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ABSTRACT 
 
We present a method to determine system-bath correlation functions from third order optical coherence 
measurements.  The importance of these correlation functions for understanding solvation dynamics is 
explained.  A physical argument is made to explain why one coherence measurement, the photon echo 
peak shift, should strongly reflect system-bath dynamics.  Finally, this method is applied to the system of 
bacteriochlorophylla in tetrahydrofuran solution. 
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1.  INTRODUCTION 
 
Chemical dynamics in solution has been a long-standing area of research in physical chemistry. 1  Although 
the majority of reactions in chemistry and biology take place in solution, a realistic picture of solvation 
dynamics is only beginning to emerge.  Since the advent of the passively mode-locked titanium:sapphire 
laser in the early 1990’s,2 optical pulses of 10-20 fs duration have become routinely available.  Several 
groups have taken advantage of these ultrashort pulses to perform third-order optical coherence 
measurements of chromophores dissolved in solvents at room temperature.3,4,5  In parallel to these 
experimental developments, Mukamel and co-workers have developed a theoretical picture, based on time 
correlation functions for the energy gap between optical states, that gives insight into the dynamical 
processes that underlie the experimental data.6  
 

This paper describes a method to extract correlation functions that reveal the dynamics of a 
chromophore in liquid solution from optical coherence measurements.  The fundamental physics of the 
third-order nonlinear optical response, expressed in terms of nonlinear response function formalism, is 
reviewed.  The three-pulse photon echo peak shift measurement, which proves to be especially useful to 
the stated goal, is described in detail.  The contributions of other techniques, such as transient gratings and 
linear absorption spectra, to the elucidation of system-bath dynamics are also described.  The method is 
applied to the system of bacteriochlorophylla dissolved in tetrahydrofuran (THF).  Subsequent discussion 
describes how this method may be improved, and outlines other optical coherence studies that can be 
undertaken to improve our understanding of solution dynamics. 
 
 

2.  NONLINEAR RESPONSE FUNCTION FORMALISM 
 
Three-pulse photon echo and transient grating spectroscopies, two resonant, third-order nonlinear optical 
techniques, can be employed to study electronic and vibrational dephasing of optical chromophores in 



solution.  If a chromophore is modeled as a two-level electronic system where the Condon and second-
order cumulant approximations are valid, all resonant optical spectroscopies can be shown to measure the 
correlation function C(t) for the energy gap operator between the electronic ground and excited states6: 
 
    C t U t U g( ) ( ) ( )= 〈 〉0 ρ ,    (1a)  
    U H He g= − − −hω 0 0      (1b) 
 
where U is the energy gap operator, He and Hg are the excited- and ground-state Hamiltonians, 
respectively, and ω0-0 is the energy gap between the electronic ground and excited states measured from the 
lowest vibrational state in both electronic levels.  The brackets denote an ensemble average and ρg is the 
total system’s ground state, equilibrium density matrix.  The total system includes the two electronic levels 
and the vibrational states within them, as well as interactions with bath modes that cause energy and phase 
relaxation between all the levels.  For a chromophore in solution, the bath would consist of solvent 
molecules and chromophore states weakly coupled to the two-level system.  These spectroscopic 
techniques can be thought of in an equivalent manner as probing a system’s spectral density, which is the 
Fourier transform of C(t)6: 
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 In the response function formalism for linear and nonlinear optical measurements developed by 
Mukamel and coworkers, optical response functions involve building up a lineshape function g(t) from two 
correlation functions, M’(t) and M’’(t), that are calculated from the spectral density6:  
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C’’(ω) is the Fourier transform of the imaginary part of C(t).  The real and imaginary parts of C(t) are 
related by the fluctuation-dissipation theorem, and thus contain equivalent information.  By consideration 
of eqs. (4) and (5), M’’(t) can be shown to be related to M’(t) through a double cosine transformation: 
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In the high temperature limit ( kT >> hω ), M’(t) and M’’(t) become equal to the same correlation 
function, M(t). 
 



 The linear optical response function determines the entire material response of a system to 
perturbation by one interaction with an external field.  These linear measurements include absorption and 
relaxed fluorescence in the frequency domain and free induction decay in the time domain.  The absorption 
cross section at a particular frequency is expressed in terms of the (time domain) linear response function 
J(t) as: 
 
   σ ω ω ω ω

abs
i tdte J t( ) Re ( )( )∝ −∞

−∫ 0 0

0
,    (9a)  

    J t g t( ) exp( ( ))= −      (9b) 
 
The absorption spectrum consists of transitions between vibrational levels of the ground and excited 
electronic states, broadened due to dephasing processes brought on by bath modes. 
 
 For a centrosymmetric medium, the first non-zero nonlinear response function is at third order.  
Photon echo, transient grating and other four-wave mixing spectroscopies probe this response function, 
which involves three interactions of the system with ultrashort optical pulses.  The time-domain, third-
order polarization generated in these measurements by the application of three successive electric fields E1, 
E2 and E3, is emitted coherently in the direction ks=k3+k2-k1, where the k’s denote the wavevectors of the 
applied fields.  The general pulse sequence for time-domain four-wave mixing is as follows: the midpoints 
of the first, second and third pulses enters the system at times -(T12+T23), -T23 and zero, respectively, while 
the third-order polarization is emitted at positive times.  T12 and T23 are the delays between the first and 
second, and second and third pulses, respectively.  Using double-sided Feynman diagrams within the 
rotating wave approximation, it is possible to visualize the evolution of the 16 possible density matrix 
pathways for this sequence of field-matter interactions.6  The first pulse excites either the ket or the bra and 
produces an electronic coherence that can dephase rapidly.  The second pulse produces an electronic 
population in either the ground or excited state.  While the system is in a population (for a duration of 
approximately T23), no electronic dephasing occurs; vibrational dephasing, however, can take place.  The 
third pulse puts the system back into a coherence state, and the third-order polarization is emitted at a time 
of approximately T12 after this pulse.  This polarization is given by3: 
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where Ω is the center frequency of the laser pulses.  This equation assumes an infinite excited-state lifetime 
and R1, R2, R3 and R4 are the third-order nonlinear optical response functions.  In the second-order 
cumulant approximation, these response functions are expressed in terms of the lineshape function g(t) as6  
 
   R t t t g t g t f t t t1 1 2 3 3 1 1 2 3( , , ) exp[ ( ) ( ) ( , , )]*= − − + +   (11a) 
   R t t t g t g t f t t t2 1 2 3 3 1 1 2 3( , , ) exp[ ( ) ( ) ( , , )]= − − + −   (11b) 
   R t t t g t g t f t t t3 1 2 3 3 1 1 2 3( , , ) exp[ ( ) ( ) ( , , )]* * *= − − + +   (11c) 
   R t t t g t g t f t t t4 1 2 3 3 1 1 2 3( , , ) exp[ ( ) ( ) ( , , )]* *= − − + −   (11d) 
 
with 
 



  f t t t g t g t t g t t g t t t+ = − + − + + + +( , , ) ( ) ( ) ( ) ( )* *
1 2 3 2 2 3 1 2 1 2 3  (12a) 

  f t t t g t g t t g t t g t t t− = − + − + + + +( , , ) ( ) ( ) ( ) ( )1 2 3 2 2 3 1 2 1 2 3   (12b) 
 
 The nonlinear polarization is often observed using a square-law detector, so the resulting signal is: 
 
   S T T dt P t T T( , ) | ( , , )|( )
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For the photon echo, T23 is held at a fixed value and T12 is scanned, while in the transient grating T12 is set 
equal to zero and T23 is scanned. 
  
 

3.  PHYSICAL MEANING OF THE PHOTON ECHO PEAK SHIFT 
 

The goal of time-domain nonlinear optical spectroscopy is to gain detailed insight into the dynamics of the 
physical system under study.  Dynamical studies are necessary in order to understand processes such as 
solvation, chemical reactions and intermolecular energy transfer.  In order to determine inherent system 
properties such as C(ω), M(t) and g(t), one must devise a method of analyzing nonlinear optical 
measurements that makes it possible to project out the system dynamics from the total signal, which 
includes contributions from both the material system and the radiation field.  The Fleming and Wiersma 
groups have argued that one measurement, the photon echo peak shift (PEPS), strongly reflects the 
correlation function M(t).4,5  A PEPS measurement involves taking a series of photon echo measurements 
for different fixed values of T23.  Each photon echo measurement has a signal maximum at a particular 
value of T12.  By plotting these peak shift values as a function of T23, one obtains a set of PEPS data.  These 
data might be expected to bear a resemblance to the M(t) for the system, within the time range of T23’s 
sampled in the PEPS scan.  In order to see why this might be so, consider a simplified system where it can 
be assumed that a separation of time scales exists for the system’s optical dynamics, i.e., the dynamics can 
be divided into components that are purely homogenous (Markovian) and purely inhomogenous (static).  
This model could represent a chromophore embedded in a solid, where the electronic absorption spectrum 
has contributions from fast dephasing due to coupling to a phonon bath and static broadening due to site-
to-site inhomogeneity.  For this system, M(t) can be broken up into two parts: 
 
    M t M t M ti h( ) ( ) ( )= + ,    (14a) 
    M ti ( ) = 1, M t th ( ) ( )= δ     (14b) 
 
where Mi(t), the constant inhomogenous component, has no time-dependence, while the homogenous 
component, Mh(t), decays instantaneously and thus has no memory.  This is the model employed in the 
Bloch equations.  By putting eq. (13) into eq. (3) (and assuming M’(t)=M’’(t)=M(t)) one obtains the 
following g(t): 
 
    g t t i t t ii i h h( ) = + + +1

2
2 2∆ Λλ λ    (15) 

 
where ∆i and Λh correspond to the inhomogenous and homogenous inverse dephasing time, respectively,  
while λi and λh are the corresponding reorganization energies.  By assuming δ-function electric fields and 
employing eqs. (9)-(12), one obtains an analytical expression for the photon echo signal: 
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This expression can be easily solved numerically by transforming it into a form of the error function.  Note 
that this expression contains no T23 dependence; this is because there is no finite time-dependence in the 
underlying M(t) correlation function.  However, this simple analytical expression can be used to gain a 
physical picture into how a series of photon echo measurements with varying T23 values can be used to 
access, at least approximately, a system’s M(t). 
 
  The correlation functions, Mh(t) and Mi(t), used above represent limiting dynamical behaviors; 
real correlation functions are expected to decay from one to zero on finite time scales and thus make a 
transition from inhomogenous-like to homogenous-like behavior with a wide range of possible functional 
forms.  In other words, the amount of inhomogenous dephasing relative to homogenous dephasing (the 
amount of memory the system retains) is a question of time scales.  The greater the T23 time and thus the 
longer the timescale of the experiment, the greater the proportion of homogenous broadening will be 
observed.  Considerations such as these must be taken into account when studying molecules in solution.  
Due to the continuous rapid structural evolution of liquids, no chromophore can be considered to be 
permanently in a static environment.  This will have a definite effect photon echo measurements, as can be 
seen by studying Fig. 1.  This figure shows the normalized photon echo signals calculated from eq. (16) 
using ∆i=(25 fs)-1 and three different values of Λh.  From top to bottom in Fig. 1, the homogenous 
dephasing time becomes increasingly faster (Λh=(125 fs)-1 [circles], (75 fs)-1 [triangles] and (25 fs)-1 
[squares]).  The time delay of the peak of the photon echo signal decreases as the homogenous dephasing 
time becomes faster relative to the inhomogenous dephasing time; for Λh=(125 fs)-1 the signal peaks at 
T12=12 fs, for Λh=(75 fs)-1 the peak is at 4 fs, while for Λh=(25 fs)-1 there is no peak shift (the echo 
maximum is at T12=0).  This series of calculations mimics the results one expects to obtain when studying 
chromophores in solution.  At short T23 times, the ratio of inhomogenous to homogenous dephasing rates is 
large; the broad distribution of ways that solvent molecules can cluster around the chromophores is 
observed.  This situation will produce a photon echo with a large peak shift.  At longer T23 times, solvent 
molecules have more time to sample their distribution of possible configurations around their solutes.  
Therefore, the ratio of inhomogenous to homogenous broadening decreases and the photon echo peak 
shifts for these T23 times will decrease.  For a long enough T23 time the peak shift will go to zero. 
 

 
Fig. 1.  Model photon echo signals calculated using eqn. (16).  See text for parameters used. 

 
 
 From the discussion above, it is clear that a plot of photon echo peak shifts versus T23 time (a set 
PEPS data) and an M(t) correlation function both decay from their maximum values to zero for the same 
reason:  the decline of inhomogenous dephasing as the timescale of a nonlinear optical measurement is 
increased.  Therefore, a reasonable first approximation for M(t) will be a set of PEPS data.  This has 
already been shown for certain carbocyanine dye molecules.4,5  In this paper, we test this assumption for 
bacteriochloropylla. 
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4.  CONTRUCTION OF CORRELATION FUNCTIONS FROM EXPERIMENTAL DATA 
 
In this section, we describe the method used to extract dynamical information about bacteriochloropylla 
solutions from nonlinear optical measurements.  First, however, is it necessary to discuss the physical 
distinction between M’(t) and M’’(t).  As mentioned earlier, M’(t) and M’’(t) become equal in the high 
temperature limit; Fourier components with frequency significantly smaller than kT will have the same 
amplitude in both M’(t) and M’’(t), while frequencies comparable to or greater than kT will be more 
strongly represented in M’(t) than in M’’(t).  We have argued that a set of PEPS data and the M(t) 
correlation functions are manifestations of similar physical processes, but does the experimental 
measurement better reflect M’(t) or M’’(t)?  From eq. (3), one can see that M’(t) determines the real part of 
g(t), while M’’(t) controls the imaginary part of g(t).  Furthermore, Re{g(t)} specifies the system’s pure 
dephasing dynamics, while Im{g(t)} determines energy relaxation, i.e., the dynamic Stoke’s shift.6  The 
photon echo is sensitive all dephasing processes, irrespective of whether they occur with or without energy 
relaxation.  However, in systems with small (200-400 cm-1) Stoke’s shifts, such as bacteriochloropylla 
solutions, it is reasonable to assume that the photon echo more strongly reflects pure dephasing than energy 
transfer.  For this reason, M’(t) is constructed here directly from experimental data and M’’(t) is then 
calculated using eq. (8). 
 
 The method used for determining M’(t) is based on making modifications to the experimental 
PEPS data for the solution of interest.  First, a set of PEPS data was fit with linear prediction singular value 
decomposition analysis (LPSVD).7  Typically, the LPSVD fit for a bacteriochloropylla solution included 
six to seven damped cosine functions and four purely exponential functions.  The cosine functions are 
characterized by an amplitude, frequency, phase and lifetime, while the exponential functions contain only 
an amplitude and lifetime.  The intensity of each cosine function was deconvoluted from the experimental 
pulse bandwidth by dividing its fitted intensity by the ratio of the intensity of the bandwidth at the 
oscillatory frequency to the intensity at zero frequency.  In order to obtain M’(t)’s that fit the experimental 
data, it was necessary to introduce a very rapidly decaying (~10 fs timescale) component into M’(t). de 
Boeij et al.,5 who also found dynamics on this timescale in carbocyanine dye solutions, have suggested this 
is due to the dephasing of the near continuum of vibrational modes weakly coupled to an electronic 
transition of a large molecule.  They found a Gaussian functional form convenient to represent this effect, 
and this form has been adopted here: 
 

    M t a t
fast fast

fast

' ( ) exp( )= − 2

2τ
    (17) 

 
 Thus, the information required to form M’(t) and M’’(t) are an LPSVD fit to PEPS data and the 
appropriate values for afast and τfast.  To calculate g(t) from M’(t) and M’’(t), two additional variables must 
be fit, the coupling parameters ∆ and λ (see eq. (3)).  The parameters for a particular system must be 
chosen so that they can accurately and simultaneously simulate that system’s linear absorption spectrum 
and photon echo and other nonlinear measurements.  In order to achieve this, initial guesses are made for 
the parameter values, then the observables are calculated by numerical solution of eqs. (3)-(13) and then 
compared to experimental results.  The parameter values are then modified and the process in repeated 
until an adequate fit is achieved for all experimental data. 
 
 

5.  APPLICATION TO BACTERIOCHLOROPHYLLa/THF SOLUTION 
 
Photon echo peak shift data and linear absorption measurements have been obtained for the chromophore 
bacteriochlorophylla (bchla) dissolved in tetrahydrofuran (THF).  The complete experimental details for this 
study are given in another publication.8  The titanium:sapphire laser used in these measurements produced 
pulses of 12-15 fs duration, centered at 780 nm with a bandwidth of ~80 nm.  The absorption band of 
bchla/THF (see Fig. 3) is peaked at 770 nm, so there is considerable spectral overlap of the optical pulses 



with chromophore’s optical transition.  Once the experimental measurements had been made, the 
parameters described in the previous sections that would allow calculation (along with the LPSVD fit to 
the PEPS data) of both the absorption spectrum and the peak shift data were determined.  The M’(t) and 
M’’(t)  functions found to give the best fit are shown in Fig. 2.  By using coupling parameters of ∆ = 159 
cm-1 and λ = 290 cm-1, it is possible to numerically calculate the linear absorption spectrum and PEPS data.  
These data are shown in Figs. 3 and 4, respectively, together with the experimental data. 
 Once reasonable forms for the M(t) correlation functions have been established, it is possible to 
examine these functions and gain physical insight into both the intramolecular and solution processes that 
cause optical dephasing in the chromophore.  From Fig. 2, it can be seen that the rapid initial decay (τfast = 
10 fs) accounts for over half (~60%) of the correlation functions’ amplitude.  As discussed in the previous 
section, this dephasing probably results from intramolecular dynamics.  The M(t)’s also show exponential 
decays with timescales of 120, 710 and 4220 fs.  These decays probably reflect “solvation dynamics,” i.e., 
elastic and inelastic solute-solvent collisions and reorganization of the solvent molecules around the 
solute.1  Additional manifestations of intramolecular dynamics are present in the correlation functions in 
the form of underdamped vibrational coherences; six underdamped modes recovered from the peak shift 
data by LPSVD analysis were put into the M(t) functions.  There are definite similarities between the 
underdamped modes seen in PEPS measurements and the frequencies observed in resonance Raman 
studies of bchla.  For example, the highest amplitude mode in the PEPS data (at ~730 cm-1) is also the most 
intense mode in resonance Raman spectra of this molecule.9  Therefore, correlation functions that can make 
reasonable predictions of experimental measurements and include information about the intra- and 
intermolecular dynamics of the solute-solvent system. 

  
Fig 2. M’(t) (solid) and M’’(t) (dashed) for bchla/THF 
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Fig. 3 Measured (solid) and calculated (dashed) linear absorption spectra for bchla/THF  

 
 

 
 

Fig. 4 Experimental (dots) and calculated (line) photon echo peak shift values for bchla/THF 
 
 
 

6.  FUTURE WORK 
 
In order to gain more confidence in the present method for determining system-bath correlation functions, 
proposed correlation functions need to accurately predict linear absorption, photon echo peak shift, 
transient grating, individual photon echo signal shapes and wavelength-resolved photon echo 
measurements.  In addition, it would be useful to perform these measurements on the same system with 
several laser center frequencies that differ by 10-50 nm to see if a single set of parameters can predict 
system-bath dynamics throughout an entire electronic absorption band.  These studies are currently under 
way. 
 
 In the longer term, a major goal of this research is to relate correlation functions for solvation 
dynamics that apply in the linear response limit to dynamics that occur farther from equilibrium, such as 
energy and electron transfer and perhaps chemical reactions.  For events that occur in the weak-coupling 
(non-adiabatic) limit, it is possible that only relatively small modifications will need to be made to 
correlation functions derived under non-reacting conditions in order to accurately model dynamics.  
Studies along these line are currently being undertaken in our group for the photosynthetic reaction center 
and blue copper proteins. 
 

7.  ACKNOWLEDGEMENTS 
 

We thank the NIH (GM 57768-01) and the NSF National Young Investigator Program (CHE-9357424) for 
financial support.  N.F.S. also acknowledges the Arnold and Mabel Beckman, David and Lucille Packard, 

0 100 200 300 400 500 600 700

T23 (fs)

0

2

4

6

8

10

12
Pe

ak
 S

hi
ft

 (f
s)



Alfred P. Sloan and Camille and Henry Dreyfus Foundations for fellowships and awards supporting this 
research. 
 
 

8. REFERENCES 
 
1 R.M Stratt and M. Maroncelli, “Nonreactive dynamics in solution: The emerging view of solvation 
dynamics and vibrational relaxation”, J. Phys. Chem. 100, pp.12981-12996, 1996 and references therein. 
2 (a) M.T. Asaki, C.-P. Huang, D. Garvey, J. Zhou, H.C. Kapteyn and M.M. Murnane, “Generation of 11-
fs pulses from a self-mode-locked Ti:sapphire laser”, Opt. Lett.  18, pp. 977-979,  1993. 
3 T.-S. Yang, P. V hringer, D.C. Arnett, and N.F. Scherer, “The solvent spectral density and vibrational 
multimode approach to optical dephasing: Two-pulse photon echo response”, J. Chem. Phys., 103, pp. 
8346-8359, 1995. 
4 T. Joo, Y. Jia, J.-Y. Yu, M.J. Lang and G.R. Fleming, “Third-order nonlinear time domain probes of 
solvation dynamics”, J. Chem. Phys., 104, pp. 6089-6108, 1996. 
5 W.P. de Boeij, M.S. Pshenichnikov and D.A. Wiersma, “System-Bath Correlation Function Probed by 
Conventional and Time-Gated Stimulated Photon Echo”, J. Phys. Chem., 100, pp. 11806-11823, 1996. 
6 S. Mukamel, Principles of Nonlinear Optical Spectroscopy, Oxford University Press, New York, 1995. 
7 H. Barkhuijsen, R. de Beer, W.M.M.J. Bov e and D. van Ormondt, “Retrieval of frequencies, 
amplitudes, damping factors, and phases from time-domain signals using a linear least-squares procedure”, 
J. Mag. Res., 61, pp. 465-481, 1985. 
8 D.C. Arnett, L.D. Book, T.-S. Yang, and N.F. Scherer, “Optical and vibrational coherence and spectral 
diffusion of bacteriochlorophylla in solution”, J. Phys. Chem., submitted 1998. 
9 J.R. Diers and D.F. Bocian, “Qy-Excitation resonance Raman spectra of bacteriochlorophyll observed 
under fluorescence-free conditions.  Implications for cofactor structure in photosynthetic proteins”, J. Am. 
Chem. Soc., 117, pp. 6629-6630, 1995. 


