generatiofnteracting infrared beams. Note that for time-resolved
(PSFQ spectroscopic method, the anharmonicity of the Si-HPSFG, there is no way to analyze these contributions sepa-
stretching mode of H/Si(1)4(1X 1) was determine@42].  rately, since we are dealing with the intensity and not with
For infrared-visible PSFG experiments, quantities like thethe polarization. In typical PSFG experimefts3-48, the
recovery time of the ground-state population of either theinfrared pump and probe beams, as well as the visible probe
Si-H stretching mode of the H/Si(1}(1x1) surface beam, are collimated in three different directions, as shown
[9,10] or the C-H stretching mode of the H/C(D):{1x 1) in Fig. 1. Nevertheless, if we are interested in detecting the
surface[43,44), as well as the vibrational energy relaxation sum-frequency signal in the directidq + ks, correspond-
of the C-H stretching mode of methyl thiolate adsorbed on ang to the sum of the infrared and visible probe beam wave
metallic surface{45-47], were experimentally determined. vectors, the wave vector of the infrared pump beam does not
In a recent theoretical study on surface vibrational infraredparticipate to the phase-matching conditions. For this reason,
visible sum-frequency generation spectroscopy applied tone important peculiarity of the pumped sum-frequency gen-
adsorbed moleculdg8], frequency and time dependences of eration experiments lies in the fact that both second- and
physical observables were evaluated on the basis of Gaussiéwurth-order polarization terms, contribute to the detected
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e experiments. This model is shown in Fig. 2. At low tempera-
® - ture, only the first three vibrational states of the ground elec-
k. \ K tronic configuration are required for the dynamics participat-

- / ing to the five-wave-mixing process, while the excited

) electronic configuration is kept vibrationally unexcited due
“s/ to the nonresonant condition always satisfied by the visible
prope bear_n. Fina}IIyLV(t)_ is the interaction Liouvillian as-
e e A vt o oo
FIG. 1. Experimental geometry required in a pumped SFG exfixed frequency and is chosen resonant with the first vibra-

=¥

-

periment to avoid additional contributions. tional transition frequencyv,;, as shown in Fig. 2, the in-
frared probe beam is usually scanned around the first and the
sum-frequency signal intensity, so that second vibrational transition frequencies; andws,. These
different types of excitation will enable a clear distinction of
lsed )< |[P@ (kg t) + P@(ksg, )| (2.1)  the pure dephasing processes acting on the different vibra-

tional transitions. Note thabs, can differ fromw,, because
The required second- and fourth-polarization termsof anharmonicity. Finally, for the sake of simplicity, the vis-
PM(kse,t) =Tr[p™(Kgr,t) 2], n=2 and 4, are straightfor- ible beam frequency is chosen to be strongly nonresonant
Ward|y deduced from the perturbationa] expansion of théNrth the electronic tranSition, so that the Placzek approxima-
density matrix valid for weak excitation light beams. The tion can be usefi50]. As a consequence, the rotating-wave
evolution Liouvillian G(t— 7)=exd(—i/A)(Ly—iAl)(t—17)] approximation will be valid f_or the interaction between the
is expressed along the same lines previously introduced igdsorbed molecule and the infrared pump and probe beams,
the dephasing analysis on the dip structure of the PSFG at@nly. Therefore, the interaction teri(t) takes the form
sorption spectrum. As usudly is the zero-order Liouvillian
built from the Hamiltonian of the molecular adsorbate alone, R
andT is the damping operator. Notice that the pure dephas- ~ Vmn(1)= —(m|&[n)-| E(omnwr)

ing constantd™{V are related to the dephasing constdhjg

by the Usual I’elatiorfijij =l/2[Tiiii +F”“ ]+I‘I(Jd) ., Where Xefigmn(wlRtflle'F)ﬁlR(t)
the I',,,u a@re the total decay rates of leveals=i,j. Here, .
special attention will be paid to the pure vibrational dephas- +E(0pwy)e” oml@it=kieD p ()
ing occurring in the vibrational structure of the ground elec-
tronic configuration and induced by the surface. For our pur- = —is(wyict — Ky F)
R + E(sw...)e vist ~ Kvis ()1,
pose, a convenient model of the adsorbed system can be s;ﬂ (Sovig) Luis(1)

made of two electronic configurations and of the vibrational
bonding mode, say the C-H or Si-H mode interacting with
the infrared pump and probe beams, in most of the cited

wherew,, IZp, andL(t) are the frequencies, wave vectors,

\ / and laser pulse shapes of the infrared pupp: (R), infra-
\4 1

(2.2

red probe p=ir), and visible probe [f=vis) pulses. Also,

,0>= . .
$e.0>=14> ™ the symbolo,, is equal to+1 or —1, depending on whether
the energy gap between the stgdt@sand|n), corresponding
Hft [Hee to (En—E,), is positive or negative, respectively. The pulse
shapes are choosen Agt)=e" Yt wheret; represents
lg2>=13>\ the pumping or probing times ani = yj_l the correspond-
lgl>=12> \ o . . bi lse durati d di h
% I 4 Ing pumping or probing pulse durations, depending on the
19,.0>=11> .
nature of the field.
>Q As mentioned earlier, in a PSFG experiment the second-

_ ] and fourth-order polarization terms contribute to the phase-

FIG. 2. Representation of the model introduced for the adsorbe%atched signal. Therefore, we are left with the evaluation of
system.Q is the bonding coordinate between the adsorbed syste - " > ' . .
ystem.Q g Y géts(z)(kSF,t) and P™(kgg,t). To study the required dynami-

and the surface. The two parabola stand for the ground and fir: ! .
P g cal evolution of the adsorbate bonding mode, the four-level

excited electronic configurations. Their corresponding vibrational A ; .
energies are different because of anharmonicity, and are given By'0del presented in Fig. 2 is perfectly convenient. Note that

@y1=2838 et andw,,= 2736 e, The electronic transition en-  thiS model previously proved very useful in analyzing the
ergy is set equal tas,;=30000cm®. The dipole moments are influence of the pure vibrational and electronic dephasings

chosen real, and their modulus correspondsutp= =,  ©N the dip observed in the PSFG absorption spectra of mo-
= 34, While u,3=1.5u1,. The dephasing constants are given by lecular adsorbategt9].

Ti135=30cm ™y, T14/=30cm?Y,  Ty=155cm?, Ty As long as we are concerned by a Markovian dynamical
=40cm’l, andl'343,~30cm L. system, the contribution of the second-order polarization
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term, associated with a given pathway can be formally

3(2) (e 3(2) (i v o &(2) o8Pt ik T
expressed as P(z)(ks,:,t)=2 P(ﬂ)(lr,VIS,kSF,t)=2 S(n)esn telksr T
n n
5(2) (e vie k i 2*2) (2t Jikge ! >
P, (ir,vis,kgg,t)= 7 5(7] eSy lelsrT % E H(t—TE”)DZ_”edBWt
b=1
t " — <
XJ dt,eBy e il il +H(7;,—t)D7, e
e )
t — X NgrX X odXt
XJ 2 dtleA(”z)tle_Yiltl_til, (23) +,6’Zl H(t Tl,ﬁy])H(TZ’ﬁn t)Dﬁﬂe Bn .

(2.9

where the constant&?, BYY), S}, 3”0!522,) are listed in - This expression is completely general, and is valid for
Ref. [49], and correspond to a system initially thermalized, steady-state or pulsed experiments, as long as we are dealing
p(—=)=[1)(1]. Note that like in a traditional sum- \yith Markovian systems. Note that for second-order terms,
frequency experiment, there is no infrared pump beam actingply coherences participate in the dynamical evolution. For
on the adsorbed molecule for this contribution. In addition,ihis reason the evaluation of the contributions associated
due to the initial conditions and the particular situation of ayith the two different pathways is quite easy.

nonresonant visible beam, the main contribution involves The evaluation of the fourth-order term is evaluated simi-
processes where the infrared beam interacts first, only. Onggrly. Again, the contribution for a given pathwayand a

the integration constants have been introduced, the SeCO”Harticular combination of field$l, J, K, L), satisfying the

order polarization in the directioﬁSF results in the form phase-matched condition, is given by the formal expression

\ 4
- . [ ), [t (4) T (ta (4) =
p(;)“ JK, LK, t) = ( _ g) 3(774)857/ tJ dt4eD77 g~ 7||t4—t|\J dtgecn t3g~ YKlt3~tyl

t3 4 o[t ) -
><J dt,eBy e~ vilt= 4l | * dt Py e nltitil) (2.5
—» —

where the constants associated with the various pathways have been evaluated in our previdd®]wdterefore, the
fourth-order polarization in the directidsy takes the form

35
5(4>(| !‘J!KiL;IZSth): E F_;(;)(I ,J,K,L;ESF,'[)
é=1

35 141
= (4), o 7 > — <
=§21 Se te"‘SF"[Vzl H(t—\,)Q %+ H(\ [, — ) Qrehe

220

+ 2, Ht= A O HO e~ Qe |, (2.6
r=1 ! !

In addition, because of the overlapping between the varioul. TIME DEPENDENCE OF PUMPED SUM-FREQUENCY
light pulses, their interactions with the adsorbed system can GENERATION SIGNAL

take place with different chronological orders. They corre- | dth d-and fourth-ord
spond to the various combinations of the subscripts K, In Sec. I, we evaluated the second-and fourth-order terms

andL taken from the three different fields and participating contributing to thekse component of the polarization. For the
in the five-wave-mixing process. For the sake of simplicity,usual time-resolved PSFG experiment, the physical observ-
the field indices have not been reported in all the constantsible is the time integrated signal given by the expression
They will be introduced if required. Note that these combi-

nations generate four different types of contributions termed e

the sequential term, the self—_modulanon term, and the syn- |SFG(A"_IRA“_WS):J dt|p(2)(kSF,t)+ p(4)(kSF,t)|21
chronous and asynchronous interference terms, as discussed —w

previously[48,49. (3.
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where the symbah ;. r= ttr t,R stands for the time of delay
between the infrared pump and the infrared probe pulses,

I SFd IZSF:Air—IR ’Air—vis)

1@ %
while A, is=t;- tyis Stands for the infrared and visible probe =1 Fd Ksr Ajrvis) + 157 Ksr Ajrir  Airevis)
pulses. Note that the PSFG experiments performed right now T 392
were made with coincident infrared and visible probe pulses, 576 (K Air Airis)- (3.2

so thatA.,;s=0. The introduction of this parameter will of- The first contribution comes from the second-order back-
fer, in the future, new opportunities for the determination Ofground SFG polarization. With the additional notations,
the dephasing constants in the vibrationally excited states. (A, 7)=e*A andJ(A; 1, 1,) = (e*1—e”2)/A, as well as

As mentioned above the integrated signal inkgedirec- (71, 72)int OF (71,72)sup, Standing for the lower or higher
tion involves three different types of terms terms involved in the brackets, we have

2 2
2) o _ 2)a(2)% (2)% >% >
I(SF)G(kSFrAir-vis)_nz 2 ()S Z 2 D, Do (82 80" +dg, +d.7 (75,75 sup
< 2
+D; Dl*,l(s()+s, +dr,+dp (70, 7y, Din)

6 6
Z 2 Dﬁ'r] BrﬁrH((TzﬂnaTzlgfﬁf)mf (Tlﬁn’Tlﬁf,?f)sup)

(2) (2)* X%, ., X X X X
XJ(SW +S7], +d,87]+d,3'77”(7-2,,87]'72,,8’7]’)in'(Tl,ﬁﬂ’Tl,ﬁ’n’)SUp)

2 2
+2 Re| > X sPsr

n=1 77’=l

<% > (2) (2)* > <%
ﬁZlDBﬂD H(r, — 75+ +dg, +d iy 75,

T/ X > X
* 21 521 Dﬁn B’n’H(TZ,B’n’_(TBW'Tl,B’ﬂ')SUP)
(2) > X% > X
XJ(S +S ; +d +dB’77”T2,ﬁ’77"(Tﬁn’,rlﬂ’?]’)sup)
6

2
2 D3Py HU(TE, T g0 Dint= Tr g )I(ST 4 S AT, (7 Ty i Tagr )H

(3.3

The second contribution comes from the fourth-order polarization term. It involves the sequential and interfering terms which
come from the fact that the adsorbed system experiences pump and probe beams, as well as the self-modulation term which
comes from the probe beams only. Because the various possible ordering of the interacting fields must be accounted for, we
have to introduce the sums over the various combinations of fields GpeewiC; . Therefore, the corresponding contribution

takes the form

HM"‘

Z

4
(S4F)G( IZSF:Air—IR iAir—ws z:

_n b4L

141 141

[ (4>s<4)* 2 2 Qngy §,|(s(4>+s§, +qV§+qV g,,()\yg,)\v ¢ sup)

< 4
+Q5Qr 1 (s +5sy*

220 220

+E Z Qngy g’H(()\ZVf’ 2! gl)lnf ()\11/5' 1V g/)sup)

v=1 /=1

+ Chg"’ q1§' ,()\15, 1§r)|nf)
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(4)*

4 X% X X
X\](S( )+S +q]>/<§+ qyr’;/y()\zygvhz’yfgf)inf1()\]>_<YV§!)\]_’V/§’)SU[)

141
<

4 — 4
+2Rel S 21 Qu Qi HON L, = A7) I+, + a7+ a7, Mg, M)

141 220

2 E QueQu i HON e = (N o Ao e ) sup)

(4)*

4 .
XJ(S( )+S +q,,§+q,, rEn 2V &’ 1()\V§! 1,, g’)SUQ

220

+ E QlfQV ng(()\lg! 2! Sfr)lnf 1,,f§r)

XJ(S(4)+S +q1§+q 'gm()\lg' ngf)lr‘lf! 1Vr§r)‘|]]- (34)

Here the various combinations are for the sequential tel#{l =IR,J=IR,K=ir,L=vis}), for the self-modulated term
(Cselt-mo=11 =ir,d=ir,K=ir,L=vis}), and for the interfering termsC{ynchin=11=1ir,J=IR,K=IR,L=Vis},Casynch.in=1l
=IR,J=ir,K=IR,L=vis}). Finally, the third and last contribution corresponds to an interfering term between the second-
order background SFG polarization and the fourth-order SFG polarization of the pumped system. It is given by the expression

4 2 16
128 (Ksps A s Ajrvis) = ZRG{ > > > S;Z)S(;)*
C11 8

141
2 E D, Q.2 1P+ +dg, +0,2 (75, N ) sup

2) . (4
+D1;7Q1*|(5( )"‘5( )*+d1,7+q $(72, N 1ein)

6 220
+ 20 2 D5 QU H(T2, N2 (g Mue) s

2) | (4
XJ(S( )+5< )*+dpn+q (7'257;7)\2v§)lnf1(71ﬁ77')\1v§)sup)

=y 2) 4
+/321 D;ﬂQi‘*H()‘ff_ TZW)J(S(W)"'S(& )*+d> +q1§ ’}‘15 Tﬁn)

7 220
+ E 2 D;,Qx H(szg (Toy M) supd (S0 + V% +d5 0,0 NS (75, M e sup

141
+2 D1, Q.7 H(Tl,] NI(SP +s* +dT AT, A )

220
+ 2 Dan H((Tln!)\Z yg)lnf )\l Vf)J(s(2)+S§ +dl77+q (7-17;’)\2 Vf)lnf!)\l V.f)

6 141
+2 Z D, Qe H (2, (Tip, N sup (S 488V + 05, + 00 725, (T, N ) sup)

|

+2 D,BnQ H((TZﬁn’ 1§)|nf 7'137,)3(3(2)4'5(4)*‘HjX +ql<§*;(T;,Bn’)\fg)inf:Tfﬂn)
(3.9
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upper part we draw the individual contributions associated
with the second-order I2(A,.gr) and fourth-order

3
S N 10" 17(A, ) IP4Ar) contributions as well as mixed second- and
fourth-order | 22)(A;.r) contributions. Except the small
1 10°1%A. ) peak appearing in the vicinity of the minimum, we observe at
ir-IR: . . .
0 short times a decrease of the total integrated PSFG signal.
-11 This results from a depopulation of the ground state induced
2] by the pump pulse, and occurring with a characteristic time
3] corresponding to the duration of the pump pulse. At long
2.0 times, the excited stat@) begins to relax at the benefit of the
ground-state population. This recovery of the ground-state
1.51 population, which evolves mainly with the lifetimE, 5
10°1_ (A promotes the SFG process, which recovers its initial effi-
1.0 SFG( 1r-lR) . . N .
: ciency at long times, as can be seen from this figure. Besides
0.5 this overall feature, the small peak observed near the mini-
mum of the curve comes from the fact that the various con-
0.0 - R - - tributions to the signal intensity do not have the same time
14 0 1 2 3 4 5 G (4) ¢
A [cm] dependence. The contr|but|oh(5FG(kSF,Ai,_|R Ajyis) de-
ir-IR pends orP®(Kgr,t) only, while 1 &3)(Ksr, Ajrir »Ajryis) de-

; 2(2) (1o 3(4) (1
FIG. 3. Representation of the time-resolved profile as r:lfunctiorpemtS SIrrJuItaneously oR®)(ksr,t) and P@(Ksr t). Note
of the pump-probe time of delay, for infrared field frequenciesthat P®®)(ksg,t) is only a function of the dephasing times
equal to the first vibrational transitiofn,g= wr= w,;=2838 cm* 1"1’2112 since the visible field is strongly nonresonant, while
and wis= 20 000 o™, The spectral widths argz=15 M ¥ B@)(Kgr,t) depends on the dephasing timfegh,andl yzb,
=12cm, andy,s=10cm % The corresponding total decay rates v, v 54 on the lifetimd,.5, Because these last two terms
are given byl ,,,=0.1¢cm %, Tgz0=1 cm Y, andl =1 cm 2222 .
while the pure de hasing; constants df‘éd) — 1 omt T do not have the same dependence on the relaxation and
o o1 P d 7p I S 212 ' 2828 dephasing times, their corresponding time-resolved profiles
=3cm?, andl'@,=5cm 1V, i=1, 2, and 3. In the upper part ¢ .
of the figure, we show the three different contributions are different, as can be seen from the upper part (.)f the figure.
1@ (R A _)' 1D (R A M), and 1Z9(Ken A, The sum of these contributions having different time depen-
srdKsr Airvis), 1sedKse Airr Airvis), aNd Isre(ksr ARy gances results in a small peak in the vicinity of the minimum
Airvis), Which contribute to the total intensity. The amplitudes of . T . .
. _ _ where the time variations are rapid. Another important aspect
the fields correspond tB(w;) =E(wyis) =0.1XE(wR). . . . ;
of the time-dependent PSFG signal intensity results from the

Of course, all the constants depend on the fields participatinECt that various processes contribute to the polarization
in a given combination. For the sake of simplicity, their in- rms. Because different combinations of fields contribute to

dices have been omitted here. We have determined a genefdf Sequential, self-modulation, and interfering terms, their
expression for the time-integrated signal obtained for arFontnbunons to the intensity will be strongly influenced by

infrared-visible PSFG experiment. Therefore, E¢3.3— t.he relati\(e amplitude of the fields. This is unqsual in non-
(3.5 will be the starting point of a number of numerical Imgar optics, yvhere we are ofter} concemed with the contri-
simulations to emphasize the role of the possible vibrationalf’_u'[Ion of a_S'_”g'e_ process leaving the field amplitudes as
dephasing processes taking place on adsorbed molecul@ér.nple multiplicative constants. Moreover, here the PSFG

Only the case of coincident infrared and visible probe pmsess,r:gnalﬂmixes th? f]econd- and dfourtg—ofr.d?(; contrlibu(;cions, and
Airvis=0, will be considered here. All along, the vibrational '€ Influence of the pump and probe field amplitudes is en-

transition frequencies correspond to,,=2838cm® and hanced. This is emphasized in F.ig. 4, where cases of differ-
w3,=2736cm ! and the electronic transition frequency is ent values of the pump amplitude are con5|der.ed. We
chosen as»,,=30000 cni L. The values of all the physical clearly show an attenuation of the small peak for increas-

parameters are typical values taken from experimental situd"9 vglues of the pump amplnu?e, which indicates that
tions like H on S{111) or H on Q111). the time dependences of {ly(Ksr, A, Aiys) and
We first analyze the influence of the physical parameter$(52F'é)(IZSF,AHR Aivis) becomes more similar due, in part,

involving lifetimes, dephasing times, and amplitudes of theto the attenuation of the self-modulation term. Even if it is
fields time dipole moments. In the first simulation, we rep-not possible to disentangle the field amplitude dependence of
resent the variations of the integrated PSFG signal versus titeese contributions, because we are dealing here with inten-
time of delay between the infrared pump pulse and the coinsities and not polarizations, at least we want to stress that the
cident infrared and visible probe pulses. This is shown inresult is very sensitive to the relative values of the infrared
Fig. 3, where the time-resolved profile is evaluated for infra-pump and probe amplitudes. However, the amplitude of the
red pump and infrared probe fields exactly resonant with theisible field does not affect these time dependences, since it
first vibrational transition|1)«|2). This implies thatw,z ~ acts only once for each type of term. Next, in Fig. 5, we
= w;;=w,;. In the low part of this figure, we show the time analyze the influence of the total decay rdtg,, on the
dependence of the total intensityrqA;_r), while in the time-resolved profile. Assuming the same resonant condi-
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0.2 0.0 0.2 0.4 0.6
A [cm]

ir-IR

LA, ) [arb. units]

FIG. 6. Influence of the pure dephasing procesE@% on the

0.0 0.5 1.0 time-resolved profiles with an infrared probe field resonant with the
A first w,=2838 cn* or the secon;, = 2736 cm ! vibrational tran-
ir-IR [cm] sition. All the other parameters are identical to Fig. 3. In the inset,

we emphasize the variations for the casg=2736 cm . We just
FIG. 4. We draw the same variations as in Fig. 3. Here therecover the variation arising from the depopulation of the second
emphasis is on the influence of the field amplitudes on the centrajiprational state. The values of the pure dephasing 5@
peak observed near the minimum of the time-resolved profile. The=1.5cni?t (short-dotted ling 3 cm™* (short-dashed line 6 cm *
values are chosen asl for E(wi)=E(wys)=E(wr), X3 for  (dot-dot-dashed line 15 cni* (dotted ling, 30 cm ! (dot-dashed
E(wi) =E(w,;) =0.75XE(wr),X13 for E(wy)=E(w,s)=0.5 Jine), 45 cm* (dashed ling and 60 cm? (plain line).
XE(wRr), and X175 for E(wj) =E(w,is) =0.2FE(wg). The verti-

cal scale is enlarged according to the value indicated on each curve. . e _—
The parameters are the same as in Fig. 3. dependence in the individual contributions, and the central

peak disappears. Next we study the influence of the pure
vibrational dephasing for an infrared pump field resonant

tions as in Fig. 5, we consider the cases of varibyg,. As é/yith the first vibrational transitionp g= w,, and an infrared

expected, an increase of the total decay rate induces an over- - i . . Lo
all decrease of the time-resolved profile. In addition, we not robg }‘|eld resonant either wﬂh_t?e f|rst. or second vibrational
the disappearance of the central peak, an observation whi fpnsition: w;;=2838 or 2736 ¢ In Fig. 6, we show the
is easily understandable. Here, with the increase of the totdffluénce of the pure vibrational dephasing constafff of
decay rate, the lifetime of the excited std® becomes the first vibrational transition on the time-resolved profiles

shorter and shorter, and the time dependences of the terrﬁ?t"‘g”ed f%r BOth infrar?dhprobe frethuenclies. N? (;]en]tcralldpeak
- g is observed because of the particular values of the field am-
I(S4F)G(kSF!Air-IRaAir-vis) and I(SZFé)(kSFrAir—IRaAir—vis) become P

o ._plitudes and vibrational dephasing constants considered here.
comparable. As a consequence, we recover a similar tim iy (d) .
h addition,I'}5 pertains to the range where the pure dephas-
ing predominantly drives the dynamical evolution. In addi-

2.0 tion, the influence of the dephasing processes is comparable
@ 1.8 for physical processes initiated either from the ground vibra-
g 1.6 tional state or from the first excited vibrational state. The
g variations represented on the inset clearly show that the SFG
5 144 intensity retains the same time dependence for different vi-
g 1.2 brational dephasing constants. Only an overall decrease of
) the time-resolved profile is observed. This variation straight-
T 1.0 forwardly follows the time dependence of the population cre-
2008_ ated by the pump pulse in the first excited state. Finally, it
< has to be noted that both experimental situatians= w,q
0.6 and w;, = w, are influenced similarly by the pure dephasing
5041 constants. The same type of variations are considered in Fig.
7 to analyze the influence of the pure dephasing processes
0.2 e '\ taking place on the second vibrational transition—that is
<10 1 2 3 4 5 to say, between leve|) and|3). The situation is more com-
A- [cm] plicated here. First of all, we see that pure dephasing pro-
ir-IR cesses are more efficient on a SFG signal created from the

. ) . .. ... excited state than from the ground state. This can be under-
FIG. 5. We draw the time-resolved profiles associated with dif- - . . .
X stood easily. For the case where the infrared probe field is
ferent values of the total decay rdfg,,,. The continuous, dashed,

short-dashed, and dot-dashed lines corresporidig,~=1, 2.5, 4, 'esonant with the first vibrational transitiofisy does not
and 10.0 cm?, respectively. All other parameters are identical to Qarticjpate in the dynamics underlying the polarization term
those used in Fig. 3. P@)(kgg,t) or in the main contributions of the polarization
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FIG. 7. Influence of the pure dephasing procesié%éon the ———T—T—T T 7 —T
time-resolved profiles with an infrared probe field resonant with the 2 00 10 20 3 4 50 60
first w;; = 2838 cm* or the second;, = 2736 cm * vibrational tran- time (pS)

sition. All the other parameters are identical to Fig. 3. In the inset, ) ] )
we emphasize the interferences due to the mixing@ 6t and P4 FIG. 9. We fit the experimental dataquaresobtained from the

for the casaw;,=2736 cni’™. The values of the pure dephasing are experiment of Chiret al. [43], and considered in Fig. 8. Here, the
rd—1s cm’g (short-dotted ling 3 cmit (short-dashed line 6 infrared probe beam is resonant with the second vibrational transi-
CI']Y-]{J' (dot-dot-dashed line 15 cm* (dotted ling, 30 cm* (dot- tion w_szz_wi,=2736 cml The other parameters are identical to
dashed ling 45 cri® (dashed ling and 60 cmi? (plain line). those in Fig. 8.

5(4) Finally, in the two last figures, 8 and 9, we fit the SFG
term P@(Kge,t). Of course, some pathways participating in signal intensity obtained for the C-H stretching modes on the
P (kse,t) go through stat¢8), and therefore give a depen- hydrogen-terminated F/C(1):(1x1), and corresponding
dence onl“23, but their contributions are small. However, to both resonant cases previously mentioned. We clearly
for an infrared probe field resonant with the second vibrashow that a proper account of the dephasing constants gives
tional transition, the dominant contributions involve path-a good fit of both experimental data. Note that all the param-
ways going through the transitid@)«|3). This is why the eters, except the infrared probe frequency, must simulta-
influence ofl"{Y is stronger for an infrared probe beam reso-neously fit these data. As previously mentioned, the time
nant with the second vibrational transition. Finally, in the dependence, and more precisely the position of the extre-
inset, we note an unusual variation of the time-resolved promum, are very sensitive to the total decay ratg,, and
file showing a PSFG signal intensity which can be everdephasing constarti,;, for w;=w,;, and with the addi-
smaller than the SFG signal intensity alone. These variationonal dephasing constarit,s,; for ;= w3,. For physical
arise from interferences taking place between different pathparameters which are Very sensitive to the tlme dependence

(d) _
way contributions toP®(ker,t) whose contributions be- We obtam Iopp=25cm?, T{9,=35cm, and I'{,
come competitive due to the fact that the resonant conditions 4.5 cm *. Of course, the electronic dephasmg is not acces-
for both experimental situations are better satisfied for insible in this experiment due to the nonresonant conditions for

plitudes have a strong influence on the time dependence of

the signal intensity because they strongly modify the popu-
lation and coherent contributions to the SFG signal intensi-
ties.

0.9 4

0.8
07 IV. CONCLUSION
In the present work, we have developed a unified descrip-

tion of pumped sum-frequency generation valid on the full
scale of dephasing times for steady-state or pulsed experi-
ments, which appears to be very powerful to study and test
bonding processes on adsorption, as well as molecule-

surface reactiongs1,52. The same methodology can be ap-

20 o 2 4 e s plied to a study of any type of wave mixing, provided that

. the spectral decomposition of the Liouvillian evolution op-
time (PS) erator can be obtained. This is due to the fact that the mul-

FIG. 8. We fit the experimental dataquares obtained from  tiple time integral involving this type of pulse shape results
Ref. [43] for an infrared probe beam resonant with the first vibra-in a recurrent form which can be extended to higher order.
tional transition,w,;= w; = 2838 cm*. The values of the physical This approach opens new possibilities to study the influence
parameters are taken from the experiment. of vibrational and electronic dephasings on the time depen-

0.6
0.5+

0.44

ISFG(Air_IR) [arb. units]

0.34
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dence of the transient sum-frequency signals, which weréit of the experimental time-resolved profile obtained by
previously limited to very short dephasing times. We haveChin et al. on the C-H stretching mode. From this fit, the
shown, in the particular case of coincident infrared and vis-dephasing times of the first and second vibrational transitions
ible probe pulses, that pure vibrational dephasings acting oaf this mode were determined. More complex situations, in-
successive vibrational transitions can be determined by usingplving for example time-delayed infrared and visible probe
different resonant conditions for the infrared probe beampulseg52,53, which are required for a study of the dynami-
Finally, with the possibility of exploring the complete range cal evolution in the highly excited vibrational states, can be
of dephasing times, we have been able to obtain a conveniehaindled with this description.
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