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A theoretical description and experimental demonstration of homodyne-detected two-color transient grating (2-C
TG) signal are presented. By treating the coupled bath degrees of freedom as a collection of harmonic
oscillators and using a short-time expansion method, approximated nonlinear response functions were
obtained. An analytic expression for the two-color transient grating signal was obtained by carrying out
relevant Gaussian integrals. The initial rising and decaying parts of the 2-C TG signal is shown to be critically
dependent on the ultrafast inertial component of the solvation correlation function. The experimental results
confirm the predictions of the theoretical model.
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Introduction systems will be presented in sections Il and Ill, respectively,
while in section IV experimental results are presented for
Four-wave-mixing transient grating spectroscojsan be  two systems.

viewed as a one-dimensional vibrational spectroscopy that is
capable of probing vibrational dynamics and chromophore- Theoretical
solvent relaxation processes on both the ground and excited
state<"® By injecting two simultaneously propagating pulses We will consider a two electronic level system interacting
in time with different wavevectors, vibrational coherencewith external electric fields. Two pulses propagating with
states are created on the ground as well as excited statesmvevectors ok, andk; are used to create particles and
Since the pulse widths are sufficiently short to exciteholes on the excited and ground states, respectively. Then the
vibrational modes that are coupled to an electronic transitiothird pulse which is delayed in time, is injected and the
of the chromophore, the electronic dephasing processcattered signal field in the direction ek, + Kk + K3 is
induced by the fluctuating chromophore-solvent interactiordetected by employing homodyne or heterodyne methods.
energy can be studied with this transient grating spectrosFhe frequencies of the pump (the first two pulses) fields and
copy. In the present paper, we will consider two-colorthe probe field will be denoted ag, andw., respectively.
transient grating spectroscopy (2C-TG), where the pump and Then, the third-order polarization associated with the TG
the probe frequencies are different from each dthierthis  signal is given a8
case, the initial wavepacket or doorway state, created by the . a0 o o
interactions with the pump pulses is located at a diﬁerenP(3)(kS,t) = %gj dtlj' dt2J' dtg[R; + R,]
region of phase space than that of the window specified by 0 0 0
the width and frequency of the probe pulse. On the other x E3(t—t3)E*1(t +T—ty—t,)
hand, in the case of conventional 1-C TG, the phase space . .
region of the initial wavepacket is identical with the window > E2(t+ T=ts—to—ty)expli wy s + iy ty)
state’ Therefore, 1-C TG measures how rapidly the initial ° 2@
wavepacket moves away from the initial phase space region. + I d, I dt, _[
Consequently, the 1-C TG signal decays monotonically. In 0 0
contrast, due to the difference between the doorway phase x EZ(t +T—ty—ty—ty)exp(i Wy ts = icy,ty) . (1)
space and the window phase space, the 2-C TG signal can
rise initially and reach a maximum value at the time wherHere, the pulse envelopes are denotedgbgj = 1-3). The
the propagating wavepacket passes through the windofomodyne-detected TG signal is given by the integrated
phase space. Due to this additional experimental controlintensity of the TG signal field that is linearly proportional to
ability of the 2-C TG, it becomes possible to explore a muchhe square of the above third-order polarization within the

wider region of the phase space stet spanned by the couplggwly-varying-amplitude approximatione.,
bath degrees of freedom. A theoretical description of the 2-C "

TG signal and numerical calculations for a few model Wy Wy T) :I dt’ P(s)(ks,t)’2 @

dt3[Ry + Ry Eg(t —t) Ep(t + T—t3—ty)

"Co-Corresponding authors. Minhaeng Cho (E-mail: mcho@ -
korea.ac.kr); Graham R. Fleming (E-mail: grileming@Ibl.gov) Now, let's change the integration varialldo t +t; and
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introduce a new integration variabte=t+7—t, . Then, where
we have
P9(T+ ) A0
, , = dwp(w) wecoswT — =0
PO (k1) -D-D3E3(t)j dtlj dtI dtE, (1) Ex(t' —t,) O 4, O % p(e) hg

X {(Rl + R4)exp[| pr 3+ prutl]

o how . .
+ [ dwp(w)coth hwp wsinwT =1Q(T) + H(T) (8
+ (Ry + Ra)expli wp ts — 1 Gy ty]} 3) ! 2

With this short time expansion approximation, the two
where R(t;,t,,t3) - R(t;,t+ 7—t',t3) . In order to obtain auxiliary functionsf, and. , can be approximately written
Eqg. (3), we assumed that the delay timés sufficiently  as
larger than the pulse width such that the upper limit of the .
integration ovet’ can be replaced with flta o ty) = (1Q(t2) —H(L)

A. Approximate nonlinear response function The +(IQ(ty +t) + H(ty +t,))t5
general nonlinear response function of a two-level system — (i 3
was presented before and is given by a sum of the following ftatata) = (-1Q(t2) —H(E))
four components and their complex conjugétes, +(IQ(ty +t,) + H(ty +t,))t5 9

Rllatat) = eXli—iwegti—iwegtg) wheret, =t+ 71" .
x exp{—g (t3) —g(t) —f.(ts,t5,t)} We further assume thap = t+7—t' 07  ang+t, =
Ry(ta,ty,t;) = expliwegty — i e gts) t+ 71—t +t, 07 to find
x exp{—g (t3) +—g (t;) + . (tatpty)} f, D2iQ(1)t;
Ra(tsitaty) = expli gty —i e ts) f_00. (10)
x exp{ —g(ty) + —g*(tl) N fi(t3,t21t1)} Also, using a short-time approximation fg(t) with respect

to t; andts, we have
Ry(ta,ta ty) = EXH—i Wagty — i Wy gts) ) I ) L,
x exp{—g(ts) —g(t) —f_(tstt)} (@) g(t) =g (ty) = EQ ty andg(t) =g (t3) = EQ t; (12)

where the two auxiliary functions are defined as where the mean square fluctuation amplitude of the
. X electronic transition frequency is defined as
fi(tstaty) =9 () —g (L, +t3) —g(ty +1,)

2_ 2o NeB
+g(ty +t,+1,) Q _I dwp(w) w coth > (13)
f_(t5,t5,t) = 0(t,) —o(t, +t3) —g(t, +ty) Thus, the four response function components in Eq. (4)

can be simplified to
+ gty +ty +g) 5) P

Here, the line broadening functiagf), is™* Ry = eXp(—1 Wegly —1Wegts)

g(t) = —|?]t +J’ dwp(w)coth[LgJ(l coswt) X expé— %tai—%tai—ZiQ(r)t%

+if dwp(w)sinat (6) Rp = exXpli Wegty —1Wets)
0

The spectral density representing system-bath coupling X exp%— %tai—%tai—ZiQ(r)tSE

strengths and frequency distribution of the coupled bath U a

modes was denoted p$w) 1,0
Noting that the electronic coherence relaxation time R;= exp(i,gt; —iweqts) expD— ZQ t1 EQ tgm

during thets-period is typically very short, one can use the

following truncated Taylor expansion forms,

_ - 1.2 o0
(t+1,) = g(ty) + PO Ra = OXH(H Gegly —1qts) eXpE%ZQ (-32°60.04)
gzsgzmms 003
Egg(t +t, +t,) B. 2-C TG polarization. In order to take into account the
I+t +ty) =g(L+1p) + S El g+, finite pulse width effect on the 2-C TG signal, the pulse
3=0

envelope functions are assumed to be |dent|cal and of a
@) Gaussian form,.e. as E(t) = exp(—t 21207 ) where the
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standard deviation is denoted Ay Inserting Egs. (14) and reorganization energy, will be assumed to be 600 ¢inin
Gaussian pulse envelope functions into Eq. (3) andhe high-temperature limit, the mean square fluctuation

calculating the integrals overandt’ , we find amplitude, Q2 of the electrc>2nic transition frequency is
related toA by (Q2 02AkgT/h™ ) whereks and T are the
P(B)(ks,t) O i3E3(t)exp(—X2) Boltzmann constant and the temperature, respectively.
We next assume that the solvation correlation function,
O 2i 2 2i O gt), consists of two componentse., a Gaussian and an
erXp(_YZ(T)) ¥ ﬁF(Y(T)) +expY(0) + ﬁF(Y(O))E exponential component with the fotm
(15) &y = A LexBr) + 0.5exd- 2)} e
where ~h 15
Wyy— W
X = 24 where the unit of time is the picosecond. The ratio of the
A/Z[QZ+A_2] Gaussian component to the exponential component is
Wy — Wag— 24 S(T) — ATR} 1:05. 1In tr_]e foIIOV\{ing ca}lculat_ions, the Gaussian decay
Y(1) = (16) constant” will be varied to investigate tHedependence of
J2Q? the 2-C TG signal.

Throughout the present paper, the pump field frequency
vyill be assumed to be in resonance with the absorption
$and maximumj.e., thu= (kg Although the approximate

In the above equation (15t) is the solvation correlation
function that can be expressed in terms of the spectr

density as expression for the TG polarization in Eqg. (15) is useful, it
S( 1Y) =I dw wp(w)coswt . (17)  should be noted that Eq. (15) cannot be used to describe the
case when the pump field frequency deviates fragn A
and the solvation reorganization energy is more general theory is currently being developed and will be

presented elsewhere. In the present paper, we will focus on
the case when only the probe field frequency is tunable and
the detuning factow is defined as

A= hJ’ dw wp(w) . (18)

The Dawson integrak(x), in Eq. (15) is defined &#s

,X ) W= w,q— - (22)
F(x) = e_XJ’ due" . (19)
0 A. One-color TG signal One-color TG signals are

Eqg. (15) constitutes the principal result of the presentalculated for varying (=100, 200, 300, 400, and 500 fs)
paper. Because of thedependent terms in Eg. (15), the and plotted in Figure 1(a). As in the work of Jetcal,” the
third-order TG polarization provides information on the initial decaying part of the 1-C TG signal is found to be
spectral diffusion induced by the chromophore-solventdependent on the ultrafast componen8gf In this case of
dynamics. Also, it should be noted that the polarization ighe 1-C TG, the phase space region of the initially created
complex. If one carries out a heterodyne detection experiwavepacket is identical to that of the window so that the
ment, it would be possible to measure the real and imaginaisignal at time zero is maximum and then decreases as the
parts of the polarization separately. The real and imaginarwavepacket moves away from the phase space region of the
parts of the polarization correspond to the transientvindow. In Figure 1(b), the two contributions from the
birefringence and the transient dichroism, respectively. transient birefringence and dichroism, when 100 fs, are

The homodyne-detected transient grating signal can noweparately plotted and the figure shows that the transient
be calculated and found to be dichroic contribution is dominant in this case.

B. Two-color TG signal We next calculate the two-color
TG signal. In order to investigate the detuning-factor-
dependence of the 2-C TG signal, by varjligrom O to
1400 cm', a series of downhilii.e., w,,> @, ) 2-C TG
signals are plotted in Figure 2(a). A positive valuewf
corresponds to a ‘downhill’ 2-C TG experiment with the
third frequency being lower than the first two.

As the detuning factow increases, the signal exhibits a
non-monotonic behavior. For instanceWf= 800 cn*, the
location of the window is, along the solvation coordinate,

Numerical Calculation Results 800 cm® away from that of the initially created wavepacket
so that it takes a finite time (about 80 fs) for the propagating

In this section, we will present numerically calculated 1-Cwavepacket to reach the window region. This means that the
and 2-C TG signals for a simple model system. The solvatiodetuning factor, W, determines the energy separation

Sre(0 0 | dt| PP (k1))
0 exp(—2X2) Hexp(=Y(1)) + exp(=Y2(0))]?
0

+ AR () + FOYONI® (20)
0
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Figure 1. (a) Calculated 1- -CTG ;igna]s for= 100, 200, 300, 400, Figure 2. (a) Calculated ‘downhill’ 2-C TG signals for a detuning
and 500 fs. (b) Transient dichroism and the birefringence, - 0, 200, 400, 600, 800, 1000, 1200, and 1400.drere, =
contributions to the 1-C TG signal fbr= 100 fs. 100 fs. (b) Both the transient dichroism and the birefringence
contributions to the 2-C TG signal or= 100 fs andV = 800 cri*.

between the doorway and the window along the solvatiol
energy coordinate.

Since the Stokes shift equals, &vhenW = 1200 cmi* the  transient dichroic response.
window is located at the bottom of the excited state potential As expected, the temporal profile of the 2-C TG signal is
energy surface constructed by the chromophore-solverdtrongly dependent on the ultrafast (inertial) decaying
coupling modes. In this case, the TG signal rises up to aomponent of the solvation correlation functiof().
finite value and decays slowly by the excited state populatioMumerically calculated 2-C TG signals are plotted in Figure
relaxation process. If one carefully examines the 2-C TG for a Gaussian decay constBntaried from 100 to 500 fs.
signal of W=1200 cm* however, the signal reaches a Here, the detuning facta is fixed at 800 cit. As can be
maximum and decays slightly even though the lifetimeseen in Figure 3, the finite delay time of the signal, which is
broadening contribution was not taken into account in theéhe time required for the propagating wavepacket to reach
present numerical calculations (see Fig. 2(a)). This igshe region of the window, increases as the solvation
because the homodyne-detected 2-C TG signal containscarrelation function slows down. Although one can make an
contribution from the transient birefringence which initially attempt to predict this delay time by treating the evolution of
rise and decays slowly (see the inset of Fig. 1). the wavepacket as a ballistic motion of which equation of

Next, the two contributions from the transient bire- motion is a generalized Langevin equation for a harmonic
fringence and dichroism are separately plotted in Figure 2(bscillator (note that the associated time-dependent friction
in the case whel/= 800 cm* andl" =100 fs. Unlike the  kernel can be obtained by using the Fourier spectrum of the
case of 1-C TG, the transient dichroic but and the transiersiolvation correlation function in Eq. (2£f),due to the
birefringent contributions are of similar maximum ampli- complication that the homodyne-detected 2-C TG is
tude. In other words, as the detuning increases, the transietiétermined by both the transient dichroism and the transient
birefringence contribution becomes crucial, but the longbirefringence contributions it is not straightforward to
time decaying pattern is more or less dictated by thelevelop a simple theoretical model for this problem.
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4 . . . . . Figure 5. Experimental 1-C TG and 2-C TG signals for DTTCI in
0.0 0.2 0.4 0.6 0.8 1.0 methanol. 1-C TG at 800 nm®() and 750 nm & ). Both uphill
Time (ps) (800, 800, 750 nme ) and downhill (750, 750, 800 nm,) results
are shown.
Figure 3. Calculated 2-C TG signals fér= 100, 200, 300, 400,
and 500 fsW = 800 cn.
1.0 A AAdA
Experimental Section . Y
Z Y
. . £
Figure 4 shows the absorption spectra of the dyes IR14 £ _.x;
and DTTCI, both dissolved in methanol. Also shown are the% A‘A
spectra of the 800 nm and 750 nm femtosecond pulses us.5 . | .
for the experiment. The laser pulses have a duration of 45" g ' - \
for all the experiments described. A more detailed descrip:2 '-\
tion of the pulse generation and experimental set up can t . v A\\‘\-\.‘
found in reference 16. .
Figure 5 shows the four possible homodyne-detected one 0.0

and two-color transient grating signals for DTTCI in 1 10 100 1000 10000
methanol. Clearly both the uphill and downhill 2C-TG Population Time, fs

signals differ 3|gn|f|9antly from 'the 1C-TG signals and Figure 6. Experimental 1-C TG (750 nma,) and 2-C TG (downhill,
Cpnform to'tlj\e.prewctlons of Figures 1'3j The tWO'COIOr?SO, 750, 800 nmm ) signals for IR144 in methanol. Note the
signals exhibit rise times of 100-150 fs, while the one-cololjpgarithmic time axis.
signals decay monotonically. All the signals contain
vibrational wavepacket contributions that were not includedplace the window near the bottom of the excited state
in the calculated curves in Figures 1-3. Comparing Figures 8urface, since no pronounced maximum in the signal is
and 5 suggests that the detuning (833%pms sufficient to  observed.

For a system with a larger reorganization energy, a distinct
maximum in the 2C-TG signal is expected as the population

Lod ™ IR 144 n Wethonal . n passes through the window region. IR144 in the same
=== 800am Pulse N\ | solvent, methanol, has a total Stokes shift of ~1500 em

TS 750 nm Pulse T\ compared with ~430 cthfor DTTCI. Figure 6 compares
3 ' 'l the 1C-TG and 2C-TG for IR144 in MeGHote the
= logarithmic timescale. The 2C-TG result corresponds to
e 00 750-750-800 nm (downhill) and clearly exhibits a maximum
Z and a rapid decay as expected for intermediate (with respect
2044 to 2A) detunings.
5
= Summary

0.2 1

0.0 1= . — Y TS In the present paper, a theoretical description and experi-
600 650 700 750 800 850 900 mental illustrations of 2-C TG spectroscopy was presented.
Wavelength (nm) When the probe field frequency is different from that of the

Figure 4. Absorption spectra for IR144 (solid) and DTTCI (dotted) PUMPp field, the 2-C TG signal exhibits a non-monotonic
in dilute methanol solution, along with the spectra of the 45 fs 75@lecaying pattern. Since the frequency of the probe field
nm (dot dashed) and 800 nm (dashed) laser pulses. determines the location of the detection window along the
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solvation energy coordinate, the propagating wavepacket4.
achieves maximal overlap only after a finite time delay,
which critically depends on the solvation reorganization

Kyungwon Kwak et al.

Goldberg, S. Y.; Bart, E.; Meltsin, A.; Fainberg, B. D.; Huppert,
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5. Joo, T.; Jia, Y.; Yu, J.-Y.; Lang, M. J.; Fleming, G.JRChem.

energy and the time scale of the solvation correlation g
function. In this regard, the 2-C TG spectroscopy is a useful

tool for the investigation of the entire solvation energy 7.

surface and correlation time of the chromophore-solvent

dynamics. A companion paper in this volume describes two-

color photon echo peak shift spectrsoctpy.
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