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We analyze the effects of the coordinate dependence of the transition dipole (non-Condon dipole moment) on
impulsive pump-probe spectroscopy at finite temperatures, using expressions for the response functions
derived by the path-integral approach. We calculate the difference probe absorption spectrum and show that
the non-Condon dipole shifts the absorption to the blue and that the shift increases with temperature.

The multimode Brownian oscillator model? provides a

convenient means for incorporating nuclear degrees of
freedom in optical response functions.>® We recently
used a path-integral approach'® to develop exact closed ex-
pressions for the nuclear wave packets in phase space and
for the nonlinear response functions for this model.™

In this paper we apply these results to pump-probe
spectroscopy. We consider an electronic two-level system,
denoted by g (the ground state) and e (the excited state),
and frequency w.’. The optically active vibration of
polyatomic molecules in the condensed phase can often be
described with a Brownian oscillator model in which the
ground state and the excited state are represented by dis-
placed harmonic oscillators. We denote the nuclear mass,
the coordinate, the harmonic frequency, and the dimen-
sionless displacement of the oscillators by M, q, w,, and D,
respectively. We would like to include relaxation of the
optically active mode. This is commonly taken into ac-
count by using the Langevin equation. However, the
quantum coherence between the heat bath and the vibra-
tional system plays an important role at low temperatures.
This effect cannot be taken into account with the classical
Langevin equation, and therefore we explicitly introduce a
model for a heat bath. The heat-bath system may repre-
sent optically inactive vibrational modes, phonons, solvent
modes, etc. We assume that the optically active vibration
is linearly coupled to a heat bath, with the coordinates, the
momentum, the mass, and the frequency of the nth bath
oscillator given by x,, p,, m,, and w,, respectively. The
total Hamiltonian is then expressed as'?

H = |g)H,(p,q)g| + |&H.(p, 9|

2 2 2
Pn m,w, caq
+ — ' 1
- |:2m,, 2 (x m,,a),,z) ]’ &

where
2
_pr 1 2 2
Hy(p,q) = o+ 2Mwo q°,
. p2 1
H(pg) =+ -é—Mwo"’(q + D) + fw.. @

0740-3224/93/122263-06$06.00

The two states are connected by the optical-dipole inter-
action

H; = EQ)V = E®)[|gu(@)e| + leule)qll, ®

where E(¢) is the laser field and u(g) is the dipole matrix
element between the two states that depends on the nu-
clear coordinate. We assume that the transition dipole
has the form

1(@) = po expleq), @

where c is the coupling constant. Typically in molecular
systems ¢ is small (cq;, << 1, where q; is the size of the
nuclear wave packet), so that u(g) = uo(1 + cq).

The optical polarization for a third-order optical process
is obtained by expanding the density matrix elements in
H; and is expressd as

PO@) =i f dts f dt, f dt,E¢ — t3)E@ — ta — t3)
[ 1) [
X E(t -~ 11—ty — ts)tr[Vexp(—%tst)Vx

X exp(— %tgH")Vxexp(— %tlH")V"pg] .

(6))

Here, p, is the ground equilibrium state of the total sys-
tem, and we use the superoperator notation defined by
A*B = AB — BA, A*B*C = A(BC - CB) - (BC -
CB)A, and so forth, where A, B, and C are ordinary opera-
tors. Since each V* can act either from the left or from
the right, and since P®(¢) contains V* factors, Eq. (5)
naturally separates into 23 terms denoted by Liouville-
space paths.? In practice we need to evaluate only half of
these terms, since they always come in Hermitian conju-
gate pairs, and, for the third-order polarization, we need
four Liouville-space paths, denoted by a =1 — 4 (see
Fig. 1).
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Fig. 1. Liouville-space paths for the third-order response func-
tions. Solid lines denote the dipole interaction V. A horizontal
(vertical) line represents an action of V from the left (right) to the
density-matrix elements. Starting with gg in the upper left-
hand corner, there are eight pathways that lead to the optical co-
herence eg or ge in the third order. Only half of these pathways
[ending in gg, (1)-(4)] are shown. The contributions of the other
pathways is the complex conjugate of those shown.

All dynamical characteristics of the system can be ex-
pressed in terms of the phase function defined by

t ¢
. = 2 d ’ dt” tu ,
g+ =¢ fo tfo {aq (")
t t
g-®) = ng' d¢’ f dt%g("q), (6)
0 0

where (gq(t)) and (g(¢)g) are the position correlation func-
tions and

£ = MDwl/h. ()

To express the results in a compact form, we assign three
sign parameters, €;, €2, and €; (see Table 1) to each of the
Liouville-space paths. With this notation the optical po-
larization for a third-order optical process is given by™

POG) =i f dy f di, f dt, E(t — t3)EG — ¢y — t3)
0 0 0

XE(t —t1— ta—t3) D) wo'R By (ts, ta,t150)

€1,€2=%

+ c.c. 8
Here the response function is given by

R Si)ezza(tlh t2’ tl; C)
= exp[Qqszes(tS, tZ’ tl) + Xq(zsa(tii’ tZ; tl; C)] ’ (9)

where

Qerees(ts, b2, 81) = —iweglerty + €3t3) — - (t1) — Zees(ta)

- élfa[gqeg(tz) - gnez(tz + t3)
— -q(ty + t2) + g-q(tr + £ + )],
10)
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Xeieres(ts, £2, 815 €)
= c(g1{M cieres T (T2 105 + (T c1es
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+ Bao(ts) + G-t + b + t3) + Bt + t3)
+ Bee(ts) + 28(0)], 1y
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+ 53gezsa (t3)] . 13

Equation (10) is identical to the phase of the response
function with the Condon approximation, which may be
derived by use of the cumulant expansion'; however, the
present notation is more convenient for numerical studies.

The probe absorption spectrum, obtained by dispersion
of the transmitted probe through a monochromator, is
given by*

Slwz — Q2) = =2 Im Ez(w; — Q)PPwa2 — Q2), (14)

where

1 (" ,
Ez(wz - 02) = WJ' dt eXp[l(wg - Qz)t]Ez(t), (15)
P(a)(wz - Qz) = (%:‘vj dt exp[i(wz - \Qz)t]P«»(t), (16)

and (), is the central frequency of the probe. We assume
impulsive pump and probe fields, i.e.,
El(t) = 018(t + T), Ez(t) = 028(t), (17)

where 6, and 6, are the pump and the probe areas. For
the impulsive pump case, we have

Swz — Qg;7) = See(wg — Q2;7) + Sgplwe — Qg;7). (18)

Table 1. Auxiliary Parameters for Egs. (9)-(13)

Liouville Space Path « € € €
1 + + +
2 - + +
3 - - +
4 + - +
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Here S,. represents the contribution from the Liouville
paths & = 1 and « = 2, which pass through the excited
state (p..) during the ¢, time interval, whereas S, repre-
sents the contributions of the other paths @ = 3 and @ =
4, which pass through the ground state (p,,) during that
interval:

See(wz — Q2;7) = 2 Re ‘rdta explilws — Q2)ts]

X [R® 1 (t5,5,0) + R®+(45,50)], (19)
Sgglws — Q3;7) = 2 Re J:dta expli(ws — Qs)t3]

X [R®,(t3,50) + R, (t5,50)], (20)

and we set ,u.001 p,002 =1,

By formulating pump-probe spectroscopy in Liouville
space, it becomes possible for us to separate the process
into three steps: First the pump beam creates a wave
packet during the ¢ period (the doorway state). There
are actually two wave packets in the excited-state (here-
after denoted the particle) paths 1 and 2, and the other is
the ground state (the hole) coming from paths 3 and 4.
These two wave packets then propagate during the delay
time between the pump and the probe. This evolution is
the most significant information obtained from pump and
probe spectroscopy. Finally, the system interacts with
the probe, and the signal is generated. We denote the
wave packet of the particle and the hole by W, and W,
respectively. These wave packets are given by

Wszn(p, q; t) = j dtlJ’ dt, E(t — t2)
0 0
X E(t — t, — t2)AmX(pPela? ) ™?

1 -
X E exp{-ﬁ[q = eelte, 115 0)]*

€1=*

[p p€1€2(t2’ tl b c)] }R g)(tl; C) + c.C. Py (21)

( 2>g
where
dig. (¢
@ = 08,0, o= ewtEl)
t t=0
(22)
Qe (ta, t150) = —itMe18_o(t1 + t2) — €18, (82)]

+ e[ Boq(tr + 1) + B (@], (23)
P2, t1;0) = —iME €18, (81 + t2) — €180, (E2)]
+ eME Y F-o (b1 + t2) + Eee(82)], (24)
R®O(t;;0) = exp{—ie1wegts — 8- (t1) — 2ie1cE g (t1)
+ HE7%8 -, (t) + %EO)]}- (25)

Here W, = W, and W, = W_. The Brownian oscillator
model provides a picture in terms of wave packets in phase
space that can be calculated semiclassically. Using a clas-
sical Langevin equation, Yan and Mukamel' derived closed
expressions for the wave packets. The equations pre-
sented here generalize these results in two respects. (i)
We use a microscopic description of the bath, which pro-
vides a consistent treatment of relaxation and dephasing
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at all temperatures. The Langevin equation used previ-
ously is valid at high temperatures. Yan and Mukamel
showed how the expression for the response function can
be obtained from the Langevin equation by including the
fluctuation dissipation theorem. However, the expression
of the wave packets was given only in the high-temperature
limit, since the semiclassical-Langevin-equation approach
cannot keep track of the quantum coherence between the
system and the noise source (the heat bath). This coher-
ence is less important at high temperatures because of the
fast dephasing but becomes dominant at low tempera-
tures. (i) We allow for an arbitrary dependence of the
transition dipole moment on nuclear coordinates and thus
relax the Condon approximation.

Using Egs. (18)-(20) with Egs. (9)-(13) and Eq. (21), we
performed numerical calculations for the probe absorption
spectrum and the wave packets for different temperatures
T =100 K and T = 300 K. Below we present the sepa-
rate contributions from the particle and the hole in con-
figuration space:

Wea;t) = [ &pWEp,a;0).
(26)

Wig;) = [ AW P(pa; 0,

The calculations performed for the Condon case (c = 0)
and the non-Condon case (¢ = 0.1V Mw,/f) are denoted by
(a) and (b), respectively, in Figs. 2-7 below. We assume
that the damping induced by the heat bath is frequency
independent, and it is denoted by y (Ohmic dissipation).
The phase function is then expressed as

A
g+ = A({zz s[exp(—Aqt) + Agt — l]coth(lB2 2)

[exp(—A1t) + Ait — 1]coth< le\ )}

2{ 2
_ dyw’ - exp(—w,t) + vt — 1 )
B =@ + 1P — vPut]

+ i)t{exp(—'yt/2) [Y—/zTo—

+t- —7—2} @7

Wo

sin({t) + — cos({t)]

where v, = 2wn/hip and

M=THi, h=g-il, {=(f -y
(28)

This expression interpolates between several important
limits:

Coherent motion limit (y — 0),

g:@) = —[1 - cos(wot)]coth(B ﬁ2 ) 29)
iA .
+ —[wot — sin(wo?)]; (29)
wWo
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Strongly damped limit (y >> wq and A = wo?/ly),

g:t) = % (e™™ + At — Dcot(hBA/2)

e

+
Bl = vawE — AP

I+

2.2 -Vnt+ nt__
Ns bt — 1 i%(e‘“+At—1);

(303

Strongly damped at high temperature limit (y > w,
A = wo’/y, and BAA < 1),

(a) Condon

T=100 T=100

(b) non-Condon
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22
() = —— — + —
g:() BAF [exp(—Af) + At — 1]
+ i-j%[exp(—At) + At —1]. @1

We first show the time evolution of the wave packets of
the particle (Fig. 2) and the hole (Fig. 3) for an under-
damped mode, y = 40 cm™ at T = 100 K and T = 300 K.
The frequency and the dimensionless displacement are
given by wo = 600 cm™ and d = DVMw,/f = 1.0. Asis
seen from Fig. 2, the particle moves from the initial posi-

(c) difference

T=100

T=300 T=300

-

T=300

]

Fig. 2. Time evolution of the wave packet of the particle for the underdamped mode (the unit of ¢ is V#/Mw,) at T = 100 K and
T = 300 K for (a) the Condon approximation, (b) the non-Condon interaction, and (c) their difference.

(a) Condon

T=100 T=100

T=300 T=300

{(b) non-Condon

(c) difference

T=100

T=300

Fig. 3. Time evolution of the wave packet of the hole for the underdamped mode at T = 100 K and T' = 300 K for (a) the Condon approxi-

mation, (b) the non-Condon interaction, and (c) their difference.
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(a) Condon

T=100 T=100

T=300 T=300

(b) non-Condon

Vol. 10, No. 12/December 1993/J. Opt. Soc. Am. B 2267

(c) difference

T=100

T=300

Fig. 4. Time evolution of the wave packet of the particle for the overdamped mode at T = 100 K and T' = 300 K for (a) the Condon ap-

proximation, (b) the non-Condon interaction, and (c) their difference.

(a) Condon

T=100 T=100

(b) non-Condon

(c) difference

T=100

T=300 T=300

T=300

Fig. 5. Time evolution of the wave packet of the particle for the overdamped mode at T =100 K and T = 300 K for (a) the Condon ap-

proximation, (b) the non-Condon interaction, and (c) their difference.

tion to the equilibrium state (the bottom of the excited-
state potential) with a coherent oscillation, both for the
Condon and the non-Condon cases. This is seen from
Eq. (29). However, the hole in Fig. 3, which in the Condon
case does not change its position and shape, slightly oscil-
lates in the non-Condon case. Under the Condon approxi-
mation, the impulsive pump pulse creates a particle in
the excited state without changing the Gaussian shape of
the wave packet in the ground state. Then the shape
of the hole wave packet is also Gaussian and cannot move
in the harmonic potential. However, in the non-Condon
case the coordinate-dependent dipole operator affects the
shape of the ground equilibrium state.

Figures 4 and 5 show the time evolution of the wave
packets of the particle (Fig. 4) and the hole (Fig. 5) for an
overdamped mode y = 2000 cm™, wo = 600 cm™, and
d=1at T =100 K and T = 300 K. As is seen from
Fig. 4, the motion of the particle is critically damped in
both the Condon and the non-Condon cases [see Egs. (30)
and (31)]. The hole motion is also strongly suppressed by
the heat bath and, even with non-Condon interaction, the
hole cannot move and shows behavior similar to the Con-
don case. The peak positions of the particle and the hole,
however, shift to the positive side for the non-Condon
case, because of the Condon dipole interaction Eq. (4). As
is seen from the figures, this shift becomes large at T =
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(a) Condon (b) non-Condon

2oy
A

N
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Fig. 6. Impulsive pump-probe spectrum for the two-mode case
v =40 cm™ and y = 2000 cm™! at the low temperature T =
100 K. Here we define Aw = wz — Q2 — w.,. (a) is for the Con-
don approximation; (b) is for the non-Condon interaction. In
each of these, we display the contributions of the hole, the par-
ticle, and their sum separately.

(a) Condon (b) non-Condon

sum

a >
@a (cn,-:)'%

Fig. 7. Impulsive pump-probe spectrum for the two-modes case
at the high temperature 7' = 300 K. Other parameters are the
same as in Fig. 6.

T=100 — Condon

2000 ---- non-Condon

=300 - Condon

Aw,; (cm™)

0 200 40 60 8%
T (fs)

Fig. 8. Time evolution of the total absorption peaks in Figs. 6

(T'=100) and 7 (T' = 300). Solid curves, the non-Condon ap-

proximation; dashed curves, the Condon approximation.

300 K. The reason for the large shifts at high tempera-
tures in the case of the non-Condon interaction is as fol-
lows: before the pump excitation, the system is in the
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ground equilibrium state and is localized if the tempera-
ture is low; however, it broadens if the temperature is
high. As is seen from Eq. (4), the dipole element u(qg) is a
linear function of ¢ for small ¢. Since the population of
particles at large g will increase at the higher tempera-
tures, the non-Condon effect becomes larger.

We next calculated the absorption spectrum of a two-
mode system that is described by the two nuclear coordi-
nates ¢, and g;. For the two modes we took the
underdamped mode discussed in Figs. 2 and 3 and the
overdamped mode discussed in Figs. 4 and 5. We assume
that the dipole moment has the form

1 = uo explciqi)explcqs) = po(l + c1q1 + c192), (32)

where ¢; and ¢, are the coupling constants, and we set
¢1 = ¢2 = 0.1VMw,/fi. The corresponding response func-
tions are given simply by the product of the single-mode
response functions discussed above.

Figures 6 and 7 show the difference absorption spec-
trum for the different delay periods between the pump
and the probe . Here we set Aw = w; — Q3 — @,
Figures 6(a) and 7(a) are for the Condon interaction,
wheras 6(b) and 7(b) are for the non-Condon interaction.
In each case we display the contributions of the hole, the
particle, and their sum separately. The motion of the
wave packets displayed in Figs. 2-5 is clearly reflected in
the spectrum, and we can observe the motion of the hole
and a temperature-dependent blue shift, which are both
caused by the non-Condon interaction (see also Fig. 8).
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