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We present an effective linear response approach to pump—probe femtosecond coherence
spectroscopy in the well-separated pulse limit. The treatment presented here is based on a displaced
and squeezed state representation for the nonstationary states induced by an ultrashort pump laser
pulse or a chemical reaction. The subsequent response of the system to a delayed probe pulse is
modeled using closed form nonstationary linear response functions, valid for a multimode
vibronically coupled system at arbitrary temperature. When pump—probe signals are simulated
using the linear response functions, with the mean nuclear positions and momenta obtained from a
rigorous moment analysis of the pump indudeldorway state, the signals are found to be in
excellent agreement with the conventional third-order response approach. The key advantages
offered by the moment analysis-based linear response approach include a clear physical
interpretation of the amplitude and phase of oscillatory pump—probe signals, a dramatic
improvement in computation times, a direct connection between pump-probe signals and
equilibrium absorption and dispersion lineshapes, and the ability to incorporate coherence
associated with rapid nonradiative surface crossing. We demonstrate these aspects using numerical
simulations, and also apply the present approach to the interpretation of experimental amplitude and
phase measurements on reactive and nonreactive samples of the heme protein myoglobin. The role
played by inhomogeneous broadening in the observed amplitude and phase profiles is discussed in
detail. We also investigate overtone signals in the context of reaction driven coherent motion.
© 2001 American Institute of Physic§DOI: 10.1063/1.1329640

I. INTRODUCTION |f), leaving a vibrationally coherent productFigure ib)
suggests the importance of taking a multidimensional view
Femtosecond coherence spectroscOBZS is an ul-  of the problem, whereby the surface crossing between the
trafast pump—probe technique that allows the experimentaligeactant excited state) and the product statéf) along the
to create and probe coherent vibrational motions and ulpesction coordinat® is accompanied by the creation of a
trafast chemical reactions in real tih&® In a typical vibrational coherence along ti@ coordinate that is coupled
pump—probe experiment, an ultrashort pump laser pulse ig, the nonradiative transition. In earlier work, we have pre-

used to excite the sample of interest. The subsequent NONS&s e expressions for the time-dependent population and
tionary response of the m_edlum is monitored by an Optlc‘F?‘”yfirst moment evolution of vibrational dynamics following a
delayed probe pulse. Owing o the large spectral bandw'dtﬁlandau—Zener surface crossifigihese expressions are rig-

available in a short laser pulse, it can generate nonstationa%/ ; . . .2
. . . .~ drously valid, provided the quantum yield for the reaction is
vibrational states in a molecular system as shown in Fig.

1(a). The subsequent nuclear dynamics modulates the opticaplge(a rcootgfjr:tlc;rlztrat holds for NO and CO photolysis from
response as detected by the probe pulse. Coherent vibrational ¢ P _ .
A common theoretical formulation for pump—probe

motion in the ground state has been observed in crystalline , . S
and liquid phase systemi$? and in biological specimens ?cﬁ?gzzsrﬁopyh'lshb;zengg athen_tfh;:jci—q;de;fs%sc:repgb\;it’zq_

- : P ism, whi Vi unified view ur wave mix-
Ez\élcre]%orhzg?)gsiﬁ'?e );i:tjwmyosgtl?)tbeir&“ lgstrmr]:;ecjsg hthatasing spectroscopiés28with different combinations of fields,
have long-lived excited states, however, the excited state cdrespective of whether they are continuous wave or pulsed.
herence is dominant and has been identified in several dydowever, the separation of the pump and probe events is not
molecules in solutiod®? in small molecules in the gas clear in this formalism, since the pump induced density ma-
phase,”*°and in photosynthetic reaction centéts’ trix is implicitly contained in the third-order response func-

Apart from “field driven” coherence direct|y prepared tions. Thus, it is also attractive to treat the pump and probe
by the laser fields, vibrational coherence can also be drivefrocesses separately in the well-separated gu&P) limit.
by rapid nonradiative processes. For example, if we considdror example, the “doorway/window” picture has been
a third electronic statéf) that is coupled nonradiatively to developed® which can be used to represent the pump and
the photoexcited statge) as in Fig. 1b), the wave packet probe events as Wigner phase space wave packets. This
created in the excited state by the pump can cross over teeadily enables a semiclassical interpretation of pump—probe
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() le> sions for the effective linear response functions. The analytic
E expressions are physically intuitive and allow for the effi-
cient calculation of oscillatory amplitude and phase profiles
over a wide range of carrier frequencies. The resulting infor-
mation is the FCS analogue of a resonance Raman excitation
profile. The computational ease of this approach eliminates
the need for impulsive or semiclassical
approximations>#1=4¢ Furthermore, when the linear re-
sponse functions are used in combination with a moment
analysis of the pump induceédoorway staté’ (presented in
Q Appendix A), excellent agreement is found with the full
third-order response approatif® In addition, coherence
driven by rapid nonradiative processes as in Fiy) tan be
£ readily incorporated into this formalism. This is illustrated
(b) using the first momentsgpresented in Appendix Bof a
Landau—Zener driven cohererte.
The general outline of the article is as follows. In Sec. Il,
we briefly review the third-order response approach and its
connection with the effective linear response approach in the

lg>

R L T T

well-separated pulse limit. In Sec. lll, we obtain analytic
[£> expressions for the effective linear response function using a
Qﬁof(R(t)) displaced thermal state representation for the doorway state.

We further consider undamped vibrational motion and derive
arbitrary temperature expressions for the dispersed and open
band pump-probe signals. In Sec. IV, we present simula-
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lg> [g> tions to demonstrate the accuracy and physically intuitive
aspects of the first moment-based effective linear response

approach. Next, we include the effects of inhomogeneous

R Q broadening of the electronic line shape. Finally, we consider

FIG. 1. (@) Schematic of a two-electronic level system, with groutg) ~ the application of the effective linear response approach to
and excited [g)) electronic states that are coupled radiativély. Multidi- reaction driven coherence, and discuss the magnitude of

mensional view of vibrational coherence created by a Landau—Zener surfaggyertone signals using displaced and squeezed initial states.
crossing. Surface crossing along tRecoordinate between the electronic

states|e) and|f) leads to vibrational coherence along fQecoordinate in
the product electronic state. The statgs and |f) are assumed not to be Il. THIRD-ORDER AND EFFECTIVE LINEAR

radiatively coupled. RESPONSE

Here, we briefly review the connection between the
third-order and effective linear response functions in the
experiment$~-3! Another view of the WSP limit is based on well-separated pulse limit. In the electric dipole approxima-
the effective linear response approach. In this approach, thi#n, we ignore the spatial dependence of the electric fields
pump induced medium is modeled using a time-dependerand write the total electric field of the incident pulses as
linear susceptibility> 3482’ This has the appealing aspect E(t)=E4(t) + Ep(t— 7). The subscripts 4” and “ b” refer
that a pump—probe experiment is viewed as the nonstatiorio the pump and the probe, ands the delay between the
ary extension of steady-state absorption spectroscopy. two pulses. The detected signal in the open band detection
While the above theoretical treatments are primarilyscheme is the differential probe energy transmitted through
concerned with field driven processes, the need to incorpghe medium
rate additional nonradiative mechanisms into the theory is o
evident from recent experimental observatich$:**Recent S(7)= _f dtEy(t—7)- (aP(t, 7)/at), 1)
studies have addressed population transfer during nonadia- -
batic transitions in electron transfer systethd’ Numerical  where P(t,7) is the material polarization induced by the
wave packet propagation techniques have also been prgump and probe fields. If we assume that the delmyjarger
sented to model coherent dynamics due to nonadiabatic exhan the pulse durations, the lowest order in the polarization

cited state processé$> that is detected in pump—probe spectroscopy is given by
The present work is motivated by the need to interpret

- : . t ts t,
FCS expesréments of reactive and nonreactive samples of pi(t,T):f dtsf dtgf dthi(jslgl(t’tllt21t3)
myoglobin’™ Here, we make the WSP approximation, and — - —

demonstrate the usefulness and accuracy of the effective lin-
ear response approach, with the nonstationary states repre- X Epj(ts— 7)Eak(t2) Eqity). 2
sented using unitary displacement and squeezing opef‘BtorsHere,Xi(fk), is the tensorial third-order susceptibility. We have
This representation readily leads to rigorous analytic expresaritten the sequential contributiéhignoring the coherent
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coupling/tunneling tern&° that involve the overlap of the Eq. (2), and group the pump field interactions separately, a
pump and probe fields. The state of the system in betweecomparison of the resulting expression with E8). leads to
the pump and probe pulses is not exposed in the the above _ert tta) = (i/B)VTr( i (O 2. (ts). S (t

expression for the polarization. If we group the and t, Xij (o) = (A TH A (D] 41(ts), 9p(t3) )

integrations in Eq(2) that involve only the pump interac- =(ilh)Tr(op(ta)[ ii(t),mj(t3)]). )
tions, then we are left with thig integral over the probe field Here, 5(t) is the perturbation in the density matrix due to

and we may rewrite E¢2) as the pump interactioralso referred to as the density matrix
t jump* and the doorway functicR®) and is given(in the
Pi(t,T)Zf dtz x{"(t,t3) Epj(tz—7), (3)  interaction picturg by

i\2(ts tp
wherex((tty) is the effective linear susceptibility describing 9p(ts) = g) J dtzJ dig[ fu(ta),[ i (ty),p(—=)]]
the nonstationary medium created by the pump T

interaction?”3 Recall for a stationary medium thaf(t.ts) X Egi(to) Eq(ty). )
= xij(t—t3), which describes the equilibrium response of theIn arriving at the second equality in E€7), we have used

system. the invariance of the trace under permutation. In the WSP

. Eq;JatI(:QS(Z) Ianq (f’.) are gormgllyb eq{r}lvalenl': exprest- 4imit, where the overlap between the pump and probe pulse
sions ‘for the polarnization Induced by the well-separateqq negligible, we can extend the upper linitin Eq. (8) to

pump and probe pul_ses. Howevgr, 8. is more |m_portant infinity. The interaction picture density matrix is then time
than a mere rephrasing of the third-order polarization expres-

L o . independent, so that we may drop the time arguments from
sion in the well-separated limit. The nonstationary responseg, . :
: off ; . e density matrix.
function x;jj (tts) can equally well describe coherence in-

) . i Equation(7) expresses the effective linear response as
d_uceq by m(_achanlsms othgr theamd !nc_ludmg the pump e average value of the standard linear response Green's
field interaction; e.g., a rapid nonradiative surface crossin

Y%unctior?® with respect to the pump inducédonstationar
To see what is involved, we evaluate the induced polariz b pump ¢ y

i ¢ hanicallin the int " ictur) aEiensity matrixdp. Note thatsp does not necessarily have to
ion quantum mechanicallgin the interaction pictuf€) as be induced by the pump fields as in B®). It could, for

P(t)=Tr(p(t,7) (1)), (4) example, describe the perturbation in the state of the system
R ) ) o due to a nonradiative interaction that follows the pump exci-
where p(t,7) is density operator describing the quanium-tation to a dissociative state. It might even be a pump in-
statistical state of the system, apdis the electric dipole  qy,ceq state with higher-order pump interactions included as
moment operator. We write the total Hamiltonian for theyq,1d be required for very strong pump fieRisThe only
molecule and its interaction with the laser fields l46t)  assumptions are that the probe field interrogates the nonsta-
=Hy+H,(t), where the free Hamiltoniakl, and the inter- tionary medium after the coherence has been created, and

action HamiltonianH, have the following form for a mo- that the probe interaction with the medium is linear.

lecular system with two electronic levels: We express the full perturbed density matsix in terms
R of the ground and excited electronic state nuclear submatri-
- He+tnQ, 0 ces. The point is that the second-order density matrix in Eq.
Ho= 0 a.l (8) has no electronic coherence due to the even number of

g ®) dipole interactions. Hence
Ay ()= — a-E(t) ( O e B0 % 0
= — /.L . = — N , g ~ + i~ — i
! freg E(1) 0 5p=Spele)(el+ dpglg)(g 0 op 9

where A, and A,=H,+V, are, respectively, the Born— Correspondingly, the effective linear susceptibility Ea)
Oppenheimer Hamiltonians for the ground and excited eleccan be decomposed into a ground and excited state linear

tronic statesV is defined as the difference potential that response function

specifies the electron nuclear coupling dd, is the verti- Xﬁ-ﬁ(t,tg):Xi(jg)(t,t3)+Xi(je)(t,t3), (10
cal electronic energy gap at the equilibrium position of theWhere

ground state. With the above definitions, the third-order sus- _ . . .

ceptibility takes the standard form Xt tg) = (11A) TH 8po(slL (), it (t3)1]s)], (11)

@) (1,1, 1, .ts) wheres=g or e. ' . '
Xijkith i, t2,t3 In general, the pulse induced nuclear density matrices
=(1/1)° Tr( (O (), [ A t2) L (te), p(— ) 11D). 8p4 and 8p, contain vibrational coherence, i.e., off-diagonal

©) elements in the phonon number state representation. This

coherence translates into time-dependent wave packets in a

Here, p(—x) is the initial density operator of the system semiclassical phase spac®,P) Wigner representation of
before the pump and the probe pulses dnddenotes the the density matri®°>°3280n the other hand, the highly
trace operation. Expansion of the above triple commutatolocalized (in Q and P) nature of the impulsively excited
leads to four nonlinear response functions and their compleronstationary states suggests that we calculate their moments
conjugate$:?® On the other hand, if we substitute E) in  using
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Xo()=Trl(s|X(1)|s) 3ps]/ T ps]. (12) at time 7; &(t—7)=EqG(t—7), where E, is the field

L ata . : _ strength of the probe pulse. The envelope function for the
With &'(@) as the creatiotdestruction operator for the pho polarization can be obtained by using the definitions in Eq.

non rAnode)A( represerlts the dimensionless quadrature OPera6) and Eq.(3). After making a change of variables=t
tors Q=(a'+4a)/v2, P=i(a"—a)/v2 or their higher pow- —t3, we find

ers. The timet is larger than the pulse duration. Let the
initial (t=0) values of the first moments of the position
Q4(0) and momentunP4(0), for (say s=e or s=g be
denoted by Q4 ,Ps). These uniquely determine the subse-
quent first moment dynamic®(t). SinceQ, and P, de-  Employing Egs.(16)—(17) in Eq. (1), and making the rotat-
note shifts from thermal equilibrium, we may represent theing wave approximatioiRWA) in which highly oscillating
pump induced nuclear density matrix for the electronic statdlonresonant terms are ignored, we get

s as

5;)526()\5);)%3)'51()\5), (13) S(T)=—(wC/Z)JmJ'iwdté’*(t—7)73(1‘,7'). (18

P(t,r)=f:ds docsyefi(t t—s)E(t—s— 7). 17

WherefJ(TS) is the equilibrium thermal density matrix corre-

sponding to the electronic leve| Since for the present cagit) is real, the measuredlichro-

ic) signal is directly related tam{P(t,7)}. If &(t) were

ﬁ(TS)=Zs_1€XF(—|:|s/kBT)- (14 made imaginary as in heterodyne technigiréd then the
. _ ) ) resulting(birefringen} signal is relatedie{P(t,7)}.
D()s) is the quantum mechanical displacement opefator | the dispersed probe detection scheme, the measured
defined as quantity is the spectral densi$(w,r) of the transmitted
|5(?\s)=eXFl(?\séT—?\§3)- (15) energy through the sample defined by

Here A\=(Qg+iPg)/v2 is the initial displacementin *

phase spageof the coherent state induced on the potential S(7)= fo S(w,7)do. (19)
surfaces. When Eq.(13) is substituted into Eq(11), the

response functiong®9 are readily calculated as we show |n the RWA,

below. Furthermore, Eq13) offers a general scheme to rep-

resent the nonstationary density matrix on any given elec- S, r)= — (w/4m)Im{e  (“~ ) 7E* (w—w,)

tronic level with only a knowledge of the first momexj. _

The effective linear response function is thus not restricted to XP(wo—we,7)}, (20
coherences driven by a second-order pump interaction. This _ _

is the point of departure of the present work from earlierwhere&(w) andP(w) denote the Fourier transforms of the
treatment®33827which generally utilize the second-order envelope functionsg(t) andP(t, 7).

pump induced density matrix E¢8), and are thus formally

identical to they(® approach. This development can be ex-

tended to include the higher moments@fand P, but for ||, EVALUATION OF THE RESPONSE FUNCTIONS
harmonic potentials we expect the higher moments to play a

less significant role in the overall dynamics. Second moment In this section, we evaluate both the third-order and the
changes are incorporated in a manner analogous t@1By. effective linear response functions. Consider the ground state
in Appendix D. response functionyy(t,t) given by Eq.(11) without the

tensor subscripts. We make the Condon approximation and
ignore the coordinate dependence of the dipole moment op-

erator. If we then lefi= uqe|g)(e|+ neg€)(gl, and use the
The two common experimental detection schemes argieraction picture time evolutiorﬁ(t)=eiﬁ0"h“ —iHot/h

the open band and the dispersed probe configurations. FQfs can write me

simplicity, we assume that the medium is isotropic and take

the puls_e_ figlds to be scalar quanti.ties. We then write the Xg(tat?,):(i|Mge|2/h)[cg(trt3)_C;(tvt3)]r (22)
susceptibilities without tensor subscripts. The measured open

band signal is given by Eql1). For an almost monochro- where we have defined the two-time correlation function for
matic laser pulse, we can write the electric field and thethe ground state response,

induced polarization as
. . it
Ey(t—1)=Re{&(t—re -7} and Cg(t,t3)=e"9"(t‘t3)Tr dpg exp( - %f ds V(s))
: t3

P(t,7)=Re{P(t,r)e " @ct= D} (16
where w, is the carrier frequency, anf(t—7) andP(t,7) ~ Here, the subscriptt denotes time ordering an¥(s)
are slowly varying envelope functions. Typically, the enve-evolves in times via Hgy. The density matrixp, is obtained
lope function for the probe field is a real Gaussian centeredrom Eq. (8) as(g|5p|g), assumings(—=)=p\?|g)(g|:

A. Detection schemes

. (22

+
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2 o ¢ . ‘
Spg=— —rmi,fe' J_ dtzf_z dt; Ea(tz)Ea(ty) P (w)=i fo ds é°K4(s), and
i to © ) (29)
x{e—i“u“z-tﬂ exp( —5 | ds V(s)) ,3<Tg>+h.c.], @(w)=if ds dK*(s),
t1 . 0

(23 whose imaginary parts are directly related to the absorption
and emission cross sectioma(w)*w® (w) and op(w)

where h.c. denotes Hermitian conjugate. * w30, (w).
Writgor the excited state response function, we S|m|IarIyA_ Full third-order response

Analytic expressions have been derived for the third-
Xe(t,t3) = (i| mgel /) [ Ce(t,tz) = Ch (t,t3)], (24)  order susceptibilityy®) for a two-level system coupled to a

multimode set of linearly displaced harmonic oscillators, and
WhereCe is the two-time correlation function for the excited expressed in terms of nonlinear response func“ﬂps“

state response: =1..4) 262 For completeness, these are listed in Appendix
- C. When the second-order pump induced density matrices in

Colt,ts) =€ % Tr 5, ex '_J ds Us) Egs. (23 and(26) are substituted in Eq$22) _and (25), the

i Jo B ground and excited state correlation functiddg. are re-

. lated to the nonlinear response functions as expressed in Egs.
s, ¢ (C1) and(C4).
Xex;{ R fo ds V(S)) The expressions of Appendix C cast the effective linear
" response functions in terms of the conventional nonlinear
with the subscript- denoting antitime ordering. The excited response functions. The two approaches are entirely equiva-
state density matrixp, is obtained age| 5p|e): lent at this stage. The key point from Ed€1) and(C4) is
that the ground and excited state correlation functions
|,uge|2 * ta Cg.e(t,t3) involve a double integration over the pump elec-
Tﬁwdtzj,xdtl Ea(ty)Ea(ty) tric fields. In the next section, we will show that the dis-
placed state representation for the nonstationary density ma-

: (29

Ope=

) i [tz . . trix Eqg. (13) directly leads to analytic expressions for
iQ,s _ ’ ’ (9)
x[e exp(ﬁ fo ds’ V(s') _pT Cqeltits).
i [t - B. Effective linear response
xexp( —— | Mds' U(s))| +hel. 26) P
o n 1. Displaced thermal state

The above expressions are valid for a two-level system Following Ed.(13), we represent the pump induced non-

with arbitrary difference potentials. In what follows, we take Stationary state as
V=—(fi/mwe) Y2 Q= — (hwod)Q, with dimensionless) sp=D(\g)pPDT(\g)|g)(gl+ DN PDT(\o)|e)(el.
and relative displacement. The electron—nuclear coupling (30)
force is expressed ds= A(mwgh) ™ wherem andwg are,  This representation can be used to calculate the effective
respectively, the reduced mass and frequency of the modejinear response in a straightforward manffeBubstituting

If the trace in Egs(22) and (25 were evaluated with  the ground state part of E(B0) into the correlation function
respect to the equilibrium thermal density matrigé§® Eq. (22) and using the permutation invariance of the trace

rather thandpe, g, then the correlation function€e ¢(t,ts)  and the unitarity of the displacement operator, we obtain
=Ke,(t—t3) would be the equilibrium absorption and emis-

. 6 . . t ~
sion correlator§, l.e., Cg(t,t3) =e_'“v(t_t3)Tr f)'(l'g) GX% i wOAJ ds DT()\g)
t3

Kg(s) =e" iQOOS_Fels‘e_g(S); Ke(s) = ei QO(}S_Fe‘Sle_g(S),

(27)

where we have introduced homogeneous dephasing through
the electronic damping constafit. For linearly displaced The effect of the displacement operator is to shift the posi-
and undamped oscillatorg(s) is given by tion operator by a time-dependent classical functiga

_ numbel, namely the mean pump induced displaceniént:
9(5) = (A22)[ 2+ 1)(1— cog wgs)) +i sinwgs)], (28 oo "My pump induced disp

D'(\g)Q()D(\g) =Q(S) +Qq(S), (32
where A+ 1=cothfiwy/2kgT). Exact expressions for the _ g ¢ _ _ ’ .
damped harmonic oscillatdrcan be easily incorporated into WhereQg(s) = V2%Re{\4e 0%} is the time-dependent mean
the present development. The half-Fourier transforms oposition of the oscillator in the ground state. If we EJbstitute
Keg(t) determine complex line shape functions, the above expression into E@1), then the c-numbeQ(s)

x@(s)mg)) } (3D
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can be removed outside the time ordering and the thermadrobe. This expectation is verified when we present simula-
average simply reduces to the equilibrium absorption cortions comparing the first moment based linear response ap-
relatorK4(t—t3) in Eq. (27). Using Eq.(A3) of Appendix A proach with the full third-order approach.

for the first moment dynamics, we find

t
Cy(t,ty) =Ky(t— t3)exp< iwgAgA | dse sl 2. Analytic expressions for pump  —probe signal:
t3 CARS and CSRS responses

(33) An advantage of the analytic expressions in E@&l)

' and (35) is that for the special case of undamped nuclear

motion, they can be expanded in a Fourier—Bessel series,
where A;= 2|\, and pg=argy)=—tan "(Py/Qy) are  from which the polarization Eq(17) can be evaluated in
the amplitude and phase for the coherent wave packet motiaglosed form. This yields an analytic expression for the dis-
in the ground electronic state. The above expression has giersed probe signal E¢20) that provides insight into the
intuitively appealing form: the ground state correlation func-origin of both resonant and nonresonant pump—probe sig-
tion for the pump induced nonstationary medium is ex-pals. If the series expansion
pressed as a modulation of the standard equilibrilinear) "
absorption correlatd? Kq(t—t) by the first moment dy- gesni_ 3
namics of the ground state wave packet motion. It is clear e
that the corresponding nonstationary ground state response . )
function x4(t,ts), Eq. (21), would translate in the frequency 'S placed into Eq(34), we find for y=0 that
domain into dynamic absorption and dispersion < *
lineshapes?82which determine the final probe response to  Cgy(t,ts) =Kgy(t—tg) >, ek(@ls™ed D 3 (AA)
the nonstationary medium. After performing the integral, Eq. k= =
(33) reads X Jn-K(Agh)en@olt=1a), (37)

X coq w,S+ ¢g)

expima)J (o), (36)

Cg(t,t3)=Kg(t—t3)exm(AgA/wO){e‘“(mU sin(w,t+ @g) We put this expression into Eq&21) and (17) to find the
a ) polarization within the RWA(which neglects the contribu-
~ yCogw,t+¢g)) —e 3w, Si(w,t3+ ¢g) tion of C¥). With Gaussian pulsesi(w)=E,G(w), where
—ycogw,tzt+¢g))}]. (34 G(w) is a Gaussian spectral function. The ground state con-

tribution to the frequency dispersed pump—probe signal is
It is interesting to note that the strength of the first momentinally obtained:

modulation appears through the product of the initial dis-
placement and the optical couplinggA.

For the excited state correlation function, we similarly Sg(‘”):kgo [Clw)cogk(wor+ ¢g))

find
+Si(w)sin(k(woT+ @g)) ] (383
Ce(t,t3) =Ke(t—tz)exgd —i(AcA/w) %

x{e”"(w, sin(w,t)— ycog w,t)) = kgo A()cog kwgT+ di(w)), (38b)

—e "3, sin(w,ts) —ycodw,ta))}. (35 \yhere the amplitude and phase of #té overtone are
Thus, the excited state nonequilibrium correlation functionis A (w)=[C¥(w)+S2(w)]*? (393
expressed as a modulation of the equilibrium fluorescence
correlation function by the excited state wave packet. Pr(w)= kpg—tan Y Sy(w)/Cy(w)], (39b)

The analytic expressions in Eq®84) and (35) together
with the first moments presented in Eq#1l), (A2), and
(A4), effectively replace the nonlinear response expression
derived _in Eqgs.(C1) and (C4). The ge_neralization_ of th_e Ck(w)=wM[(~3p(wd,kwo)q),(k)(w)
above single mode results to the multimode case is straight-
forward. It easy to show that the multimode expressions for +Gp(wg, —kwg) @ ()], (403
Cy andC, factor into a product of single mode correlation 5
functions. The results derived using the first moments are  Si(®)=wM[Gy(wy,kwg)P¥(w)
approximate, since the higher moments of the wave packet - (—K)
motion (which are induced by the pump putdeare ne- —Gp(wg, —kwo)Pr “(w)]. (40b)

glected. Nevertheless, they provide a fully quantum meq, the above expressions, we have defined the consant
chanical description of the probe response due to modulation (| e|2Eg/4ﬂTﬁ) for convenience, and introduced the
by coherent nuclear dynamics. Moreover, we expect that fo roductgspectral function of the probe pulse,

a harmonic system, the first moment dynamics will constitute

a major part of the wave packet motion detected by the  Gy(wg,kwg)=G(wy)G(wq+kwp), (42)

and whereC,(w) and Sy (w) are the quadrature amplitudes
given by
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wherewy=w— . is the detuning frequency, and the absorp-tegral overS,(w) is small due to approximately canceling
tive and dispersive basis functions are defined as contributions from the Stokes and antiStokes shifted compo-
nents in Eq.(40b). We then get for the ground state contri-

q’l(k)(w):n;_ In(AgA)Jn ((AgA) D (0 +nwp), (429 bution to the open band signal

sgm:go AskCoSKwoT+ ¢, (43)

dX(w)= Jn(AgA) I (AQA) Dr(w+Nwg).  (42h)
R n;w MmN R 0 where the amplitude and phase of t#th overtone are given

The basis functions depend only ég, A, and the equilib-
rium line shape functions and do not depend on the proper- A _f
ties of the probe pulse. Note the symmetry conditions sk
O V() =DM (w—kwo) and D& ¥ (w)=dY(w—kaog).
Equations(38)—(42) are rigorous expressions for the dis-  ¢sk=Keg—[0 or 7]. (440

persed probe signal for a single undamped mode coupled tPhus, the phase of the fundamental open band sighal

a two-electronic Ievgl system. They are valid for ,arbitrarydetermines the initial phase, of the nuclear motion to
temperature, .detecuon frc_aquency, and pulse W'dth'. TGiithin an additive constant of. The additive constant phase
simple and .d.'re.Ct cqnnectlon betwgen p_ump—probe S'gnalﬁrises from the fact that (w) can have positive or negative
and the equ!l!br!um I|_ne shape functions is exposed by,thessalues. This in turn reflects the fact that the measured oscil-
results. Equilibrium line shapes thus enter the calculation "’\%tory signal is the transmission of the probe pulse rather

.two separate stages: firstly in the expressiqns for the PUMR - the mean wavepacket position itsEflee Fig. 3 and the
induced first moment amplitude and phase in EAd) and related discussioh.It is easily shown that the open band

(A2), and secondly in the final probe detected signal insignal will be of the form in Eq(43) even when several

Egs. (42a—(42D). vibrational modes are active. These results demonstrate that

It_is St Eqs(38) th_at the det_uning dependenc_e of the phases of the open band signals are a direct reflection of
the dispersed probe signal is determined by the amplltudeﬁ;]e initial conditions of the nonstationary states.

C(w) andS,(w), which are in turn related to the product of It is also notable from Eqg43)—(44) that the open band

the spectral functior, and the displaced line shape func- (dichroig) signal vanishes as we tune off-resonafcehere
tionsd)ff%. In studying the detuning dependenceSgw, 7),  the imaginary line shape function is negligible afidw) is

it is interesting to look at two opposite limits. When the vanishingly small. In contrast, the off-resonant frequency
electronic dephasing time is much longer than the pulse dudispersed signal is nonvanishing and depends on the real part
rations and the vibrational periods, the basis functionsf the line shape througl,(»). We also havepy= /2
®M(w) and ®¥(w) consist of a well-resolved Franck— off-resonance using the results of Appendix A. We then get
Condon progression that acts like a filter in EG#3 and
(40b) and determines the detuning dependence. In the oppo-
site limit, the electronic dephasing time is much shorter than
the pulse durations and vibrational periods. In this case, th_(le_h , , O .
line shape functions are broad, exhibiting a much slower "¢ dispersive funct_mp@R (w) are approximately constant
variation with respect ta than the pulse envelope spectral in the off-r esonant limit. It Fhen f,OIIOWS from. Edq40D) that
function which then acts like a filter in Eq&t0a and (40b). the detuning dependence is mainly determined by the pulse

The dispersed signal then consists of a superposition of redPectral functiorG,. The dispersed probe signal consists of
and blue shifted field envelope functioﬁsp(wd,tkwo). CARS and CSRS resonances that are centered meab,.

— ; ,62
The superposition weighting depends on the amplitude of thé" k“’(;fz and opposnedly pha:jsﬁa. ke minimal .
initial pump induced displacement and the displaced equilib- The expressplns erived nere make minima gssmljrrr:ptlons
rium line shape functions. Thus, resonances occur at frequet"i‘—nd can be.readl y eXé%QQ?QGZ‘O Incorporate optical hetero-
cies w~w,+kwo/2, which correspond to the peaks of dY"€ de,teCt"f)” tShCh%mh - Wermf;:l\;s tdenvelttj explt;cn
B, (g, =kay). These resonances can be identified with the"XPressions for the dichroic resport@{P(t, 7). It can be

shown for the birefringent respon$ge{P(t,7)}, that the
well-known caherent Stokes Raman Scattemﬁ@R?gfg‘g‘d roles of the quadrature amplitudes in E§89 will be re-

coherent antiStokes Raman scatter@ﬁ‘g\RS) S|gn_als. . versed; i.e., thaf(w) is the coefficient of the sine term and
The delay dependence of the dispersed signal is com

posed of oscillations at all harmonics of the fundamentafsk(dw():ISSF;ge coefft;cgnt on;he Cos!:?e ;((ejrm. Also, theICARS
frequencywy. The amplitude and the phase of tkil har- an contributions di(«) will add constructively to

R ~ ~ i give a nonvanishing birefringent open band signal off-
monic is given byA(w) and ¢y(w). It is clear from EQ.  regonance. This has been observed in transparent li¢fuids.

(39b) that the dispersed probe signal phagg) is not  For the resonant case, the results derived here are a multi-
simply related to the initial phasg, of the coherent motion |evel, high temperature generalization of earlier treatments
because of the additional frequency dependent functionsased on density matrix pathwaysvhich considered a pair
Ck(w) and S(w). However, it can be easily shown that of vibrational levels in the ground and excited states. In con-
when we integrat&,(w, 7) as specified in Eq(19), the in-  trast to prior treatment&;** no assumption has been made

:dwlck(w>|. (443

oo

Sy(w, 1= k§=)0 S(w)sink(wor+ 7/2)). (45)
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with regard to the pulse durations in deriving E(&8)—(42). dissociative on the excited state potential surface and is left
Finally, we note that although we have given expressions fofar from equilibrium after the pump excitation. For example,
only the ground state response, analogous results are easilye 220cm?® Fe—His mode in MbNO is not optically
obtained for the excited state response. Here, the emissiaoupled as revealed by its absence in the resonance Raman
line shape functior® (w) in Eq. (29) plays a role similar to  spectrum of MbNO. Its strong presence in the pump—probe
®(w) in the ground state expressions. signals demonstrates that this mode is triggered into oscilla-
tion following the highly efficient proce$$2*of ligand pho-
todissociation in MbNG#
3. Reaction driven coherence A multidimensional Landau—Zener theory was previ-

As previously discussed, an advantage of the effectiv®usly developed to describe vibrational coherence induced
linear response approach is that it allows for a rigorous calPy nonradiative electronic surface crossihpased on as-
culation of the probe response to nonradiatively driven coSumptions(i) and (i) above. For completeness of presenta-
herence. As an example, we consider the multilevel systerion, we have reproduced the key results of that work in
depicted in Fig. tb), and apply the effective linear response Appendix B. We also present expressions for the amplitude
approach to the detection of reaction induced coherenft @nd phasep; of the first moment of the nuclear motion
nuclear motion along the degree of freedom in the product induced on the product surfadé). Using these reaction
state|f). driven initial conditions, we make the following representa-

The chemical reaction Step and Subsequent probe inteFLon for the nOﬂStationary nuclear denSity matrix in the prOd'
action minimally constitute a three-electronic level problemUct statepy :
comprising the electronic statgs), |f), and|f’). The states A ~(OAT
|e) and|f) are nonradiatively coupled. The probe interaction Pi= D()\f)F_)T DT(h), S
couples the ground stafé) and excited statéf’) of the  where N;=Ae'¢7/\2 is the complex displacement of the
product, and is assumed to be well-separated from the reateaction induced coherence aﬁ@) is the equilibrium ther-
tion step. The Hamiltonian for the reaction-probe stage of thenal density matrix for the nuclear Hamiltoniafmf. Since
problem may be written as only the ground state of the prodyé} is initially populated,

O+ i Eg() 0 the probe response due to the nuclear d_ynamics in the prod-
AR Fter=b uct state potential well can now be obtained along the same
Ane()=| —ai¢Ep(t) Hi+U((R) J ) lines that led to Eq(34). The correlation functioi€; for the
nonstationary response is obtained by repladigge,, and
(46) A by A¢, ¢, andA; in Eq. (34). HereA; is the dimension-
less displacement associated with the couplingofo the
Here,U, ¢ are the dissociative potentials along the classicaf—f’ transition. The equilibrium optical absorption cor-
reaction coordinat®, for the statee) and|f). H, repre-  relator is replaced b¥(;(t—ts), which refers to the pair of
sent the quantum degree of freedo@) (coupled to the non-  electronic state$f) and|f’).
radiative transitionJ is the nonradiative coupling parameter
which, for the case of MbNO photolysis discussed beIow,'V' SIMULATIONS AND DISCUSSION
corresponds to the spin—orbit coupling operator needed to The numerical simulation of the open band signals in-
account for the spin change of the heme iron atom upowolves multiple integrals of the time correlation functions
ligand photolysis. For simplicity, we also assume that thewhich can be evaluated using standard algorithms. The full
pump interaction that couples the statgs and|e) is well  third-order response approach involves quadruple integra-
separated from the chemical reaction. The sequence of intetions over time. The effective linear response approach re-
actions and the relevant coupling constants is then pummlaces the correlation functions in E@1) and(C4) by the
nEz— chemical reaction)— and probeuEy. Each indi-  analytic expressions in Eq§34) and (35). For field driven
vidual interaction is assumed to occur independently. Theoherences, the analytic expressions require the evaluation of
separation of these events allows us to consider the foutthe first moments in Eq$A1)—(A2) and (A4) of Appendix
electronic level problem in Fig.(b) as three sequential two- A. The moments can be evaluated in a single step before
electronic level problems. doing the time integrals. Hence, two of the time integrations

We make the following two assumptions which are sat-are eliminated and the overall computation time is signifi-
isfied in the case of MbNO photolysigi) before the curve cantly reduced. The signal amplitude and phase in either of
crossing takes place, the systéim reactant stat¢e)) is as-  these approaches are obtained by performing a Fourier trans-
sumed be in thermal equilibrium along tecoordinate(ii)  form of the delay dependent pump—probe signal in (&#8).
the quantum yield for the dissociative reaction aldRgs  An alternative method that can be used when vibrational
assumed to be unity, i.e., all the reactant molecules are trandamping is neglected, is to directly calculate the amplitude
ferred to the product state during the surface crossing. Asand phase of the dispersed and open band signals using the
sumption (i) holds if the Q coordinate is not optically analytic expressions derived in Sec. Il B 2. For calculations
coupled to thdg) and|e) electronic states. The pump pulse involving only a few modes, the analytic formula for the
merely transports a fraction of the ground state electronidispersed signal in E38b) can be easily evaluated, and a
population to the excited state, leaving the vibrational statesubsequent integration over frequencies as in(E9). leads
along Q unchanged. However, the degree of freedom is to the open band amplitude and phase.

0 J He+ Uo(R)
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In what follows, we demonstrate that amplitude andthe pump induced oscillations; see Appendix A. First, recall
phase excitation profiles of field induced coherence ar¢hat the open band phase yields the initial phase of the pump
equally well-predicted by the third-order and the effectiveinduced oscillation to within an additive factor @fas in Eq.
linear response approaches. We then apply the effective lin44hb). This is shown for the ground state signal in Fig. 3. We
ear response approach to calculate coherent signals inducptbt the open band phase of the 40¢nmode over an ex-

by rapid nonradiative reactions. panded range that includes the off-resonant limit, along with
the initial phase of the wave packet calculated using Egs.
A. Temperature and carrier frequency dependence (A1) and (A2). Figure 3c) schematically depicts the effec-

One of the key parameters in a pump—probe experimenqve initial conditions prepared by the pump pulse in the

is the carrier frequency of the pump and probe laser pulse round and excited states. Shown are the initial conditions
ior three different pump carrier frequencies, near resonance

experimentalist, but measurements of the oscillatory amplindicated by downward pointing arrows in Fig(a§ and

tude and phase profiles through the resonant region proviq%ff—resoEance towaLds thi red side ofkthe _ag_sorptlohn r(;].aX'_
crucial information regarding the origin of vibrational mum. The arrows above the wave packets indicate the direc-

coherencé'535The computational simplicity of the effec- tion of the momentum induced by the pump pulse. From

tive linear response approach, using the first moments, erFdS:(A1)—(A2), we note that the mean nuclear position and

ables a direct calculation of phase and amplitude profile§’omentum in the ground state depend on the deriv?éve of
over the entire absorption spectrum using realistic pulsdh® @bsorption and dispersion line shapes, respectively.
widths. Thus, the wave packet is undisplaced from equilibrium for

In order to illustrate the accuracy and the physically in-€Xcitation atw.={,. The momentum attains a maximum

witive aspects of the effective linear response approach, w¥?lue at this frequency, and is signed opposite to the excited
treat a simple model system. Consider a single undampetfate equilibrium position shiff. > .

mode with wo=40 cn ™t and S=(A%/2)=0.5 coupled to a As d_eplcted in Fig. 3, when the pump pulse carrier fre-_
homogeneously broadened two-level system wilh, ~ dUencyis tuned toward the red side of the gbsorptlon maxi-
=800cmL. We assume 10 fs pump and probe pulses in 4"UM @R, the ground state wave packet is dlsplaced_tovyard
degeneratésame color for pump and propeonfiguration. decrea;ed pond lengths and receives a momentum kick in the
The short pulse width allows comparison with the third-orderS@me direction. Thus, a probe pulse of carrier frequengy
response calculation which is quite formidable for long pulséncident on the sample sees an initially depleted nuclear dis-
durations ~ (50— 100) fs. Expressing the delay dependentt”bUt'O” (bleach in the ground state. The probe difference

Not only is this parameter the most easily accessible to th

oscillatory signal as transmission signalpump-on minus pump-offwill at 7=0
be positive and will simultaneously have a positive slope due
S(7)=AsCoS woT+ &), (48 o the sign of the wave packet momentum. This is seen from

we plot in Fig. 2 the degenerate open band amplitdgand the delay dependent signal plotted directly below the poten-
the phase¢, profiles for the 40cm® oscillations. The tials in Fig. 3c). The phase of the oscillatory signg({r) in
ground and excited state profiles are plotted for a range dEd. (48) will obey (37/2)<¢s<2m. On the other hand, for
carrier frequencies across the absorption maximum. The toblue detuning from absorption maximu@g, the initial
panels of Figs. @ and 2b) show the ground and excited transmission signal will again be positive due to a depleted
state amplitude and phase profiles =0 K and T  nuclear distribution in the probed region. However, the sig-
=300 K. Both the third-order response and the effective lin-nal has a negative slope &t 0, since now the momentum of
ear response outputs are plotted. The excellent agreemeifite wave packet points toward the probing region. In this
between the two approaches is evident over the entire rang@se the signal phase will obey<@.<(7/2) and is also
of carrier frequencies. We note that the ground and exciteg@recisely in phase with the wave packet itself. When the
state amplitudes dip near the classical absorption and emisarrier frequency is tuned to resonancecat, the pump
sion peaks, respectively), andQ,—2w,S. The phase of pulse merely imparts a momentum to the wave packet so that
the ground state signal shows a variation af &s the carrier the wave packet phase is precisely/2). As described be-
frequency is detuned acro§k, . There is a sharp jump be- low, the CSRS and CARS resonances are oppositely phased
tween = (7/2) at(),. In contrast to the ground state, the for excitation at resonant maximum. The integrated signal
excited state phase remains constant apart fromghase therefore vanishes ab, and the phase becomes undefined.
jump atQ,—2w,S. At low temperature, the amplitude of Incrementally to the red and blue sides of the absorption
the ground state signal drops by almost an order-ofmaximum, the open band phase shows a discontinuous jump
magnitude. The approach of the phase towar@r/2) on  of 7 since the momentum impulse always points in the same
either side of the discontinuity &, is steady and almost direction in the resonance region. Note that Fi@) 3hows,
linear. For the high temperature case, the approach of ther w,, the oscillatory signal incrementally to the red of the
phase towardt (7/2) occurs much more sharply neér, . absorption maximum, before the phase jump.
While the excited state phase is independent of temperature, A similar analysis is possible for the excited state signal.
the excited state amplitude becomes more asymmetric as tfigne excited state response arises from the stimulated emis-
temperature is increased, as seen in Fig).2 sion (by the probg from the vibrationally coherent excited

All of the above aspects of the ground and excited statestate. Since the excited state wave packet oscillates about the
signals can be clearly understood using the first moments afhifted equilibrium positiom\, the amplitude dip and phase
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FIG. 2. Comparison of one-color
pump—probe open band amplitude
and phasep profiles predicted by the
first moment based effective linear re-
sponse approacksolid line) and the
third-order response approach
(circles. The profiles shown are for a
single undamped mode (wq
=40cm}, S=0.5) coupled to a ho-
mogeneously broadened TI'{
=800cm?) two-level system atT
=300K andT=0 K. The top panels
of (a) and (b) show the amplitude and
phase profiles for pulse width of 10 fs.
The bottom panels dfa) and(b) show
the amplitude of the ground and ex-
cited state signals as two-dimensional
functions of the pulse width, and the
pulse carrier frequencw,., for both
T=0K and T=300K. The analytic
expressions in Eqs(38)—(42) were
employed in the 2D simulations.

flip of the pump—probe signal from the excited state occursrrespective of the pump carrier frequerféyThus, the phase

near the classical emission peak(sf—2wyS. As depicted

of the excited state wave packet is independent of the pump

in Fig. 3(c), the excited state wave packet does not receive aarrier frequency. The corresponding signal phase is fixed at
momentum impulse; see Appendix A. Furthermore, it is cre-0 for blue detuning where there is increased stimulated emis-
ated on the same side of the excited state harmonic wedlion at7=0. The phase is fixed at for red detuning where
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@ o Phase of wavepacket induced by the pump pulse. For high temperatures, the mean
l —— Phase of PP signal thermal phonon population>1 and Qg is enhanced ac-
T=0K cording to Eq.(Al), so that the complex displacemexj
=(Qgot+iPg0)/v2 is dominated by the real part. Hence the
initial phase of the wave packet stays closer to zerar @t
higher temperatures, except nédy, whereQg, vanishes.
Correspondingly, the open band phase also stays closer to
zero(or 2m) except for the discontinuous transition n€yy.
s When the temperature is lowereQg, drops sharply since
™ Y n<1 and becomes comparable in magnitudePtg. Thus,
at low temperatures, the amplitude of the ground state signal
drops dramatically, and the phase varies almost linearly on
either side of the discontinuity &2, as in Fig. 2a). The
temperature dependence of the excited state first moment
Qeo is primarily determined by the relative magnitude of
®,(w) and the difference line shapfefbl(w), which appears
as the coefficient of in Eq. (A4). The difference line shape
is responsible for enhancing the asymmetry in the amplitude
profile at high temperatures as in Figb2

An important observation to be made from Fidc)3is
that for the linearly displaced oscillator model, the amplitude
and phase profiles of field driven coherence are independent
of the sign of the electron nuclear couplidg If A were
negative, then the same arguments given above would apply.
The amplitude and phase behavior would be the same as in
Fig. 2. This can be seen directly from the fact that the non-
linear response functions in Eq&C2a—(C2b) and (C59—
(C5b) depend only om? through the functiorg(s). How-
ever, the schematic depicted in Fig. 3 clearly indicates that
FIG. 3. Interpretation of the open band phase for the ground state signal i€ absolute sign of the potential displacements are not re-
terms of the first moments of the pump induced nuclear wave padegts. vealed in a pump—probe experiment.
The phaseg, of the 40 cm™* mode (from the example in Fig. 2at T The depiction of pump induced initial conditions in Fig.

=0 K is plotted (solid line) along with the initial phasepy of the pump . . . . .
induced wave packefcircles. (b) Same as in@ but for T=300 K. (c) 3 contradicts prior predictions arising from time dependent

Schematic of the pump induced effective initial conditions in the ground andvave —packet pictures of impulsive stimulated light

excited states in a two-level system, shown for three different pumpl/probscatterind*®®°The prior work suggests that the ground state
carrier frequencies across the absorption maxinilym and for nonresonant  \ygyve packet is always created on the side of the ground state
excitationwyg . The arrows above the wave packets indicate the direction of

the momentum imparted. The panels directly below the potential (:urveéNeII that is closer to the excited pOtemlal minimum. This is

show the corresponding oscillatory signal as a function of pump—probdl0t correct, as is Shown.by a careful ar!al)’SiS of the pump
delay time. pulse interactiod!*®4° It is clear from Fig. &) that the

centroid of the ground state wave packet induced by impul-

sive excitation is strongly sensitive to the carrier frequency
the stimulated emission is minimum at=0. Note in Fig. of the laser pulse.
2(b) the nearly order-of-magnitude increase in the amplitude  From Figs. 2a) and Zb) we conclude that the moment
of the excited state signal compared to the ground state. Thanalysis-based approach offers a physically intuitive and ac-
increase can be traced to the fact that for impulsive excitatiocurate interpretation of the observed amplitude and phase
using weak fields, the excited state wave packet is situatebdehavior of open band FCS signals. Another significant ad-
very close to the vertical energy g&p,. This corresponds vantage offered by this approach is that the analytic form of
to the ground state hole that has a displacement mucthe effective linear response functions reduces the computa-
smaller thanA.5%%34" Thus, the amplitude of excited state tion times. For the comparisons made in Figs. 2 ar(tb
oscillations about the equilibrium positiak is much larger  panel3, we chose a very short 10 fs pulse in order to make
than that of ground state oscillations about zero. The excitethe calculations using the third-order approach possible with
state coherence will thereby be the dominant contribution foreasonable computation times. However, in many experi-
systems with long-lived excited states.”11?°The asymme- mental situations, including those reported here, the pulse
try in the excited state amplitude profile can be seen in Figwidth is often much longer+100fs). For long pulse widths
3(c) to arise from the fact that the wave packet amplitude inthe two extra integrations involved in the third-order ap-
the excited state is larger for blue excitation than for¥ed. proach makes the computation quite formidable. In Fig. 4,

The temperature dependence of the oscillatory amplitudeve compare the computation times for the linear response

and phase in Fig. 2 can be understood via the relative termand third-order response calculations as a function of pulse
perature dependence of the initial position and momenturwidth 7,. The advantage offered by the effective linear re-

®
2n- (a) . Rl

IS

(c)

o
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10° more complex. However, the usefulness of the analytic ex-
2 pression for a few modes is evident from Fig. 4.
§ 105 g As an illustration of the use of the analytic expressions,
S 10l E we calculate the ground and excited state amplitude profiles
8 -7 - = approach o for a wider range of pulse widths (5500) fs in the bottom
g 10 -7 i—éaii"oa_ppm" 10' Qgé panels of Figs. @) and 2b). The three-dimensional plots are
= o] T o2 oo " = £ useful in capturing the behavior of pump—probe signals over
3 P g a wide range of pulse widths and carrier frequencies. It is
2 10 /O/o——’o’o PP seen that the temperature dependence of the ground state
g signal amplitude is rather uniform over the entire manifold o
‘: el g gnal amplitud th f the ent fold of
O 107 — Tt . ., £10* 7 7, and w.. The excited state signal shows more interesting
- e . behavior, with the asymmetry in the amplitude profiles more
8 910 20 3 40 50 60 708090 pronounced at longer pulse widths. Both the ground and ex-
v (fs) cited state amplitudes vanish in the limit of very short and

very long(compared to the vibrational peripdulses, attain-
FIG. 4. Comparison of computation times for the calculation of the one-ing an optimum for some intermediate value7gf. The van-
color ground state pump—probe signal, using the third-order response a‘?éhing of the ground state signal f%%o can be traced to
proach and the effective linear response approach, as a function of puls% . .
width. Both the absolute time to calculate the signal fang@oints and the  the fact that the ground coherence vanishes in the short pulse
ratio of the computation times for the two approaches are plotted. Alsdimit.**82747|t is interesting to note from EqA4) that the
shown i§ the computation time for (?alcula_lting the profiles using the analytieexcited state nuclei are however coherent f9|’—>0- It can
expressions for the pump-probe signal in HG8)~(42). be shown that the corresponding density matrix is simply

thermal density matriiw(Te) placed vertically abov€®=0 on

sponse approach is clear, especially when it is of interest ti1e excited state potential wéfl Note that the representation
calculate the amplitude and phase profiles at many carridp Ed. (13) is essentially exact in this limit. The vanishing of
frequencies. The computation time for calculating the operthe excited state open band signal fgr—0 occurs rather
band amplitude and phase using the analytic formulas in Eqslue to the fact that the open band signal for a spectrally
(38)—(42) for a single mode and a two-mode case is alsddroad probe is essentially the integral over the derivative-like
plotted in the figure. The integral of the analytic expressiondasis functions®{¥(w), which are analogous t@(w)

is over the spectral profiles of the probe pulse so that a larggslotted in Fig. 5(see below.

value of 7, implies a narrower range of integration. In con- Finally, we consider a two-color pump—probe experi-
trast to the numerical integrations in time domain, the com-ment, which employs a fixed carrier frequency for the pump
putation time in this case therefore decreases wjthAs the ~ and a variable carrier frequency of the probe. The analysis
number of modes involved increases, the summation in Ecpresented so far applies equally well to two-color pump-—
(38b) involves multiple indices and the calculation becomesprobe experiments. In this case, the pump imparts a fixed

I =800 cm™
T=0K

(0]
S -
Y ------ Pulse (50 fs)
0 ‘ T W Ui
FIG. 5. Dispersed pump—probe signal

X ) for the two-electronic level system
N —‘ﬁi)(m% ----- Fo) considered in Fig. 2. The top panel
T LI B B T L O L L S B B shows the absorptive and dispersive
15000 -2000 0-Q_(cm™) © 2000 basis functionsbfl)(w) and ®P(w)
Y defined in Egqs(42g and(42b), for T
: — =0 K. The spectral profile of the
14 00 z10 0% - RO pulse (r,=50fs) is shown for three
-~ different pulse carrier frequencies. The
0 H bottom panels show the corresponding
S () ST /! quadrature amplitudesC;(w) and
. Si(w), and the amplitudé\;(») and
phase$,(w) of the 40cm? funda-
' ' : ' N ' ' ' mental of the dispersed signal. The
P — AW " open band phase for each carrier fre-
- T #1(w) | S e $1(w) quency is also showffilled circle).

c
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initial condition to the wave packet that is determined fromture of ®{!)(w) gives rise to Stokes and anti-Stokes compo-
the results of Appendix A. The signal amplitude and phasaents ofC,(w) that are oppositely signed on either side of
profiles as a function of the probe carrier frequency will bethe carrier frequency. Thus, the dispersed signat sut of
similar to that of the excited state degenerate pump—probghase for red and blue detuning from the carrier frequency.
signal. The amplitude will exhibit a dip &, , and the signal  The integral of botfC,(w) and S;(w) vanishes, giving rise
phase will be the initial wave packet phase, but far mmp  to a dip in the open band signal amplitude. When the carrier
at ), . Since the pump induced initial conditions are inde-frequency is tuned near the shoulder of the absorption spec-
pendent of the probe carrier frequeney, the computation trum w.=wc,, the Stokes and anti-Stokes components of
of two-color pump—probe profiles is less cumbersome tha§1(w) add constructively to give a single peak;(w) is

the degenerate pump—probe profiles. very small compared t6;(w) since®y ?(w) are small in
this region. For off-resonant excitatiet.= w.3, the disper-

sive term S;(w) begins to dominate and the signal ap-
proaches the limit in Eq45). While the details of the be-
When the pump pulse is tuned off-resonante, (w) havior of the dispersed probe signal are highly mode
—.0 and Eqgs(A1)—(A2) show that the ground state wave SPecific® the simulations shown in Fig. 5 illustrate the gen-
packet merely receives a momentum kick, and is undisplace@ral aspects of the dispersed pump—probe signals based on
from its equilibrium position. Thus, the phase of the openequilibrium line shape functions.
band signal approaches(=/2) as seen from Figs.(® and It is clear from Fig. 5 that the direct connection with
3(b). Furthermore, the dependence of the wave packet mgquilibrium line shapes made in Eqg38)—(42) allows a
mentum on A(I)R implies that the momentum impulse clear picture of the dispersed probe measurements. Further-

changes direction as we begin to move off-resonance on tHEOre. when dealing with complex multimode systems, one

red and blue sides of the absorption maximum. Corresponag‘::(?1 d;z:’:]tcliyitl;slirg]rieiégi:rgrintglgyngg?riu:(heg 3?:?;2;\?2 IIiI::
ingly, the signal phase crossesr2(zerg into the first P 9 ' b

(fourth) quadrant as seen in Figs(a® and 3b). The ap- shape_. The nged for modgling the detai[ed mechanisms re-
proach of the open band phase toward the off-resonant limi ppn5|ble for line branJenlng IS thus avoided. However, a.d'
of £(#/2) is more dramatic at lower temperatures, where 'tlonal _s_teps are required when lnhomog_eneous broade_mng
P_, is comparable in magnitude ©,,. At high tempera- Is significant (see below. Generally, this _approach is

g0 . ; g0 ~ analogou¥’ to the use of transform methods in the calcula-
tures, the magnitude @, is dramatically enhanced relative tion of resonance Raman scattering cross secfor&s
that of P4y because of the thermal factor in E@1). This '

enhances the contribution &®,(w) to the signal phase.
The off-resonant limit is thus attained at further detuningcl Effects of inhomogeneous broadening
from absorption maximum at high temperatures.

While the open banddichroic) signal approaches zero
off-resonance, we showed earlier that the dispersed pro
signal does not vanish in this limit and is relatedltq(w) as
in Eg. (45. In Fig. 5, we demonstrate the on- and off-
resonance behavior of the dispersed signal, using the sar
model parameters as in Fig. 2. In the top panel, we plot th%h
basis functions for th&'=0 ground state fundamentak (
=1) oscillations®{"(w) andd® ) (w) given by Eqs(42a—
(42b. The basis functions fok=1 are seen to behave
roughly as the first derivatives of the absorption and disper

sion Ilnesh(%pes. S|m|l¢'212r;y, the basis functions for the_f'rS'iJsed to selectively probe the effects of inhomogeneous
overtone®, (“’)_ an,d(DR () can be shown to behave like broadening. In this section, we consider the effects of inho-
the sepond der|vat|ve§ of the line shapes and so on. Tr\%ogeneous broadening on pump—probe signals. Experimen-
Gaussian spectral profile of the laser pulsg<50fs) used 5 ayamples of open band phase measurements on myoglo-
in the calculapon is also ;hown in the upper panel for threebin (Mb) are presented to demonstrate the presence of an
different carrier frequenciesc,, wcp, andwes. The func-  oymmetric inhomogeneously broadened absorption spec-
tions C;(w) and S;(w) and the dispersed probe amplltudetrum for Mb.

and phasé\;(w) and ¢,(w) are plotted directly below. As In the presence of inhomogeneous broadening, the ho-
specified in Eqs(409 and (40b), the quadrature amplitudes mogeneous pump—probe signal must be averaged over the
C1(w) and S;(w) are obtained by superposing the Stokesinhomogeneous distributiof; (). In the third-order re-

and anti-Stokes shifted product function$s,(wq,  sponse approach, this averaging is simply a Fourier trans-
w0) ®3(w) andGy(wy, — we) @ V(w), which correspond  form of the functionZ; and can be carried out independently
to CSRS and CARS resonances, respectively. Whilddhe of the time integrations over the pump fieffssee Egs.
chroio Stokes and anti-Stokes components are additive fo(C8g and (C8b) of Appendix C. In the effective linear re-
C1(w) they are subtractive faf;(w). It is clear from Fig. 5 sponse approach, however, the averaging ¢y€f)yo) can-

that at the absorption maximumw,= w1, the derivative na- not be carried out as in Eq$C8a and (C8b). The time

B. Dispersed pump—probe measurements and off-
resonant response

Until now, we have assumed that the molecular system
bLénder consideration has a fixed electronic energy dag)(
and a homogeneously broadened absorption spectrum. The
homogeneous broadening mechanism reflects the electronic
pulation decay as well as the rapid fluctuations that take
ace between the system and the environment. In addition to
e homogeneous contribution, the width of the absorption
line shape can also have a quasistatic origin. For example, a
distribution of electronic transition frequencies arising from
local changes in the environment or disorder in the system.
Several spectroscopic techniques e¥st? which can be
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FIG. 6. Effects of inhomogeneous
brodening on one-color pump—probe
amplitude and phase profiles(a)
Shows the absorption line shape func-
tion for the homogeneous ca&tashed
line), and with Gaussian inhomogene-
ities of o,=300 cm* (solid line) and
0,=600cm? (dash-dot ling The
amplitude and phase profiles for the
ground state case are shown in panels
(b) and (c), for the three line shapes.
The corresponding excited state ampli-
tude and phase are shown in par(els
and (e).

(d)30

Ground state
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————— .
-1000 o, 1000 -1000 0
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——
1000

integrations ovet; andt, involved in the pump interaction
are carried out separately to find the first momefitg; ap-
pears through the line shape functichg w) and®g(w) in
the first moment expressions, Eqé&1)—(A2). In order to

phase discontinuity will also be smeared out in the presence
of inhomogeneity. In Fig. 6, we consider a homogeneous line
shape withI',=300cm ! and a single undamped 220 ch
mode with couplingS=0.05. Pump—probe signals are cal-

include the inhomoge_neities, we first CalCUl-ate the homogecu|ated forT=300K using both the homogeneous line Shape
neous pump—probe signal and then numerically average thg,q with Gaussian inhomogeneities included. The top panel
signal over the distributior(€2og). When experimentally j, yhe Fig. 6 showsb,(w) with three values of the inhomo-
measured line shapes are used in place of the time correlat Eneous widthr, =0, 300, and 600 cfit. The lower panels

expressions, the homogengous line shape musF be decq 1ow the amplitude and phase of ground and excited state
volved from the measured line shapes before being used in . .
) . signals for the three cases assuming a pulse widthof
the pump and probe steps of the calculation. The mhomoge; 50 fs P
neous pump-—probe signal is obtained by a final convolution " is. seen that while the amplitude dip and phase discon-

of the homogeneous pump—probe signal with the inhomoge- . , )
neous distribution. tinuity of the ground state signal are dramatically removed

Inhomogeneous broadening affects the ground and ey the inhomogeneity, they exhibit a red-shift for the excited
cited state responses in a distinct fashion, owing to theiftate. The shift of the excited state signal arises from the
contrasting phase behavior. Recall that the ground state sigsymmetry of the excited state amplitude: since the ampli-
nal is approximately in phase on either side of the resonarftide of the homogeneous stimulated emission signal on the
maximum(}), . Since the inhomogeneous pump—probe sig¥ed side is much smaller than on the blue side(lf, an
nal is essentially a superposition of homogeneous signals, treffective cancellation of the positive and negative lobes of
inhomogeneous amplitude will be nonvanishinggt. The  the signed amplitude will occur towards the red.
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Example: Inhomogeneous broadening in myoglobin

The characteristic features of the ground and excited

Femtosecond coherence spectroscopy
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(a)

435 nm
Mb absorption spectrum _{

I =150 em’
T=300 K

Model

8,,,=0.05

state amplitude and phase profiles can be used as indication
of inhomogeneous broadening. As an example, consider the
heme protein deoxy myoglobitMb), which is an oxygen
storage protein found in muscle cells. Mb possesses a highly
asymmetric and broad absorption spectr(Boret bang in

its ligand-free, high spinfdeoxy, S=2) state. In previous
studies, the Soret band of Mb was modeled using a non-
Gaussian distribution of electronic energy levels, ascribed to
disorder in the position of the central iron atom of the por-
phyrin ring’Y"® In pump—probe and resonance Raman ex-
periments on Mb, the Soret excited state is fo§ridto be
very short lived £30fs). Thus, the detected pump—probe
signals for deoxy Mb are presumably due to ground state
coherence driven by impulsive stimulated Raman scattering.
Here, we focus attention on the Fe—His mode at 220'cm
which is a prominent mode in the resonance Raman experi-
ments on Mb.

In the top panel of Fig. 7, we plot the experimental ab-
sorption spectrum of Mb along with a theoretical fit based on
the previously proposed model for the inhomogeneous
distribution/*"® All resonance Raman active modes are in-
cluded in the model, with coupling strengths determined
from their absolute resonance Raman cross secfiolbe
pump—probe calculations are carried out using the effective
linear response approach using a realistic pulse width of 761G. 7. (a) Equilibrium absorption spectrum of Mb &=300K (open
fs. For simplicity, only the 220 cit mode 6=0.05) was circle) shown yvith the theorgtical fitsolid line) based ona prior model for .
taken to be displaced from equilbrium. In Fight, we plot 1 Ss/mmec seoy b ine shae. Tre underng Poegeneous ne
the phase profile of the 220 cth mode observed in open Experimental Soret band phase profile for 220¢rmode coherence
band (one colojy pump—probe measurements on Mb acrossrom deoxy Mb(filled circles is shown with the theoretical fit based on an
the absorption maximum. The theoretical prediction for thenhomogeneous modesolid line) and a homogeneous modelashed ling
phase of the 220 cht mode in the ground state is shown for ?S'”g the asymmetric line shape plotteda@ (c) Experimental phase pro-

. ! ile for the 220 cm* mode in MbNO for a range of carrier frequencies
both the inhomogeneous line shape méti€las well as for across the Soret band is shown with a theoretical fit based on simple model
a homogeneous model that fits the observed line shape. for reaction driven coherence in MbNO.

It is clear from Fig. Tb) that the theoretical prediction
using the inhomogeneous line shape is in good agreement
with the experimental data. Note that the phase approaches
the off-resonant limit of ¢/2) much more rapidly on the red level system consisting of the product ground and excited
side than on the blue side of the absorption maximum. Thitates f) and|f’) was discussed in Sec. Ill B 3. The nuclear
reflects the strong asymmetry in the absorption spectrunflensity matrix for the statéf) is described by a displaced
The sharp phase jump betweer{w/2) to + (=/2) predicted thermal density matrix. The displacements are the first mo-
by the homogeneous model is clearly not observed in th&hents of the vibrational coherence driven by a Landau—
experimental data. Also, the amplitude of the 220¢ém Zener surface crossing between the nonradiative stajes
mode does not show a clear dip near absorption maximun&nd |f) presented in Appendix B. The pump—probe signal
contrary to the prediction of the homogeneous model. Thes@rises from the vibrationally coherent statg. As discussed
observations Strong|y support the presence of Significant inearlier, we are concerned with the situation where the vibra-
homogeneous broadening in deoxy Mb, as well as thdional modeQ is not coupled to thg— e optical excitation,
ground state origin of the vibrational oscillations. If the but is triggered solely by the nonradiative chemical reaction
220 cni ! coherence originated from the excited state rathepetween|e) and |[f) that follows pump excitation. For ex-
than the ground state, an amplitude dip and phase flip shouRimple,Q could represent the 220 crhFe—His mode in the

be observed but red-shifted from the emission maximum ageactive sample MbNO. The 220 crhmode is not reso-
discussed above. nance Raman active in the reactant ground stag) (but is

nevertheless observed in pump—probe photolysis signals.
The spectral line shape function also plays an important
role in the multidimensional Landau—Zener the®tyAs
We now apply the effective linear response approach tepecified in Eq(B2) of Appendix B, the transition rate be-
coherence driven by a chemical reaction of the type shown itween the statefe) and|f) is obtained by taking the zero
Fig. 1(b). The effective linear response function for a two- frequency limit of the spectral function for tre—f transi-

o

0 ..-w-,".'"l PR R T W |
(b) o =220cm”

Fe-His

Phase of AT

1

L L | I R W S |
=220 em”

Product state coherence (MbNO)

Q) o, ,

H
<
L
=}
Q
g
=
[a W

0 . P .

T —T— T T T
21000 22000 23000 24000 25000

o, (em™)

D. Reaction driven coherence: Coherent oscillations
in MbNO
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a f = 1 fr S, =0.05
@ gle a0 &) o
r =5 em” Yb=10 cm (4<0)
T=300 K S,=10
Vyoo= 10 cm’
Sm=0.5
T T T T T LI B L B AL A R L FIG. 8. Application of the effective
-1000 0 1. 1000 2000 -2000 0 ) 2000 linear response approach to reaction
o (em”) @-Qf (em™) driven coherence(a) Spectral line-
v shape function for the nonradiative
of 1 b —f electronic transition. Paneléb)
1 { €2,(0)=2000 cm ®) Af=0-28 (8 and (d) show the time-dependent
B=2000 cm™/ps ¢f=]_,9 1 population evolgtion of th_e product
J2190 e’ state for reaction velocities of3
P_(t) =iebem =2000cmYps and B=10000

1+ -1t cm Yps. Panelgc) and (e) show the
corresponding mean position of the
220 cnm* mode coupled to the reac-
tion. The calculations using the effec-
tive initial conditions, Eqs(B4)—(B6),
are shown in circles. The results of a
direct integration as in Eq(B3) are
shown as a solid line. The nonradia-
tive coupling strength was fixed at
=120cni? in both the calculations.
(f) Spectral line shape function for the

S ('d) product stat¢identical to the Mb line-
14 shape in Fig. ®]. (g) and (h) show
B=10000 cm/ps the pump—probe open band amplitude

P (1) A, (solid line) and phasep, (dashed
of line) profiles arising from the reaction
J=120 cm” driven 220cm? coherence in the

0 product state, for3=2000 cm Yps

0 j : and =10 000 cmY/ps.

(Ie)

2. -

o 1 2 1500 .0, 1500
delay(ps) 0-Q (cm’)

o

tion i.e., P (w=008 (R(s))). Here, QS{(R(s)) is the sponding to the 0.1 A Fe—His bond length contraction asso-
time-dependent energy gap between|gjeand|f) states as ciated with the loss of the NO ligand. An over damped low
shown in Fig. 1b) andR(s) is the time-dependent semiclas- frequency bath mode is also included to broaden the spectral
sical reaction coordinate. As the reaction coordinate sweepginction. In the panels directly below the line shape, the

through the crossing poinf5y(R(s)) passes through zero. time-dependent population transfeg(t) and the first mo-

The reaction ratgj(R(s)) is integrated as in EqB1) to ment d -~ —
. . . ynamicg¢(t) in the product state are plotte@;(t)
obtain the time-dependent quantum yieRk(1). In the rll? obtained both by direct integration using EB3) and the

present discussion, we hold to the assumption of constant.. . .
reaction velocity at the crossing point. This means that thénltlal first moments using Eq¢B4)—(B6). A reaction veloc

energy gapﬂSé(R(s)) is decreasing at a constant r@de ity of ,'8:,2000 cm Y/ps andﬂ,:,l,oooo cm lps are consid-
Our aim here is to illustrate the analysis of pump—probef®d in Figs. &)—8(e). The initial vertical energy, corre-

signals associated with the reaction dynamics, and we restrigP0nding to the separation of the quintet and singlet energy

our attention to the role played by the reaction velogty levels in MbNO, is taken to bé)5i(0)=2000cm*. The

We refer the reader to Ref. 21 for the details of the roleconnection between the time-dependent population evolution

played by the various reaction specific parameters in th@nd the first moment dynamics in the product state is clearly

population and coherence dynamics. In Fige)8we simu-  exposed in the simulations. We see that for smafiethe

late the spectral functio® ' for the nonradiative states. The reaction proceeds in a smooth fashion, with a complete tran-

coupling of the 220 cm' mode is taken a$=0.5 corre- sition to the product occurring immediately after1 ps.
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The slow passage through the reaction vertex causes thendau—Zener theory, the reaction time depends both on the
product state oscillations to be effectively diminished. Forreaction velocitys and on the initial vertical energy gap
large B, the product electronic state population changes morélgcf,(R(O)), suggesting that either the gap is small or the
abruptly, and the initial amplitude of the oscillatory motion velocity is large(or both in the MbNO reaction. As dis-
is considerably larger, approaching the equilibrium displacecussed earlier, this corresponds to a population evolution that
ment of the reactant well with respect to the productbehaves like a step function.
(|Aed=1). On the other hand, a zero initial phase of the wave
In Figs. 89)—8(h), we simulate the amplitude and phase packet could also be an indication of direct pump pulse
profiles of the pump—probe signals associated with the reacpreparatlon of the product state coherence. For example,
tion driven oscillations in the electronic stdte, using the ~when Qg (R(O)) is very small, the pump pulse interaction
inhomogeneous equilibrium line shape of Mb shown in Fig.may dlrectly excite an adiabatic mixture of the) and the
8(f). Note that only the product state electronic transition |f) electronic states. The coherence induced alongQhe
—f' is inhomogeneosly distributed. The probe pulse detectsoordinate will then have a phase of z€no initial momen-
the modulation of thé —f’ electronic transition by the re- tum), since it originated from the excited state directly pre-
action driven oscillations. Since the initial conditions of the pared by the pump pulse. This possibility is beyond the
wave packet on the stafé) are independent of the pump scope of the present treatment, which assumes that the pump
wavelength, a sharp jump in the phase is observed accompgulse and chemical reaction can be separated. We will ad-
nied by a dip in the amplitude at the absorption maximumdress this interesting question in future work.
QF . The direct correspondence between the amplitude of the Fmally, we point out that the absolute phase of the
vibrational oscillations and the amplitude of the signal is220 cm* mode in MbNO indicates that the Fe—His bond in
evident from the simulations. The slower reaction exhibits aVib (|f)) contracts upon optical excitation to Kig|f’)), as
much weaker signal amplitude than the faster reaction. Théepicted in Fig. ). This is based on the knowledge that the
signal phase directly yields the initial phage of the wave Fe—His bond also contracts upon loss of the NO ligand; i.e.,
packet according to Eq44b). Furthermore, if we ley=0  upon the nonradiative transition betwegg) and [f). The
and P.(t)=8(t— 7») in Egs. (B5) and (B6), we haveg, Wave packet indyced inf) is thereforel 'pla.lced at .p'ositive.
=—worr, TR=0%(0)/B being the reaction time. Thus, dlsplacemen_ts with respect to the e_qumbrlum position. It is
when 3 is increasedsy decreases and the initial phase con-¢/€ar from Fig. 1b) that if the Fe—His bond expands upon

tinually changes through cycles ofm2 The phase ap- photoexcitation tdf’)_, exgctly the opposite phe_lse behayior
from that observed in Fig. (¢) would be predicted. This

proaches zero for an infinitely fast reaction. It is interesting , ) .
to note from Figs. &) and 8e) that the effective initial confirms earlier predictiori$ and also demonstrates that the
' phase of reaction driven pump—probe signals can provide

momentum of the wave packétlue to a nonzerap;) re- ! ¢ : he si tth ical el I
verses its sign asp is increased from 2000 to information on the sign of the optical electron nuclear cou-

10000 cnvYps. Compare Fig. (), where the momentum pling, provided the initial ground state equilibrium changes
impulse has the same direction across resonance. are known.

As an example, we consider the Fe—His mode in the
reactive sample MbNO in Fig.(@. In contrast to the non-
reactive Mb, the phase of the 220 choscillation in MbNO
exhibits a sharp jump at a wavelength that is red-shifted with .
respect to the Soret absorption maximum~&23 000 cm'* 1. First moment modulation (coherent state)
(435 nm of the Mb product. Also, the amplitude of the Up to this point, we have focused on the oscillatory
220cm! oscillations vanishes at this detection pump—probe signal at the fundamental frequency of the op-
wavelengti?®> These observations are consistent with thetically coupled mode. The presence of higher overtones is
suggestion that the Fe—His mode is driven by the chemicaéxpected even for harmonic modes, since the observed signal
reaction associated with thee— f electronic transition as de- is not directly the mean nuclear position oscillating at the
scribed in Fig. 8. The 4 nm red-shift of the phase flip isfundamental frequency. The pump—probe signal arises from
probably associated with the initial red-shift of the photo-a dynamic modulation of the equilibrium correlator as ex-
product absorption bard centered roughly at 439 nm pressed in Eqs(34) and (35). Intuitively, if we picture a
(~22780cm?Y). The fact that the phase flip occurs pre- two-electronic level system, the overtone signal can be at-
cisely at this wavelength is consistent with the idea that theributed to the “double pass” of the wave packet across the
220 cm ! oscillations in MbNO are associated with the ini- probing regiont** The strength of the overtone signals due
tial Mb photoproduct that is created following photodissocia-to the double pass is determined by the higher powers of the
tion of the NO ligand. productAjA. This can been seen by expanding the exponen-

It is also seen from Fig.(€) that the phase of the open tial in the correlation function in Eq(33). For weak field
band 220 cm? oscillations is near 0 ofr. This suggests that intensities, the pump induced ground state amplitudes are
the initial phase of the 220 cm mode coherence is also much smaller than the optical coupling strength&#’
close to 0. A zero initial wave packet phase is realized if thewhich are often much less than unity in large multimode
reaction timerg is a small fraction of the 150 fs oscillatory systems. Thus, the overtones generated by the first moment
period. The wave packet is then placed almost instantlymodulation of the pump induced ground state wave packet
(=20fs) on the product state potential surface. In theare much weaker than the fundamental.

E. Overtone signals
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(a) —40cem™
-~ 80cm"
<---120cm”

8,=10;8,=1 FIG. 9. Simulations of overtone sig-
nals from the ground state of Mb using
displaced and squeezed states Am-

. . e ————m—————— plitude profiles of the fundamental at
S U S S S R I AL 40 cmt (solid line) and the first two
-2000 ~1000 vo * 1000 2000 overtones at 80 cit (dashed lingand
120 cni? (dotted ling, assuming an
initial displacement ofS,=A2/2= 10,
and optical coupling strength o,
=A?%P22=1, for the 40cm® mode.
Panels(b)—(d) show the amplitudes of
the first three harmonics over a wider
range of initial displacements, for
three carrier frequenciesw(;,wcs,
w¢3) across the absorption maximum.
The corresponding amplitudes of the
three harmonics for displaced and
squeezed states is plotted in panels
(e)—(g), for a wide range of frequency
ratiosr = w/w; between the reactant
(Je)) and product |f)) electronic
states.
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On the other hand, when the coherence is induced by #erent carrier frequencies near resonance. The initial wave
nonradiative surface crossing or by intense pump figl§3, packet amplitudes are varied over three orders-of-magnitude
the amplitude of the coherent motion can be comparable candS, is fixed to be unity. It is seen that for detection at the
larger than the optical coupling strengths, so that the strengtwings of the absorptiom.= w;; and w.3, the amplitude of
of the overtones is expected to be larger. The effective lineathe overtones is more than an order-of-magnitude weaker
response approach using displaced wave packets allowstlaan the fundamental. This is true even for amplitudes as
calculation of pump—probe signals for arbitrary values of thelarge asS,=100 (or Aj=~14). Near band centew.,, the
initial amplitude Ay. In order to estimate the strength of fundamental signal itself is very small. The first overtone is
overtone signals as a function &f;, we consider the model the dominating contribution even for very small displace-
line shape of Mb in Fig. §). The overtone signals of a low ments. The almost linear behavior of the overtone amplitudes
frequency mode at 40 cm coupled to the optical transition on the log—log scale suggests a power law dependence of the
are studied in Fig. 9. The top panel of Fig. 9 shows theovertone amplitudes on the wavepacket displacement.
profiles of the fundamental and the first two overtones of the
40cmi* oscillation, assumings,=A?/2=1, andS,=A%/2 _
=10. The contrasting behavior of the overtone and funda?- S€¢0nd moment modulation (squeezed states)
mental amplitude profiles is notable from the figure. The  While the contribution of the double pass of the wave
fundamental signal amplitude dips near the resonant maxpacket to the intensity of overtone signals is negligible for
mum Q, and peaks near the shoulders of the absorptioffield driven coherencésee previous sectigrhigher moment
spectrum. The amplitude of the first overtone peaks flear modulations of the pump induced wave paékésqueezing
and vanishes close to the frequency where the fundamentein contribute more significantly to overtone intensities.
dips. Thus, we can say that the amplitude profiles of theOvertones signals calculated using the full third-order re-
fundamental and the first overtone behave roughly as the firsiponse approach are found to be much stronger than those
and second derivatives of the equilibrium absorption specealculated with the effective linear response approach using
trum. Similarly, the second overtone at 120¢nbehaves as the first moment dynamics. This discrepancy is indicative of
the third derivative of the absorption spectrum, vanishing athe role played by field induced squeezing in the ground state
three different carrier frequencies across the absorption bandignals. Apart from the laser pulse interaction, squeezing of
Such characteristics are useful for the assignment of overtortbe nuclear wave packet can also be induced by purely geo-
oscillations in pump—probe spectroscopy?! metrical effects, such as a change in the curvature of the

It is important to note the significant reduction in the nuclear potentials that are involved in the interactidne.,
amplitude of the overtone oscillations compared to the fungquadratic coupling.
damental. To study the strength of overtone signals over a We discuss squeezing in the context of chemical reac-
wider range of initial displacements, we plot in Figgb)3-  tions. Introducing quadratic coupling between the potentials
9(d) the amplitude of the first three harmonics for three dif- of the reactant and product surfa¢es and|f) shown in Fig.

Downloaded 22 Sep 2003 to 128.103.60.200. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp



J. Chem. Phys., Vol. 114, No. 2, 8 January 2001 Femtosecond coherence spectroscopy 719

1, we calculate the probe response to displaced and squeeZédSUMMARY AND CONCLUSIONS
dynamics on the product state potential well. For the initial In this work, we have presented a study of the amplitude

displacement, we continue to use the first moments of thgnq phase excitation profiles in femtosecond coherence spec-
Landau—Zener coherence presented in Appendix B. Thes{?oscopy using an effective linear response approach. In
were derived assuming linear coupling between the reactaRombination with a rigorous moment analysis of the door-
and product surfaces. To obtain the initial conditions of thQNay Sta’[e‘t7 the linear response formalism is found to be in
squeezed state, we adopt a phenomenological view. We agxcellent agreement with the more complete third-order re-
sume that the effect of the reaction is to instantly place theponse formalism® Furthermore, the representation of non-
thermal equilibrium distribution of the reactant on the prod-stationary states as displaced thermal states provides a gen-
uct state well. The resulting nonstationary nuclear state is aral framework to analyze vibrational coherence induced by
displaced thermal density matrix that is also squeezed due teonradiative transitions. We have demonstrated this ap-
the incommensurate thermal widths on the two surfaces. I@roach by using the first moments of a quantum coordinate
Appendix D, we have derived an analytic expression for thecoupled to a Landau—Zener surface crossing.
effective linear response correlation function that describes The effective linear response functions are analytical,
both the coherent and squeezed dynamics in the ground sta@)d Yet retain the correlation function based description

The central quantity governing the squeezed state dycontrast to the vibronic eigenstates apprc)é?c??lmpllut n-
namics is the ratio of the reactant and product state frequeril® third-order response formalism. The analytic expressions
ciest=(w./w;). It is evident from the effective linear re- offer a significant reduction in computation times. Calcula-

sponse correlation function EGD6) that squeezed states tions of multiple carrier frequency excitation profiles for ar-

modulate the equilibrium absorption correlator at even har—bltrary pulse widths and temperatures are made possible,

. ithout the need for semiclassical approximations. A sepa-
monics of the fundamental frequency. We therefore do no o . - i
. rate moment analysis is also useful in providing clear physi-
expect the fundamental pump—probe signal to be affecte

ianificantly b q ket d : In Fi al insight into pump—probe signals. Ground state signals
significantly by ;queeze WaYe packe ynamlps. n Igsgenerated by impulsive Raman processes exhibit contrasting
9(e)-9g), we simulate the first three harmonics of the

o ) , hase and amplitude behavior from excited state and reaction
40 cm * oscillations, when the wave packet is both dlsplacecﬁriven signals.

and squeezefthe amplitude and phase profiles in the pres-  Thg apility to incorporate experimentally measured ab-
ence of squeezing behave similar to those in Figl 8nd are  gorption line shapegand the Kramers—Kronig determined
not plotted In the Simulations, the initial displacement of dispersion line shap}gmto the pump_probe calculations is
the wave packet on thé) state and the optical coupling are another important aspect of the present work. A knowledge
fixed atS,=S,=1. The squeezing ratio is varied over a  of pump—probe excitation profiles and the measured absorp-
range of 1 to 8. It can be seen that fundamental oscillationsion cross sections can be used to extract parameters relevant
are practically unaffected by variations in The dramatic to a specific mode that is active in pump—probe signals. The
effect of squeezing on the overtone amplitude is evidentuse of experimental line shapes eliminates the need for mod-
particularly so for the detection frequenay, near the ab- eling the multimode vibronic mechanisms that cause line
sorption maximum. Here, for squeezing ratios larger than ebroadening. This is analogous to “transform” techniques in
the overtone signal is comparable to the corresponding furreésonance Raman spectrosc8py>**Transform techniques
damental signal at the wings of the absorption banchre a powerful means for extracting mode specific informa-
(w¢1,we3). tion using the measured Raman excitation profiles and the

The simulations presented in Fig. 9 provide an overaloPtical absorption profiles on an absoluteross section
picture of overtone intensities in pump—probe spectroscopyscale-

within a harmonic model with coherent and squeezed initial | A Study of inhomogeneous broadening in pump—probe
states. It can be concluded that the fundamental signal i§9nals shows that the ground state amplitude and phase pro-
almost always the dominant contribution for reasonable vall€S aré smeared out by the inhomogeneous broadening. The

ues of wave packet displacement and squeezing Howeve?xcned state amplitude dip and phase flip are red shifted with
: réspect to the peak of the emission line shape. A pump—

when quadratic coupling is also introduced between the elec- be analysis of the phase profiles of the 220&Fe—His

: . ) ) ) ) pro
tronic levels involved in _the probe interaction, i.e., when mode in Mb across the Soret band was presented, and was
wi* wsr, the overtone signals are expected to be signifi

‘based on a previous model for the strongly asymmetric Soret

can.tly gnhapced. In this case, the strength of the overtong, shapéd® The analysis indicates both the ground state
oscillations induced by the curvature chan@etween the  qigin of the oscillations and the strong inhomogeneous

ground and excited state potentjails coupled to the ampli-  proadening present in Mb. In contrast to the nearly constant
tude of the wave packet motion; larger amplitudes imply thabhase profile in Mb, the 220 cih mode phase in the reactive
Steeper differences in curvature are prObEd. In contrast, ﬂ’%mp|e MbNO shows a clear phase Change near the peak
overtone intensities generated by squeezing the initial wavef the transient photoproduct. These results suggest that the
packet are dependent only on the frequency ratio. A rigoroug20 cm'* mode coherence in MbNO arises from the photo-
treatment of the effective linear response functions for a quaproduct Mb. The mode is presumably triggered by the rapid
dratically coupled two-level system will be presented elsecurve crossing occurring during the MbNO photolysis
where. reaction'* The absolute phase of the oscillations suggest that
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the chemical reaction occurs on a very fast time scaleelated to equilibrium line shape functiofsThe first mo-

(=20fs), with the possibility of direct pump pulse involve- ments ofQ andP are found to bdin dimensionless units
ment at the crossing region in the preparation of the product

state coherence.  |ngd E§(2n+1)A
Although we have not discussed vibrational relaxation ianO_ SWﬁZNé
detail, the nonstationary linear response correlation functions
in Eqs.(34)_and (35 can re_adlly incorporate damped wave XJ dwép(w—wc,—wo)ﬁcb.(w), (A1)
packet motion. The initial first moments for the damped os- 0

cillator case must however be used instead of the undamped

expressions in Appendix A. In the analysis of the oscillatory _|/U'ge|2ESA © L 2

amplitude and phase profiles, which has been the main suf-90~ g 72N’ fo do Gp(w—awg,—w) ADg(w).  (A2)
ject of the present work, the neglect of damping is justified ’

because the observed modes are weakly damped. Howevétere, Ng=1—Tr[ 5p,] is the net ground state population
both under-damped and over damped modes contribute @fter the pump interaction, andt,(») and ®g(w) are the
the nonoscillatory backgrountbffset in the pump—probe imaginary and the real parts of the complex equilibrium line-
signals®™**?°These offsets can potentially carry important shape function defined in EQR9). G (o — w.,— wo) is the
information concerning the equilibrium potential shitftslt  product spectral function defined in E@t1). The action of

is immediately clear from Eq$34) and(35) that the modu-  the operatorA (not to be confused with the dimensionless
lation of the equilibrium correlator by strongly over-dampedexcited state potential shift) is to generate differences:
or diffusive motion manifests itself as a dynamic, i.e., Shift'ﬁ(b,(w)z(b,(w)—<I>|(w—w0). With the initial position and
ing absorption line shape in the ground state respﬁ)‘hse.r.nomentum increments given in Eq&Al) and (A2), the

Over-damped motion is manifested in the excited state regme_dependent first moment dynamics in the ground state is
sponse through phenomena such as fluorescence Stokes-sfiiffen, rigorously as the solution to the damped oscillator
dynamics?®®L A rigorous analysis of these processes can b%quation
readily carried out using the effective linear response ap-
proach formalism presented here. 6g(S)ZA967 7lsl cog w, S+ @), (A3)
We have also discussed overtone signals in pump—probe
spectroscopy using both displaced and squeezed initiavhere y and w,= w5~ y* are the damping constant and
states. The contrasting amplitude and phase behavior of tteffective frequency of the mode. The amplitude and phase
various harmonics are potentially useful for overtone assignare given byAg= v g20+ szo and ¢g= —tan [Py /Qgol-
ments. It is found that for reasonable values of squeezing The various moments (ﬁg and P for the excited state
ratios and wave packet displacements, the fundamental sigioorway 8p, in Eq. (26) can also be obtained. It is fout{d
nal is the dominant contribution. that the excited nuclei receive no initial momentum i.e.,
Finally, we mention that the present development can b ,=0. The mean positiofwith respect to the excited state
readily extended beyond the displaced oscillator model. Efpotential equilibriumA) is given by
fective linear response functions can be readily calculated for

the case of quadratic electron—nuclear couplimetween the _ |M@;e|2Ec2>A f“’d G (oo —

radiatively coupled levejsusing standard techniques of Qeo= 4wh2Né 0 @ Gplw— we, ~wo)
quantum field theory. Non-Condon effects can also be R

incorporated™®? into both the pump(moment analysis X[P(w—wg) —NAD ()], (A4)
and the probe steps. These calculations will be detailed

where N, =Tr[ 5p.] is the electronic population in the ex-
cited state g+ N¢=1). Thus, the amplitude for the excited
state coherent motion is given #.=|Ql, and the time-
dependent first moment is

elsewhere.
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We consider a product electronic stéte that is coupled
nonradiatively to the reactant excited stiggas in Fig. 1b).
The Hamiltonian of the problem consists of th& 2 lower

Consider the ground state doorwdj in Eq. (23). Let  plock diagonal matrix offyg in Eq. (46). The system is
the pump field be of the forr,(t) = EoG(t)cosct) where  assumed to be initiallytE 0) in thermal equilibrium along
G(t) is a dimensionless envelope function, algl is the  the quantum mechanical degrees of freedom of the ftte
electric field strength of the pump pulse. General expressionshe nonradiative coupling will induce a transition to the
have been derived for all the moments@fand P for the  state |f). The time-dependent surface crossing along the
density matrixdpg using moment generating functions, and classical reaction coordinakewill be accompanied by quan-

APPENDIX A: FIRST MOMENTS OF PUMP INDUCED
VIBRATIONAL COHERENCE
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tum mechanical tunneling between the vibrational levels ofdisplaced thermal state representation. The above expres-
A, andf; . The time-dependent quantum yield for the tran-sions depend on the reaction parameférg,Q5i(R), etc]

sition e—f can be shown to be throughP.¢(t) and Eq.(B1). Extension of the multidimen-
sional Landau—Zener theory to incorporate nonstationary ini-
Pof(t)=1—exp — Jtdsg(R(s)) _ (B1) tial cor_1ditior_15 along th&) degree of freedom can t_)e carrie(_j
0 out using displaced thermal density matrices, with the dis-

placements obtained from the excited state first moment pre-

Here, G(R(s)) is the Fermi Golden rule transition rate for sented in Appendix A.

making an electronic transition from the st to the elec-

tronic state|f) and is expressed &s
5 APPENDIX C: NONLINEAR RESPONSE FUNCTIONS
mJ

G(R(s))= 27q>$f(w=o,ﬂgg(R(s))). (B2) When the ground state doorwa, in Eq. (23) is sub-
stituted in the expression f@(t,t3) in Eq.(22), we are left
QS R(s))=U;(R(s)) — Us(R(s)) is the time-dependent en- with the thermal average of a four-time correlation function.
ergy gap between the and f states.(I),Gf(w) is the spectral The average can be evaluated exactly using a second-order
absorption line shape function for tlee—f electronic tran- cumulant expansion, and the result is
sition, obtained using Eq$27)—(29) with Qg replaced by 2

% t
Q&Y(R(s)). In the single mode limit, i.e., n@ coupling, Eq. Cy(tity)=— %f dtzj ’ dt; Ea(t1)Ea(ty)
(B2) yields a delta function. The time-dependent quantum - —
yield P¢(t) will then be a simple step function in time. The X[Ra(tts,tp,ty) + Ra(tits b ty)]. (C1)

presence of additional degrees of freedom smears out the _ . _
curve crossing process and can be completely described H%gg,;?gsand R, are the nonlinear response functions given
the zero frequency component of the spectral line shapby, o

function CI_)?f(w). _ Ra(t,ty,ty,t3) =H(t—tg) H(t,—t;)e Podt-ta=tatty)

The time-dependent surface crossing alongRheoor-
dinate induces oscillations alo, which is initially in ther- X @~ 9(t=1g) = g* (2= t)) + 15 (Lt ta tg) (C23
mal equilibrium. It can be shown generally that the mean gt —ta+ ty—ty)
position of the oscillator in the product state obdys Ra(t,ty,t2,ts) = H(t—t3) H(tp—ty)e oot eme i

2 X @~ 9(t—tg) —g(ta—tg) —fa(t,ty to,t3) (C2b
Ot = 228 [“gse g Pe(t— B3 '
Q)= o, Jo se sin(w,8)Per(1—s). (B3 \where we have defined

Here, y is the vibrational damping); is the dimensionless 2(bt1:t2,t8) =g(t—t1) —g(t—t;) +g(tz—t2) —g(ts—ty).
shift between the andf oscillators, andv, = \/woz— y*. The €3
above equation rigorously describes the first moment of thdhe function7(t) accounts for homogeneous broadening
nuclear dynamics on the product state well, with the oneand is typically of the forme~Teltl, I'. being the homoge-
qualification that it is valid only at times when the system neous damping constant. In these expressignst; reflects
has made its transition into the product state, iR (t)  the time interval when the system is in an electronic coher-
=1. WhenP(t)<1, Q(t) consists of oscillations in both €nce during the pump field interaction, whereads is the

the reactant and product surfaces and is more difficult tdime interval when the system is in an electronic coherence
interpret. We can recast E@3) to a form that readily yields during the probe interactioff. Thus, #(t) appears separately
the initial conditions for the probe, i.e., detection step. Inte-for the pump and the probe interactions.

grating Eq.(B3) by parts, we get in the long time limjas- Turning to the excited state response, substitutiofipqf
sumingP()=1] in Eq. (26) into the expression fo€, in Eq. (25) and using a
o second-order cumulant expansion, we find
Qi) =Aci+Are "cog w,t+ ¢y), (B4) w2 (= t
where Ce(t,ty)= ng’_‘ dtzJ_ dt; Ea(t1)Ea(ty)
Ascog 1) = _Aeffw dt' Peg(t)e X[R(tty,t5,t3) +R3 (L ty,t5,t3)]. (C4)

Here,R; andR, are the nonlinear response functions given
X[cog w,t') = (ylw,)sifw,t’)],  (B5)  by**#®
_ S , Ra(tty,ts,tg) = H(t—tg) H(t,—ty)e ' Poo! stz
AfSIn((Pf):Aeff_wdt’Pef(t')th e 0" (-1~ ()~ F1(ty tp.ta) (C5a
X[siNw,t")+ (y/w,)coq w,t")]. (B6) Ry(t,ty,ty,ta) =H(t—tg) H(t,—t;)e  Qodt—ta=ta*ty)
Equations(B5) and (B6) determine the amplitude and phase

of the oscillatory motion induced by the surface crossing.
They can be readily incorporated into the probe step using and we have defined

Xefg*(t*ts)*g*(t2*t1)+ff(t*tl'tZ't3), (C5b
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fi(t,ty,th,t3)=0g(t—t;)—g*(t—t,) momentum coordinates. The nonstationary state can be gen-
erated from the thermal equilibrium density matrix of the
—g(t;—t) +g* (tz— t2). (CO  product well by the squeezing operator define®f as
In the above expressiongs) is the harmonic oscillator cor-
relation function[Eq. (28)]. 58)= ex;{é(afz_ a2)|:8=— lm(ﬂ ) (D2)
Equations(C1) and (C4) express the two-time effective 2 2 \we

linear response correlation functiofg ¢(t,t3) as as convo-
lution of the well-known nonlinear response functibffR;

(j=1...4) with the two pump field interactions. The convo- certainty broduct can be incornoraf®dy a complex value
lution with the pump laser fields implicitly takes into account Ity produ ! P y piex valu

the complete information about the nonstationary state of thg?r th? §quegzmg parametﬁr but is not cF)nS|dered rlere for
system expressed by the density matriéps and 5p,. Itis ~ SimPplicity. Itis easy to verify that the unitary ope.ra@([,[(i))
worth noting here that botiT(t,ts) and C(t,ts) can be converts the thermql densn_y matrix for the ;th‘t)figét)e.,pT
factored into equilibrium and nonequilibrium parts as fol- 10 the thermal density matrix for the stde, i.e., py” . The

The present choice of the squeezing operator maintains the
minimum uncertainty product. Arbitrary changes in the un-

lows: position and momentum uncertainties are also changed to the
) thermal values in the reactant state given in &f).
Cy(t,t3) =Kg(t—1t3)Cy(t,t3); Since the wave packet induced in the s{dbeis in gen-

B B , (C7 eral both displaced and squeezed, we may represent the cor-
Celtits) =Ko(t=15)Ce(tts), responding density matrix as
whereKy(t—t3) andKq(t—t3) are given by Eq(27). . A . .

Inhomogeneous broadening due to a static distribution  p;=D(\)S(B)p$ ST (B)DT(\y). (D3)
F1(£2q0) can be incorporated into the above expressions. The . _
correlation functionsC, and C, must be averaged with re- Wlth.the gbpve representation, we evalluate the correlatlon
spect to the inhomogeneous distribution. The electronic enflinction similar to Eq(22). We find[reverting to dimension-
ergy gap appears in the response functiBpshrough the €S units where the scaling factor #/(nwy) ]
oscillatory factorse™'od(t=ta)=(t2=)l The averaging over .

Fi(Qqo) thus involves a simple Fourier transform and can be Cf(t,t3)=e‘i“£(“‘3)Tr 5<Tf> eXF{iwaf dsS(B)
carried out independently of the time integrations. The re- t3

sulting inhomogeneous response functichQ can then be

exp'ressed in terms of;[he homogeneous dres the fol- XDT()\f)Q(s)D()\f)S(,B))
lowing factorized form?

; (D4)

+

Rttt t) =Ry 4ttt ta) Fi(t—ta+t,—ty),  (C88  where we have used the invariance of trace under cyclic
permutation to bring the unitary operators inside the time
ordered exponential. Using the properties of coherent and

where 7 (t) is the Fourier transform of the inhomogeneousSaueezed statéSwe have

R(Zl,)3(t1t1 1t2 1t3) = R2,3(t1t1 1t2 1t3):¢'|(t_t3_t2+tl)1 (C8b)

distribution F,(Qqp) . A . A~ A N
S'(B)DT(Ap)Q(s)DT(N)S(B)
APPENDIX D: EFFECTIVE LINEAR RESPONSE —A; cog S+ @)+ (aA(s)+aTA*(3)), (D5)
FUNCTION FOR A TWO-LEVEL SYSTEM
WITH SQUEEZED VIBRATIONAL STATES whereA (s) = (cosh@)e " S+sinh(8)e“9). Substituting this

Consider two nonradiatively coupled reactda} and in Eq. (D4), we can remove the c-_number displacement out-
product|f) electronic states. Let the vibrational potentials beSide the time ordering. The resulting thermal average can be
harmonic with linear and quadratic coupling, with frequen_evaluated exactly using Wick'’s theorem. We finally obtain
ciesw, and w¢ . Since two different vibrational frequencies : .
are in\iolved,fwe will first use dimensional units f(z)r clarity Cilbte) =Ks(t-ty) exliAA (sin(wit + ¢r)
and will revert to dimensionless units later. Just before the —sin(wstz+ ¢f))]exd —R(2 cogw(t+13))
reaction, the system is in thermal equilibrium on the elec-

tronic state|e) with the coordinate and momentum uncer- —Cod2wt) —cos 2w1t3)) ], (D6)
tainties @3=(A% —(A)?) given by where we have defined
Toe=(h12Mwe)(2n7+1);05=(Mweh/2)(2nr+1), (D1) A2 (2 +1)A2 (12— 1)
whereTiy is the mean occupation number at temperafire  R= 5 (2nr+1)cosi B)sinh(5) = o .
The position and momentum uncertainties in the product (D7)

state are obtained from the above expression by simply re- _ . _ _
placing w, by (. If we picture the chemical reaction as Here,r =we/w andA is the dimensionless shift between the

instantly creating distributions of the above widths in theProduct ground and excited potentials. The equilibrium cor-
product state well, the initial nonequilibrium state in the relator is given byK(t—ts)=e e 9"t whereg(s)
product well will appear to be squeezed in the position anchow takes a slightly different form as compared to E29):
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Az
g(t—ty)= 5 (207 +1)(1—cog wi(t—t3))

+isin(ei(t—t3))], (D8)
where
(2n}+1)=coth 7 w:/2kgT)(cosiF(B) +sint?(B)). (DY)
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