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Interplay of One- and Two-Step Channels in Electrovibrational Two-Photon Absorption
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We present a theory of two-photon absorption that addresses the formation of spectral shapes taking the
vibrational degrees of freedom into account. The theory is used to rationalize the observed differences between
the spectral shapes of one- and two-photon absorption. We find that the main cause of these differences is
that the two-step and coherent two-photon spectral bands are different even considering a single final state.
Our formalism is applied to the N101 molecuger(itro-p’-diphenylamine stilbene), which was recently studied
experimentally. Simulations show that the two-step two-photon electrovibrational absorption results in a blue
shift of the absorption spectrum in agreement with the measurements.

1. Introduction 2. Formulation of the Theory

Understanding the formation of two-photon spectra is es- The conventional theory of TPA absor_pt_ion _is based on the
sential in order to tailor structureproperty relations for two- o_ne-s_tep mode_l of TPA. To explain the distinction l_)etween the
photon materials and improve their use in technical applications, ViPrational profiles of one- and two-photon absorption, we also
Two-photon absorption (TPA) of polyatomic molecules is take _the two-step TPA channel into account. Two-step TPA_
influenced strongly by vibrational interaction, providing a consists of nonresonant one-photon population ofthe_ electronic
general broadening of the spectra with fine structure. As for 1€Vel: i, with forthcoming one-photon resonant excited-state
other types of electronic transitions, this merely reflects the fact gbsorptllonl T« (I.:|gur.e 1)'. We consider the nonlmea.r
that the potential surface changes when going from the groundmte_racn_on of th? optical field W.'th a many-_IeV(_eI molecule. This
to the final state of the optical excitation. The conventional optical field, E, induces a nonlinear polarizatioR;
theory of two-photon absorption based on the one-step model & —wrtikz ik w
describes the vibrational profile through the Fran€ondon E=2e t+c.c. P=Pe tee k=7 @)
(FC) factors between the ground and the final st&t&@his
means that the two-photon profile copies the profile of one- Extraction of the fast variables in the Maxwell equations results
photon absorption corresponding to the same electronic transi-in the following paraxial wave equation:
tion as a consequence of the fact that the Frar@éndon
principle is exactly the same for the two processes. However, s A &= ﬂ‘p 2)
experiments, for example, refs 3 and 4, indicate a strong 9z cot 2K €
violation of this statement. The aim of this article is to explain o )
the reason for this phenomenon. Our approach is based!n€ S! system of units is used here. We“ will neglect the
essentially on the dynamical theory developed in our previous Fansverse inhomogeneity of the light beatn,”’ = 0, in order
articles3~12 The key idea is that the conventional coherent TPA 0 focus our attention on the main effects. This leads to the
(one-step absorption) is accompanied by two-step TPA. The following equation for the light intensityl, = ceol &' |/2:
latter process has the same order of magnitude as the one-step (8 1 8)

0,10

absorption, because the suppression of TPA by off-resonant 52 o) = TkeZM(E*P) (3)
population of the first excited state is compensated by resonant

excited-state absorption. The main reason for the profile To find the polarization of the system shown in Figure 1
differences of one- and two-step TPA is that, contrary to the

coherent channel, the vibrational profile of the two-step TPA P =Tr (dp) = 2Re[dpi0 + 2 (dyoPoe T Auipi)] (4)
is given by the FC factors between the first and higher excited o

electronic state. Considering the full many-state spectra, one-
and two-photon absorption also differ because of the trivial fact
that the set of excited electronic states have different relative 2.1. Shape of the Spectral Line and the Relaxation

cross-secgons_ for the _one- and two-photon procgsses. . Constants. The relative intensity of two-step TPA depends
The article is organized as follows. We start in Section 2 stongly on the spectral shape of the wings of one-photon ab-
describing the theoretical model of TPA. The computational sorption. This makes it instructive to overview the spectral line
details are elucidated in Section 3. We analyze the obtainedshape and the time hierarchy. The spectral shape of photoab-
one-photon and two-photon absorption spectra in Section 4. Oursorption of a solute (molecular chromophore) in a solvent ex-

we need to know the transition dipole momerdg, and the
density matrix,p, of the absorber.

findings are summarized in Section 5. periences two qualitatively different broadening mechanisms,
namely, homogeneous and inhomogeneous broadetiAgs.
* Corresponding author. E-mail: sergey@theochem.kth.se. Both mechanisms of broadenings are also accompanied by blue
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short pulse long pulse population. Near the resonanee,~ wjj, the dephasing rate,
viil(w), is proportional to the total concentratioMi:, Of
molecules in the solutiony;j(wj) = voj N, Whereg is the
cross section of the dephasing collisions of the absorbing
molecule with the solvent particles ands the thermal velocity.

It is striking that the expression fof(wj), being valid strictly

for the gas phase, gives the correct order of magnitude even
for liquids® Tj(wj) ~ yj ~ 0.1-0.01 eV (1fij(w;) ~ 7—70

fs). When the detuning from resonant frequency is larger than
the inverse duration of collisionjo — wj| > 7oy, the
collisional broadeningy;j(w), drops down. Because of this, the
one-photon absorption at the wings of the spectral [éw)

~ Tjj(w)/(w — wij)?, decays faster than a Lorentzian (see Section

2.3).
The decay ratel, of populationp; is determined mainly
A B by the intramolecular radiativdy;, and nonradiative (internal

nr

conversion),I'j", transitions: I; = I, + Tj". Optical experi-
ment38 with organic molecules show that the lowest excited

o red shifts of the optical bands. Homogeneous line broadening€lectronic state has the longest lifetiig; ~ 1 ns (1 ~ 0.7
is essentially a dynamical process caused by collisions betweenx 10~ meV). The picture differs qualitatively for the higher
solute and solvent, which are sufficiently fast to affect different €lectronic statesy, which have short lifetimes, in the order of
chromophores in the same way. The notion of collisional T = 1 ps<Ti; (Tue = Iy 2 0.7 meV) owing to cascades
broadening, which comes from gas-phase spectroscopy, can als@f nonradiative internal conversions to the lowest excited state.
be used in the condensed phase. More strictly, one can speak The theory presented below is developed for pulse duration
about dynamical broadening caused by acoustic phonon-likelying in the interval
motion of the solvent.

Static or inhomogeneous broadening arises beca_lusg of the r> F\,/& - FIol(wlo)a o — w10|71- (6)
fact that the resonant frequency of the chromophore is different
in different local environments® The question of which
broadening mechanism is the dominating one is far from clear
(compare refs 1517). Both the solute and solvent molecules
in the discussed experimétitave rather large permanent dipole
moments; the solvent molecule, tetrahydrofuran (THF), pos-
sesses a dipole moment of 1.63 D. Because of this circumstance, )
the dipole-dipole interaction is responsible for the two broad- [ ¢ N o L
ening mechanisms for the studied system. The origin of the (at * 1ﬂ”)’o” B erpw * h[p, Vi
homogeneous and inhomogeneous broadenings is the same: it . 5
is the change of the pe_rmant_ant _electrl_c dlpole mom&df, = (_ + r(m)p(m =0, V] (_ + rij (w))pij =
dii — doo, upon electronic excitation©- i. This means that the ot h ot

Figure 1. Scheme of two-step TPA transitions.

The pulse duratior = 0.85 ps used in the experimént
satisfies this requirement. This time hierarchy (eq 6) essentially
simplifies the solution of the kinetic equations for populations
and off-diagonal elements of the density matrix

electrovibrational line experiences larger broadening for elec- L .
tronic transitions with a larger change of the permanent dipole —lp, V]ij! Tro=.47 V=—Ed (7)
moment. A

The spectral line shape deviates strongly from a Lorentzian
shape because of the dynamical and static interaction with the
solvent. Namely, the one-photon absorption probabiRfyw),
drops down essentially faster than a Lorentzian at the red wing
of the spectral lind2 Such a deviation is accounted for in our
approach by the frequency-dependent “width”

where the concentration of the absorbing molecules is denoted
by .17 Here we neglect the spatial derivatives at the left-hand
side of the kinetic equations, which are responsible for the
Doppler effect. The Doppler broadening in the studied con-
densed absorber is indeed negligible compared to the dephasing
rate,I'j(w). Because of nonradiative conversion, the ritg,
1 of decay transitionst — i is large in organic molecules and

T (0) = E(rii +Iy) + v (0). (5) almost completely coincides with the total decay ratg, After
selection of the fast time variables, exp(w + wj)t), the

The decrease ofj(w) at the wings of the spectral line is condition (eq 6) allows us to neglect the time derivatives in the

essential for the estimation of the role of the two-step TPA equations for the off-d|agonal e'eme.”fﬁi- However_, _the
channel. To estimate the off-resonant population of the first €duations for the population must be integrated explicitly.
excited_state' we use experimenta| data (See Section 3) 2.2. Photoabsorption Cross SectionSUSing standard tech-

A few characteristic time scales govern the dynamics of the hiques and the above statement about the time derivatives, we
studied system: the pulse duratienthe lifetimes of the excited ~ Solve the density matrix equations (eq 7) and find the total
electronic stated; 2, the lifetime of the vibrational stat&, polarization including one-photon~() and two-photon
< 1 ps87 and the lifetime ' ~X(w), of the coherencey; (i = (~|& 25) contributions. The final equation for the intensity, or
). To be specific, we will consider only the collisional irradiance, is the following:
broadening. The decay rate (eq 5) of the coherence consists of
two qualitatively different contributions; the first contribution (8 + 1 Q) l=— (ol + 0@ P@=6@+? (@)

is related to the decay ratels; andIjj, of thei andj states’ 9z coat
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The first term at the right-hand side of eq 8 describes one- Here, di, is the transition dipole moment between electronic

photon photoabsorption with a cross-section statesi and a; wi\{, is the frequency of vertical transition
between the ground and excited state®,.i» is the frequency
K d2,T; (@) gy, of electron-vibrational transitiofivi— |ow,[ and @i|v,is
o= . 9) the FC amplitude between multimode vibrational statesnd
hey T (0 — a)mm)2 + Iy(w) vq Of electronic states anda.

The off-resonant population of théh excited state
Because of the interaction of the absorbing molecules with the

solvent, the spectral profile deviates from a Lorentzian through . $di20Pi olm)
the frequency dependent broadeniig(w) (see Sections 2.1 Pii = 3¢ R i (14)
and 3). The total TPA cross-sectiart?, is a sum of a coherent, 0 !
(2) (2) ibutionse: _ .
or one-stepd;”), and two-stepd;’) contributions?® depends strongly on the magnitude of the pulse duration and
the lifetime of the excited stafe:
o K ZES Dz I O(2w)[®o|viﬁ
Oy =— 0 N oy, T <1
ce g’ T (20 — wivi,oou)z + I o(20) Rivl-e™= {1, > 1 (19)
1
0= — z (SorSmm T ShrSom T ShirSimn) In the simulations presented below, we assume that the pulse
156 is rather long and the molecule has time to relax to the lowest
gm d(nc)) d_(rg) Ad vibrational level of the electronic state, The analysis of the
S, = e e, (10) time hierarchy (Section 2.1) indicates that this condition is
N Loy 20— oy satisfied only approximatelyzl'yy ~ 1.

2.3. Relative Contribution of the Two-Step and the

The two-step TPA process consists of the nonresonant popula-Coherent TPA Channels.The conventional theory of TPA
tion of the vibrational stat¢y;Cof electronic staté followed takes into account only the coherent, or one-step, cross-section
by resonant excited-state absorptior; o. In case the pulse  (€q 2) and ignores completely the sequential two-step TPA. Such
duration,z is shorter than the lifetimes of the vibrational state @n approximation is motivated by the small probability of
(rib = Tyl ~ 1 ps) and of the electronic statg;(), the cross- ~ honresonant popt;lanor] of the first excited statg, 0 P1o U
section of the two-step TPA process reads: T'o(w)(w — wi10)~? which decays faster _than a Lorentzian
because of the decreaselaf(w) at the red wing of the spectral

) k s o o line, » = w19/2. However, the one-step TPA is also suppressed
oD = —— Z d dSi AP o(@) by the Lorentzian[$,00 0 (w — wig)"% Because of this
Ce (z,ha oG circumstance and resonant excited-state absorption (Figure 1),
the one- and two-step TPA cross-sections can be comparable.
| (w)[ﬂ)o|viﬁ|]fi|vaﬁ P P

This motivates us to write down an accurate estimate for the
ratio of these cross sections. Let us note that the major
contribution to the coherent cross-section of charge-transfer
molecules is due to change of the permanent dipole moment

One can see that the cross-section is proportional to the Franck (see the second term in eq 10 &4, Equations 10 and 12 give
Condon factors of the ground stav|vi3 and excited state  the following estimation:

[@i|v,[@ absorption. This is because the vibrational statg)

- - - T, <1 (11)
[((,U (’U(xvu’ivi) + rai (('U)]

_has no timc_a to decay in the lowest vibrational st#e] of the 022) d, |2 Pw)w - w10)2 Fi{o
ith level (Figure 1). 5~ 4 X Ry x — &~
The molecule has time to relax to the lowest vibrational state 0(1) Ad, [y ol
of theith electronic state in the case of a longer putse, 7yip d.\2 R.TVW R
and the two-step contribution ol 110 10 (16)
Ad; Iy N
K al
() 2 42 AP0
927 = %z A 00 Aia P o) Here, 'Y = Ti(w1o) and Ty = Tui(w) are the values of the
Cegt L broadenings near the resonances of the Lorentzians at the right-
R, Ty ()0, A hand side of egs 10 and 12, respectival{lfl = T'io(w10/2) is
— (12) the nonresonant value @fo(w) in the probability (eq 13) of
T (0 — g, ; 0_)2 + I‘aiz(w) nonresonant population of the first electronic st&g(w).

According to our simulations (Table 1)Ad;1)? ~ 1072,
depends now on only the FC factéj|jv,[3 of excited-state ~ Let us e_stimgte[“?‘g* making use of the experimental data for
absorption from the bottom of the excited-state potential (Figure Rhodamin B in ethan! for the ratio of nonresonant to resonant
1). We introduced the spectral profile of nonresonant absorption, absorption in the vicinity ofi = 900 nm: Py5/Pj, ~ 107

Pio(w), and the anisotropy facton’": However, eq 13 means thal{/PF, = 'Y T)§/(w — w10)2 For
Ifo ~ 0.03 eV andwio — w ~ 1.5 eV (see Section 3), we get
1 1 Iy~ 0.008 eV
P. =T 10 . .
1o() = o) (@ — 0V + o) (0 + oY)’ The pulse used in the experimét = 0.85 ps) was much

2 shorter than the lifetime of the first excited stafe; 1 ~ 1 ns.
AP0 = 14+2co (dﬁo’ dic) (13) Because of this fact, the efficiency (eq 15) of the nonresonant
o 15 population of this electronic state is suppressed by the factor
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TABLE 1: Transition ( dy;) and Permanent @oo, Ad; = dj —
doo) Dipole Moments (in au) of N101
X Y Z
dio 3.761 N

—0.132 —0.049
dao 0.119 —1.145 0.017
do1 0.117 0.031 0.097
ds1 0.162 0.003 0.002
day —0.011 —0.286 —0.007 4
ds1 0.028 —0.161 —0.017
doo 2.832 0.112 0.097 Y
Adiy —1.940 0.005 0.002
Adz ~0.124 ~0.054 ~0.02 7
Ads3 —1.150 0.044 0.002
Adag 0.947 —0.016 0.001
Adss —0.330 —0.056 —0.036 X
TABLE 2: Two Sets of Broadening Parameters rsi) near
the Resonance Region Used in Our Simulations
ooy ory oty 1§y g /N
ZA
setl(eV) 001 0.01 001 001 001 001 0 0
set 2 (eV) 0.05 0.025 0.04 0.02 0.08 0.04 Figure 2. p-nitro-p'-diphenylamine stilbene (N101) molecule.
TABLE 3: Vertical Excitation Energies (in eV) of the First The FC factor of thejth mode is calculated in the harmonic
Five Excited States of N102 approximation through the HuandRhys (HR) parameter:
excited state 1 2 3 4 5 )
. (i) o, ) Fi(ia)
w10 (eV) 301 406 412 421 43 0, v, 3 = 51_| &S gia)=-3" (18)
aThese transition energies are lowered by 1.214 eV in order to match Vag 2w

q
the experimental valdav;o = 3.01 eV.

) _ NR NR The HR parameter is expressed via the gradient of the transition
(eq 1Ry ~ Ty < 1. ThleresRuIts IRuly /T~ g ~ energyE, — E; in the equilibrium geometry of the ground
10. Taking into account thdt;/T;; ~ 1 (Section 3) we finally  electronic state:Fq(ic) = d(E, — E)/0Qq We assumed that

conclude that even for rather short pulses< 0.85 ps) the the vibrational frequenciegyq, do not change under electronic
two-step and coherent channels give comparable contributionsexcitation.

to the total TPA cross-sections?/o$? ~ 1. The explicit treatment of all vibrational modes makes the
_ _ computations very expensive. To be able to calculate the TPA
3. Computational Details cross-sections, we selected the more important modes with the

All of the needed quantities were calculated using the HR paramete&(io) > 0.1; these are collected in Table 4. These
DALTON suite of programé! Our simulations are based on M0des can be divided in a few groups: mode 66 corresponds
the response theory in the framework of the Hartreeck (HF) to the C_C_C_ be_ndlr_lg in the phenyl-amino rings; symmetric
method. The quadratic response formalism is used in calculations —C—H bending is given by modes 86, 88, .90’ and 92; lmodes
of the dipole moments of transitions between excited states as?3, 100, and 10_5 co_rrespond to the symmetrgI=H bending
well as for their permanent dipole moments. The cc-pVDZ basis + C—N stretching in the amino group; modes 119.’ 12.1’ and
set was used throughout the simulations. The gap,between 122 correspond to the-€C etretchlng in .aII aromatic rings;
the first excited and the ground state obtained in the HF responsé™?de 123 is the €C stretching of the stilbene double bond.
method is 4.224 eV, which is higher than the value obtained _ 'N€ intensity of the single spectral component incident on
using time-dependent density functional theory (TDDFT) with € sample was around 1 GW/&nAccording to estimations,
the B3LYP functional, 2.52 eV. It is established that the HE this experlme_nta! value is smaller than the saturation intensity.
method overestimai®o, whereas the DFT technique produces Because of thI.S circumstance, Fhe saturation effects are neglected
a value smaller than the experimental one. Because of this, we!l (€ simulations. As was pointed out above, the intensity of
lowered the HF excited-state energies (Table 3) by 1.214 eV to the two-step TPA depends on the paramdtkfr, which is
match the experimental value of the first transitianio = 3.01 assumed in our simulations to b7 = 10 (see Section 2.3).
eV (see Figure 3). All of the quantities were calculated in the ~ The broadening of the spectral lines deserves a special
ground-state optimized geometry. We take into account the first comment. In the simulations, we assumed that there were two
five excited electronic states with the coherent TPA channel 0 sets of spectral line broadenings near the resonance region, as
— 1. The analysis of the transition dipole moment shows that displayed in Table 2: (1) the same broadening for all spectral
the two-step TPA channel ©- 1 — o dominates. transitions and (2) different broadening parameters. The motiva-

The many-mode FC amplitudes were computed in the tion for using different broadenings for different electronic
framework of the Borr-Oppenheimer approximation as the transitions is the following. As was mentioned above, the major

product of the FC amplitudes of each normal mogle, cause of the static and dynamical broadenings is the change of
the dipole-dipole interaction between solute and solvent
W | v U= [ 4| vy 10 4w o080 |V O a7) molecules during the electronic transition. The broadening of

the electrovibrational liné — o is defined by the change of
Here,vi = (vi1, vi2, vi3 ..., Vin) IS the vector of the vibrational ~ the permanent dipole momend(ai) = dyq — d; following
quantum numbers o = 0, 1, 2, ... of thegth vibrational normal the electronic transitiom — a. According to Table 1, these
mode in theith electronic state. changes are different for different electronic transitioAst(10)
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Figure 3. One-photon absorption spectrum of N101. Solid lines display the theoretical spectra calculzf%d:fd?ﬁo =0.01eVv amfi, =0.05
eV, T} = 0.025 eV. Experimental spectra taken from ref 3.
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Figure 4. Coherent and partial two-step TPA cross-sections of the N101 mold?ﬁdlec. 1"21 =0.01 eV;rl"TOR = 10. The lowest panel displays
the partial two-step TPA cross-sections for the four channets D— a, whereas the mid panel shows the total two-step TPA cross-section.

TABLE 4: Frequencies of the Vibrational Modes Included in Our Simulations of the N101 Spectra
mode 66 86 88 90 92 93 100 105 119 121 122 123
wq (eV) 0.134 0.153 0.158 0.159 0.161 0.161 0.177 0.181 0.222 0.223 0.224 0.230

= Ady; = —1.94 au,Ad(40) = Adys = 0.947 au,Ad(41) = 4. Results of Simulations of the N101 Molecule
2.887 auAd(51) = 1.61 au,Ad(21) = 1.816 au, and\d(31) ) )
= 0.79 au. In general, the broadening is not a linear function ~ The results of the simulations of one- and two-photon ab-
of the squared change of the solutmlvent potential. Because ~ sorption of the N101 molecule are shown in Figure 3 and Fig-
of this fact, the above choice of spectral line broadening is rather ures 4 and 5, respectively. The one-photon absorption spectrum,
arbitrary. Figure 3, consists of two electrovibrational bands related to the
A comparison of the experimental one- and two-photon transitions to the first (6— 1) and fourth (O— 4) electronic
absorption spectra (Figures 3 and 5) shows that contrary to thestates. This is in agreement with the experinfeaithough the
two-photon profile the one-photon spectrum does not display intensity of the shortwave band, & 4, is weaker than that
any vibrational structure. This in agreement with our choice of observed. Calculations show that the contributions of other
large broadening for the 6~ 1 transition (compared to the electronic states are negligibly small. The wavelength in the
excited-state absorption), which smears out the vibrational one-photon spectrum is doubled in order to facilitate comparison
structure in the one-photon spectrum. of the one- and two-photon profiles.
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I“Q‘OR = 10. The simulated total, coherent, and two-step cross-sections are enlarged 10 times. Experimental spectra taken from ref 3. Upper panel:
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The vibrational profiles of the 6= 1 and 0— 4 coherent 5. Summary
TPA spectra coincide with the vibrational profiles of one-photon
absorption (Figure 3). However, contrary to the one-photon
spectrum, the coherent TPA profile (Figure 4) is formed
mainly because of the 6> 1 TPA transition. The reason for
this is that the TPA cross-section of the—8 4 transition
(0(da0Adaal4| 0o0)?) is much smaller than the-© 1 TPA cross-

The present work addressed the band-shape formation in two-
photon spectra and was aimed, in particular, at explaining the
origin of differences in band shapes between these spectra and
their one-photon counterparts. We have used the experimentally
studied N101 p-nitro-p’-diphenylamine stilbene] molecule as
an illustrative case for this purpose. We have shown that the

section ((d10Adi1(71|0’) (see Table 1). spectrum of one-photon absorption of the N101 molecule
The other reason for the distinction of the TPA spectrum from o qists of two vibrationally broadened bands related to the

the spectrum _Of one-photon a_b_sorption is the two-step or excited-yansitions to the first and second excited electronic states. The
state absorption, which modifies the TPA profile considerably, \inrational profile of the second electronic state displays larger
see Figure 5. The two-step spectrum is formed by four channels, i ational broadening. This, as well as the smaller value of
of excited-state absorption,* 2, 1—3, 1— 4, and 1 5. the transitional dipole moment, explains the smaller intensity
As one can see .fror_n the simulations (_F|gu.res 4 and 5), t_he WO- ¢ the second band. Our simulations of coherent two-photon
step TPA contribution has ae?lnarge vibrational broadening. In 4pq6rntion show strong suppression of the short wavelength band
agreement with the experimenthe total TPA profile is red- o5 nared to one-photon absorption. This is because the relative

shifted because of the two-step channel. o _two-photon cross-section of the second band is much smaller
Figure 5 shows that the TPA spectrum is sensitive to the ratio 1,41 the relative intensity of the one-photon absorption. The

ongorg{resonant to resonant one-photon absorption probabilitiesg, nerimental spectra show similar behavior except for a larger
P1o/P1o In the present article, we show the importance of the proadening of the first band. To explain this discrepancy, we
two-step TPA process caused by nonresonant population of thegajcylated the two-photon spectrum also taking into account two-
first excited state. The excited-state absorption due to resonantsie; two-photon absorption. The existence of 146 vibrational
TPA population of the first excited state also starts influencing modes in the studied N101 molecule makes computations very
the spectral shape of the nonlinear absorption when the intensityexpensive. To overcome this computational problem, we
of the light is larger than 0.1 GW/chn . _ selected only vibrational modes with HuanBhys parameters
Itis worth commenting on the energy conservation law in |5rger than 0.1.
off-resonant one-photon absorption. The resonant frequency gy simulations show that the contribution of the two-step,
between the ground and the first excited electronic state dependgyr sequential process, is comparable with the coherent one-step
strongly on the distance between the absorbing molecule andyyo-photon absorption and that the vibrational spectrum of
the solvent molecules. According to the theory of spectral line sequential TPA leads to a shift of the spectral profile relative
wings!® the one-photon absorption takes place for such an iy the one-photon spectrum. We take this as yet another
intermolecular distance where the condition of the resonance jpgication of the need to consider off-resonant stepwise con-
occurs. _ . tributions even when operating at resonant conditions for the
It should be noted that a strong laser field can result in @ ¢oherent multiphoton excitation.
photomodification of the molecules, the effect of which also
leads to the change of the absorption spectrum. This effect is Acknowledgment. This work was supported by the Swedish
beyond the scope of our article. Research Council (VR).
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