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The multimode Brownian oscillator (MBO) model has been at the forefront in interpreting the subsystem
bath interaction manifestations in optical spectroscopy for probing homogeneous structure of chromophores
in crystals and amorphous solids. The spectroscopic consequences of employing the underdamped MBO
model with Ohmic dissipation in linear absorption, photon-echo, and hole-burning data of chromophores in
solid hosts at low temperatures are investigated. The zero-phonon line (ZPL) in homogeneous linear absorption
spectrum, the slow-decay component (due to ZPL) in photon-echo signal, and the zero-phonon hole (ZPH)
in hole-burned spectra in host molecular solids at low temperatures are usually resolved from the multiphonon-
transitions structure. In the MBO model, the harmonic vibrations (Brownian oscillators) are linearly coupled
to bath modes. This coupling, with Ohmic dissipation, results in a maximum contribution of the bath modes
to the ZPL region. This contribution affects the width of the ZPL profile, which should only be determined
by pure electronic dephasing as dictated by experiments. It is therefore important to study how the MBO
model bath modes contribute to the ZPL, ZPH, and slow-decay component profiles. Analytical expressions
for the linear absorption spectrum and width and Frar@&ndon factor of the ZPL are derived. Homogeneous
linear absorption spectra, two-pulse photon-echo, and hole-burning calculations are carried out with model
systems of which the parameter values are typical for real systems. The MBO model ZPL, ZPH, and slow-
decay component were not seen in linear absorption, hole-burning, and two-pulse photon-echo profiles,
respectively. The hole-burned spectrum is produced by blending the line broadening fugfionof the

MBO model and Small hole-burning formula. This full (inclusion of Matsubara series) foig(t;d) has not

been exploited before in any spectroscopic calculation. It is concluded that the MBO model ZPL and ZPH
widths and the electronic exponential decay are better exhibited in the corresponding profiles when using
non-Ohmic spectral density.

I. Introduction The structural and dynamical information obtained from time

) ~domain measurements can be, equivalently, obtained from
The recent advances in ultrafast spectroscopy performed W|thfrequency domain experiments. For example, linear absorption

femtosecond laser pulses have made it possible to directly probeyng hole-burning line shapes in frequency domain and photon
the electronic dephasing of solute chromophores in various hostsecho in time domain are due to the same electyimonon

as a function of temperatufe’ This dephasing is caused by  coupling (which causes the same pure electronic dephasing),
intermolecular vibrations (phonons) being coupled to the ang therefore, they are related to each other: Fourier transform
electronic transition of the chromophores. This coupling gives (FT) of a stimulated photon echo gives a hole-burning spectrum
rise to the zero-phonon line (ZPL) and the phonon sideband and Fourier cosine transform of accumulated photon echo yields
(PSB) in the homogeneous line shape function. Hole-burning g persistent hole-burning spectrum. Two-pulse photon echo (PE)
and photon-echo techniques have been used to study purgs a powerful technique for measuring electronic dephasing,
electronic dephasing of chromophores in glasses and polymersassuming no spectral diffusion, because FT of its decay gives
at low temperatures. Above about 15 K, the pure electronic the homogeneous optical line shape of the transition under study.
dephasing is dominated by quadratic electrphonon coupling,  In fact, PE decay measurements are linear absorption measure-
which gives rise to exchange coupling, for chromophores in ment hidden underneath a broad inhomogeneous distrifstih.
host crystals. Linear optical experiments cannot extract the We recently derived a two-point dipole moment correlation
structural and dynamical information about molecular systems function, J(t;T), which enabled us to demonstrate that each
in condensed phases because they are usually hidden underneadmponent of the absorption line shape is related to the temporal
a broad inhomogeneous distribution due to a variation in behavior of the echo decay function over the relevant time
transition frequencies for different molecules as a result of scales. For example, FT of the slow exponential decay in PE
different local environments. This is a typical linear spectrum on the pico- and nanosecond time scales (slow-decay compo-
in solutions, liquids, glasses, proteins, polymers, and molecular nent) corresponds to the ZPL, while FT of nonexponential decay
crystals. However, nonlinear optical techniques such as hole-on the femtosecond time scales (ultrafast-decay component)
burning, fluorescence line-narrowing, photon-echo, and pump corresponds to the PSB in the frequency domain. Finally,
probe absorption can extract this information by eliminating the oscillations in time domain (quantum beats) correspond to
inhomogeneous broadening. Those techniques require going td=ranck-Condon progressions in the frequency domain. Two-
higher-order optical response functions, that is, nonlinear component photon-echo decays have been observed before by
response function’. Saikari® and other worker%1°for which the fast decay reflects
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the PSB contribution and the slow one is due to the ZPL. It
was shown that PE profile is a mirror image of linear absorption
and hole-burning spectra?

The multimode Brownian oscillator (MBO) model has gained
a sound popularity in probing homogeneous structure of

Toutounji

from time domain through the use gft;T) of the MBO model.

In the case of Mukamel’s formalism, a key quantity that enters
into the MBO expressions for the linear and nonlinear response
functions is the broadening functiog(t; T), which depends on

S, wj, andy; of the BOs. It was pointed ottn our previous

chromophores in liquids, molecular crystals, glasses, andWork thatg(t'T) of the strongly underdamped MBO model leads
polymers. It has been extremely important to the conceptual to @ ZPL width of Z(2n + 1)y, wheren is the thermal

grasp of optical liquid dynami€g3-15 and ultrafast solvation
dynamics®1316-19 |n this model, the linearly coupled modes
are the primary Brownian oscillators (BOs). The BOs and the

oscillator of BOj and only when the frequency dependence of
yj (non-Ohmic dissipation) is properly taken into account does
yi(w) vanish asv — 0 so that bath modes do not contribute to

bath modes (oscillators) are assumed to be harmonic with thethe width of the ZPL. Inclusion of non-Markovian bath should
coupling between the former and latter taken to be linear in the "d the absorption in the ZPL region of the bath modes

BO displacement, which results from excitation of the BO via
the electronic transition. The coupling gives rise to an effective
damping,y;(w), for each BOj (frequencyw;). In applications
of the MBO model, the frequency dependence/phas often

contribution. Thus, other dephasing mechanisms can dominate.
Work in this direction is in progress.

In this paper, we intend to show the inadequacy of the Ohmic
damping assumption when employing the MBO model to

been neglected, which amounts to a white spectrum for the bathCalculate linear/nonlinear spectra. The primary goal of carrying
(known as Ohmic dissipation). In the case of an underdamed ©Ut photon-echo and hole-burning experiments is to study pure

Brownian oscillator;y; < 2wj, this results in a ZPL width that
depends or§, y;, andwj, where§ is the Hung-Rhys factor

electronic dephasing. In section 11B, we show that the ZPL width
dependence 0§, wj, andy; of the BO could lead to erroneous

andw; is the BO frequency. The spectroscopic consequencesconclusions about electronic dephasing data obtained from hole-

that arise upon applying the MBO model linear and nonlinear
dipole moment correlation functions with Ohmic dissipation to

burning and photon echo. A physicg(t;T) that accounts for
pure electronic dephasing has been proposed by Toutoun;ji et

low-temperature spectroscopy of chromophores imbedded in@-*’ While this g(tT) is valid at any temperature, it is only
solids are that the contributions from decay of the excited state 990d in the underdamped regime. There has been a considerable

and pure electronic dephasing are neglected and that the zPL2Ctivity in applying the MBO model analysis to time-resolved

width depends o1, y;, and w;.620:2

Another problem that arises in applying the model is that at
sufficiently low temperatures the ZPL profile calculated by the
MBO model with Ohmic dissipation was found to bsym-
metric2021 Single-molecule spectroscoffyand experiments of
mixed organic crystatd and molecular chromophores in glasses
and polymer24-26 have shown that, for systems exhibiting
weak electror-phonon coupling $ < 1), the ZPL profile is
symmetric and that the width is determined by pure electronic
dephasing (assuming no spectral diffusibhj®21Toutounji and
SmalP! have examined in considerable detail the applicability
of the Ohmic MBO model to linear optical spectroscopy of

spectroscopic techniqué43-1930-37 The difference between this
paper and the alluded work is that this paper @ge3), which
includes Matsubara series at finite temperatures in the under-
damped regime, while the other groups had often used the

overdamped MBO model(t;T) in the high-temperature
|imit_12—14,16,17,19,3937

II. The Multimode Brownian Oscillator Model

In the MBO model, the quantum subsystem is taken to be a
two electronic-level system with a ground stageland excited
state| f Cwith some primary vibrational coordinates(nuclear
modes with angular frequency; as part of the quantum

chromophores in host solids at low temperatures. They havesubsystem) linearly coupled to the electronic system:

formally proven, as we will see in section Il, that the ZPL width
vanishes al = 0 K. The vanishing of the ZPL is clear evidence

that the bath modes do not contribute to the ZPL line shape
and that other dephasing mechanisms should be considered a

H = H,ylgllg| + H¢| f[IF| + H’ (2.1)

\fvhere the nuclear Hamiltoniartdy and Hr are given by

low temperatures. As one raises the temperature, the ZPL starts 2

acquiring finite width due to thermal activation of the bath
modes. Knox et a® have introduced non-Ohmic dissipation
into the spectral density by using an empirical expression,
whereby they were able to show that the inclusion of non-Ohmic
dissipation,yj(w), can lead to sharpening of the ZPL and a
reduction in its asymmetry, depending on the magnitude of

yj(w). This is because non-Ohmic dissipation reduces the

contribution from the bath modes to the ZPL profile, as should
be the case.

Although the MBO model has been applied extensively to

various spectroscopic techniques, solvation dynamics, electron

transfer?” and energy transfe,it has not yet been utilized in

hole-burning spectroscopy. The only hole-burning theories that

we are aware of are those of PersoA@mall and co-workers
and MukameP Here, we intend to blend the use of the line-
broadening functiong(t;T), which will include Matsubara
frequencies, of the MBO model with the hole-burning formula
of Small and co-worker® Although the hole-burning theory

p; 1
=Y |[—+-mog® 2.1a
0= 2o TG (2.13)
2
szp—j+} wi(g + d) (2.1b)
f J 2“1 2m1 ] ] :
and
2
pn 1 anqj 2
H = +-mwqQ, — (2.1c)
Z am, 2 """ sznwnz

The primary vibrational degrees of freedom are in turn linearly
coupled to a harmonic bath made up of a set of oscillators with
massesn, frequenciesw,, coordinatex, (bath modes), and
momentap,. The primary vibrational degrees of freedom
(Brownian oscillators (BOs)) are coupled to thién harmonic

of Small and co-workers has been designed to be implementedoscillator through the coupling strength;. d; is the linear
in frequency domain, in section IIB, we show that one can start displacement of the excited BO, which takes place upon optical
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electronic transitionH’ represents the bath oscillators and their
coupling to the primary oscillators (phonons in solids) with a
coupling strengttc,;.

A. Linear Spectroscopy. With the use of the Brownian
oscillator model spectral densityhe linear dipole moment time
correlation functionJuso(t;T), reads

Iuso(tT) = expl=g(tT) — Q1] (2.2)
with g(t;T) = Z]-N=19j(t;T) for a multimode N Brownian
oscillators (BOs)) system, anf, is the vertical transition

frequency. The line broadening functigyft;T) for the jth BO
is given by?®

gj(t;T) =F+
S[—4iwy,(e”""""* — coshPhw)) + (4w;* — y%) sinhBhaw))]
X
4w,0][cos(Bhy;/2) — coshBhmy)] €'
cos(t) +
Slidw — y)(e """ — coshhmy)) + 4wy, sinhBho)]
X
4w,0|[cos(Bhy;/2) — coshBhm;)] e
2y uj2 t—v, {(1—e ")
sin(@;t) — (2.3)
B & (o + v = ()
F=iSy/w, + b, + byt (2.3a)
o, _ Sty sin@hy2) + (" — 4w;") sinhBhay)] (2.3b)
= 4zw,[cos(Bhy;/2) — coshBhz;)] '
b, = m 2 sin@hy;) + (y,lm;) sinh@Bhao,) (2.30)

2 coshfhem;) — coshy,/2)

In the above, we have introduced the positive bosonic Matsubara,

frequenciesy, = 2zn/(Bh), the Huang-Rhys factor,S, u; =
wiP?di/hV2 whered; is the dimensionless linear displacement,
B = (kT)"t and T is the temperature, angd; = (w;? — y;2)Y?
with y; and w; being the vibrational damping constant and
fundamental angular frequency of the BQnuclear mode),
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Figure 1. Homogeneous linear absorption spectra calculated with
numerical Fourier transform dfsso(t; T) for a model system at various
vibrational dampingy;: w; =30 cnt?, §= 1.8, andT = 15 K. Itis
clearly shown how the ZPL width and intensity change as a function
of y;. This is an artifact of the MBO model. The bottom right frame
with y; = 20 cnt?! represents the 30 crhmode for the special pair
absorption band of the bacterial reaction center.

spectroscopy show that the homogeneous ZPL width is due to
pure electronic dephasing/spectral diffusion, see Introduction.
Figure 1 shows homogeneous absorption speeira 30 cn1?,

y; =20 cnm'?, and§ = 1.8 atT = 15 K) calculated using four
values of the vibrational damping constant 5, 10, 15, and

20 cntl. One can evidently see that the ZPL broadens
significantly asy; increases yielding the following calculated,
and measured, widths (eq 2.5): 12.5, 25, 37.6, and 50'.cm
Figure 1 was calculated by using eq 2.2 into eq 2.4. The bottom
right frame corresponds to one of the modes of the special pair
of bacterial reaction centé&#.The ZPL width in the absorption
spectrum in the bottom right frame is in complete disagreement
with that reported by experimefitas well as with the theories

of Small and co-worke®38 and Toutounji et af.” The
experiment and the aforementioned theories distinctly show that
the ZPL for the above parameters is Fran€ondon-allowed

respectively. The linear absorption spectrum can be obtained(the ZPL is resolved from the phonon-sideband structure),

by taking the Fourier transform (FT) dfuso(t;T)

o(w:T) = R;e " dt J(ET) explot) 2.4)

The result is derived in the Appendix A. The homogeneous
width (fwhm) of the ZPL

2 sin@hy;) + (v/o;) sinh@Bhar)

YzeLi(T) = S -
ZPH 3 coshfhem;) — cos(3hy,/2)

o 4y ujzlﬁ

L, 2 22 _ 2 (2:5)
n (wj + Vn ) (Vjvn)

This width depends or§, wj, and y;. Equation 2.5 is an

whereas Figure 1 shows otherwise. Figure 2 shows that the ZPL
width depends o1§. Changing from§ = 1.8 used in Figure 1
(upper left frame) tc§ = 4, and keeping everything else fixed,
yields Figure 2 with a ZPL width of 27.8 cmh. For a small
magnitude ofy;, Ohmic dissipation leads to a ZPL width that

is too large, that is, unphysical. Equation 2.5 was used to
accurately reproduce the results given in Figure 2 of ref 20.

Note that eq 2.5 reduces to zeroTat= 0, vide infra. The
homogeneous widths of the multiphonon bands are givéAlby

(fwhm), = yzp; + IKly; (2.6)

k is an integer that signifies the number of phonons created/
annihilated with each vibronic transition. Thatp ; adds

to the widths of the multiphonon transition has a physical
basis®® The linear dependence dn(folding) is valid for any

unphysical result; experimental studies and single-molecule phonon relaxation mechanism that is linear in the coordinate
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Figure 2. Homogeneous linear absorption spectrum calculated with
numerical Fourier transform diso(t; T) for a model systemw; = 30
cmy yj =5 cml; § = 4, andT = 15 K. This figure shows how
changingS from 1.8 in Figure 1 to 4 affects the entire spectral profile
starting with that of the ZPL.

of the phonon. Such folding has been observed for chromo-
phores in host crystaf$:*° The FC factor for the ZPL is (see
Appendix A)

FCapy; =
Sy . w 2y, uj2/(,8vn) @)
exp —iSyjlo; — % — .
= (o + ) = ()’
where
. 2 N
s _ Sl4wyy; sinBhy;/2) + (v, — 4o;°) sinh(Bha;)] 2.8)

! 4w;o;[cosBhy,/2) — coshfha)]

Equation 2.8 recovers the well-known form, G =
exp[—§ coth(Bhw;/2)] asy; — O.

The linear dipole moment correlation functidpgo(t), for
BOjatT = 0 K is given by (see Appendix B)

Jueo(t) = exp{ —Y(1 — exp(~yti2 — iwt)) + D} (2.9)

where
z
Y, = 3(601 - 7 + iy )/wa) (2.9a)
and
_ a)j3dj2yjfm dx X (1 — e (2.9b)
T V0 (wjz +x)7 — (ij)z

See ref 21 for the mathematical behavior@f The absorp-
tion line shape my be obtained by using eq 2.9 in eq 2.4 to
give?!

OMBOj(w) =

= Y[ (myy/2) +

i(@ — me))
exp( Y)
7 Za M (@ — ma;)? + (my,/2)°

xf(w)

(2.10)

Toutounji

wherefi(w) is the Fourier transform of expf) and “” denotes
convolution.

Note that the time-dependent part of &2y)(or the frequency
dependence of its Fourier transfofifw) contribute only to the
vibrational (phonons) part of the absorption spectrum. Thus,
the frequency-independent termfj@w) would contribute only
to the FC factor of the ZPL. Because we are in the low-
temperature limit, the quantum number of the initial state for
the absorption transition is zerm is the final-state quantum
number. Equation 2.10 shows, in part, that MBO model yields
a ZPL (m= 0) homogeneous width of zero. The homogeneous
widths (fwhm) of the multiphonon bands(= 1) aremy;. Note,
however, that this gives folding to the widths of the multiphonon
transitions, which will often be the desired result. Equation 2.10
shows that the ZPL blows épat T = 0. The presence of zero
width of the ZPL, that is, delta-function line shape, in eq 2.10
has a great spectroscopic advantage in the sense that one can
feed in the correct pure electronic dephasing function, as was
done in refs 6 and 21, because the MBO model neglects it. It
further indicates that the bath modes do not contribute to the
ZPL line shape all = 0 K. It is interesting to note that in
reference to eq 2.10 one obtains the familiar Poisson distribution
exp(=9)Ym(§™m!) for FC factors in the limity; — O with
wj — Wj.

B. Nonlinear Spectroscopy.Consider the impulsive stimu-
lated photon echo in which the three applied pulses are infinitely
short. The integrated intensity of the echo sigiahg is?

S’ 0) = [, dt IRt x(t — 7))

wheret' is the delay between the first and second pulsesrand
is the delay between the second and third pulses. HRétgt, t;)
is the echo response function defined as

R(tatat) = R(tathty) + Re(tatoty)

where Ry(t3,t2,t1) and Rs(ts,t2,t1) can be found in ref 8. While
R(ts,tz,t1) governs the homogeneous (dynamical) contribution
to the dephasingy(ts — t1) governs the static inhomogeneous
contribution. The form of the inhomogeneous broadening term
%, vide infra, results in the maximum of the echo appearing at
timet = 7' after the interaction with the third pulse, which we
can now consider to have occurredtat 0. Fort > 7', the
echo decays because of dephasing. If in the frequency domain
the inhomogeneous broadening is far greater than the homo-
geneous broadening(t — ') in eq 2.11 can be approximated
by a delta function, which results in

Sepd?'\7) =

In the calculations that follow a Gaussian profile is used for
the inhomogeneous functign

(2.11)

(2.12)

|2 (7' 7,7 (2.13)

x(ty—t) = exp[— %WZ(tB - tl)zl (2.14)
where the parametav is related to the fwhm of the inhomo-
geneous profile in the frequency domain by fwkm2.35w.

The impulsive two-pulse echo (IPE) can be calculated by
settingr = 0 in eq 2.11. Using the echo response function,
R(7',0,r"), in eq 2.11 yields the integrated impulsive two-pulse
echo signal Spe(t';T):

Spe(rT) = [ dt exp[-w(t — 7')’] exp{ —2 Re[ZY(t:T) +
29(r';T) — gt + 7T} (2.15)
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Figure 3. The 3-D graph is the IPE signal as a functiontand '
calculated with eq 2.16 employing the same parameters used in the
bottom right frame of Figure 1. The fast nonexponential decay signifies
the PSB. The slow-decay component (ZPL) is not present; see text for
details.
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The time-resolved two-pulse echo is ) .
Figure 4. Hole-burned spectrum for the 30 ckmode of the special

e N2 . pair absorption band of the bacterial reaction center calculated with eq
Spelt,;T) = exp-wi(t — )7 exp{ —2 Re[(tT) + 2.17 using the same parameters given in the Figure 3 caption. The

29(z";T) — gt + ;T]} (2.16) ZPH is missing; see text for details.

Figure 3 is a direct application of eq 2.16 for the same at 0.004. Using the MBO modai(t) at T = 0 K poses a
parameters used in Figure 1 with = 20 cnTt andw = 64 numerical problem, because the ZPL line shape becomes a delta
cm. The 3-D graph shows the behavior of the echo along the function, according to eq 2.10, but that one can be avoided by
t = 7' diagonal. Following the initial fast nonexponential (free- introducing pure electronic dephasi®é.The 15 K hole-burned
induction) decay of the intense PSB features associated withspectrum of Figure 4 disagrees with the experimental spegtrum
the overall profile of the multiphonon transitions, one would (although the experiment was conducted on a two-mode system,
expect to observe a fundamental quantum beat at 1.1 ps and itshe ZPL result should be the same because the ZPL profile is
overtone at 2.2 ps, as was observed in ref 7. Although the ZPL insensitive to vibrational structure), as well as the spectrum
is expected to be present (FrardRondon allowed), the slow-  calculated using the frequency domain theory of Small and co-
decay component is not observed in Figure 3. This disparity is worker$ (not shown). Note the very weak intensity of the zero-
attributed to the contribution from the bath modes to the slow- phonon hole (ZPH) atvg, which carries a width of 2,p =
decay component (dependence of the ZPL widtt§or;, and 100 cn1?! (this width is orders of magnitude larger than that
wj), which makes the ZPL FranelCondon-forbidden and thus  experimentally observed one. The weakness of the ZPH can be
not reflected in the PE profile. PE features in Figure 3 are in understood from its unphysically large width). The Franck
disagreement with the PE results of ref 7 (PE results of ref 7 Condon progressions are also lost because the ZPH width
are in good agreement with experiment, as well as with Small extends to the vibrational structure. The underdamped mode is
theory). Clearly, the structurelessness (lack of beats and the ZPL)acting as if it were an overdamped mode. This, again, is due to
of the homogeneous absorption spectrum in Figure 1 is the maximal contribution from the bath modes to the ZPH
noticeably manifested in Figure 3. Equation 2.15 is effectively profile.
the projection of the echo surface, produced by eq 2.16, along  Another example that illustrates the inadequacy of the Ohmic
the time-delay axis. The integrated intensity calculation was assumption when using the MBO model is the model system
performed, and the results (not shown) confirmed the findings with § = 0.3, y; = 10 cnT!, andw; = 25 cnTt at T = 15,
of Figure 3. 25, and 100 K. (This system, which quite closely mimics
We now uselveo(t;T) in the hole-burning theory of Small  Al-phthalocyanine tetrasulfonate in glassy ethanelkhibits
and co-worker¥® to calculate the hole-burned spectrum for one weak electror-phonon coupling $ < 1), in contrast to the
mode of the special pair absorption band of the bacterial reactionearlier example, which showed strong electrphonon cou-

center. The absorption spectrum following a burn for tipnie pling.) The MBO ZPH widths at the alluded temperatures,
given byf8-40 respectively, are 10, 16.7, and 66 chwhereas the corre-
sponding reported widtAsare 0.14, 1.0, and 15.2 cth The
0, (0;T) = phonon-sideband hole widths will in turn be significantly larger
oo than those reported in refs 2 and 7.
S 4 1(Q — V) dygo(@ — :T) eXpl-pdygo(ws — iT)] The problem of unphysically large ZPH width in hole-burning
(2.17) extends to the widths of the vibrational progressions because

i ) they build on the ZPL width. Similarly, the problem of the too
whereQ is the frequency of the ZPL of a single absorber and ¢4t electronic exponential decay in photon echo merges with
wg is the burn frequencyy(€2 — vm) is a Gaussian function  {he femtosecond time scale of the quantum beats (nonexponen-

with variancew” centered atm, which governs the distribution tia| decay) and thus leads to significant errors on interpreting
of ZPL frequencies due to structural heterogeneityis the the experimental data.

product of three terms: the absorption cross-section, the laser
burnflux, and the quantumyield for hole-burnidggo(w — Q;T)

is the absorption spectrum of a single site of which the ZPL
frequency isQ. Note that fory = 0, eq 2.17 is the inhomo- This paper is the result of calculations that were carried out
geneously broadened absorption spectrum. The hole-burnedn applying the MBO model to understanding the relationship
spectrum is defined here ag(w;T) — oo(w;T). The value for and differences between optical coherence loss of a chromophore
the standard deviation gf(2 — vy) used was 64 cmi 38 in a glass and in the liquid phase of the glass-forming solvent.
(vm was set equal to zero withg set equal tam). p, was set We offered first-time work in which the exact line broadening

I1l. Conclusions
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function g(t;T) (eq 2.3) is used in nonlinear spectroscopy. As  Acknowledgment. The author would like to thank the
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linear and nonlinear spectra, the MBO model ZPL measurementsthis project, under the Limited Research Grant Scheme 2000/
showed noticeable disagreement with those of the experimental2001. | am specially thankful to Gerald J. Small for stimulating
results and with well-established theories as well, especially and useful discussions.

when these theories agree with experiment. We believe that this .

disagreement is attributed to using Ohmic spectral density in Appendix A

the MBO model. Using Ohmic dissipation gave rise to difficul- ~ Here, we provide a derivation of the linear absorption
ties, namely, asymmetric ZPL and its width dependence on the spectrum line shape functionysoj(w;T) at a finite temperature
vibrational parameters such & y;, and wj. Experimental from which the FC factor and the ZPL homogeneous width can
studies show that homogeneous ZPL width is due to electronic be obtained. The line broadening functigt;T) is given by
dephasing in which vibrational parameters have no role. While

the multiphonon transitions widths should build on the ZPL T =u2 [t g ' iu2 1 "

width, therz) Ohmic MBO model indicates the converse. gj(t'T) 4 ﬂ) drlfo dr; Cj(rz) - " ﬁ’ dtlﬁ’ ar; C' 212)

The primary goal of carrying out photon-echo and hole- (A1)
burning experiments is to study pure electronic dephasing where uj = w;¥2dj/hY2and d, is the dimensionless linear
through analyzing and quantifying the slow exponential decay displacementCi(t) andC;'(t) are the real and imaginary parts
and ZPH width. The ZPL, ZPH, and slow electronic exponential of the two-time position correlation functid®(t; T) for under-
decay in homogeneous linear absorption, hole-burning, and two-damped ¢; < 2w;) BO j. They are given by
pulse photon-echo profiles were missing when applying the
Ohmic MBO model to the special pair of the bacterial reaction
center. The absence of theses three profiles was ascribed to th
dependence of the electronic transition §ny; and wj. This

h . s
cit= 4—[coth0¢j'hﬁ/2) e "' — coth(g,hp/2) € 7] —
@

dependence is caused by the bath modes contributing to the 2y, = vh€ "

ZPL region. This contribution is attributed to using Ohmic e ) -~ ) (A2)
spectral density in formulating the MBO model. Thus, the use B = (0f + v~ (v

of the Ohmic MBO model to interpret data on relaxation

dynamics of active BOs can lead to incorrect conclusions. The Cj"(t) =— h sin(wjt) e itz (A3)
MBO model problem may be solved by introducing non-Ohmic 2w,

dissipation, which will in turn lead to a dipole moment
correlation function with a ZPL width of zero. One can then
add in an electronic correlation function that accounts correctly
for pure electronic dephasing, as was done in refs 6 and 21.

It should be pointed out that our remarks in this article do

whereg; = y/2 + iwj and¢| = yj/2 — iwj. Carrying out the
double integral in eq Al yields

—g(tT) = F + (a; costmit) + a,sin(@t)) e nt2 4

not constitute the failure or deficiency of the MBO model. They 2y, ujz t — Vn71(1 —e "
are, however, to propose to the MBO model user to practice (Ad)
care when applying the MBO model with Ohmic dissipation. B & (wjz + 1,2 — (VjVn)z

Redfield theory and the MBO model are perhaps the most
widely used relaxation models. Recently, there have been somewhere
theoretical studies in electron-transfer dynamics favoring the
semigroup analysis over Redfield thetinbecause of the F=—iSyjw; — b, — byt (A5)
positive dynamics that the semigroup apprdact? can ensure

and that Redfield theory fails to warrant. The reason that the %1 = _

Redfield approach does not warrant positive dynamics, as S[—4imyy,(e""/? — coshBhw)) + (4w” — y?) sinhBhw))]
pointed out by the Silbey grouf,is that the Markovian o

assumption would not hold unless nonlocal memory effects take (A6)
place in a very short time scale. It is only after this transient

time that the subsystem dynamics are properly described byand

the Markovian regime, which is equivalent to Ohmic dissipation.

Just because the Redfield theory does not warrant positivity, 2 — ) g B2 ]

this does not constitute its failure. It does however signal that Sli(4m;” — y))(e = coshffian)) + 4w;y; sinhBhia)]
the Markovian approximation in some cases may produce a

nonpositive dynamics. Similarly, the asymmetry of the MBO (A7)
model and its ZPL width dependence on the model vibrational .

parameters do not constitute its failure. It does nonethelessWlth
suggest introducing non-Ohmic dissipation into the spectral . 2 o .
density of the phonons. Non-Ohmic damping (non-Markovian b=— 3[4@7/1 S|n(ﬂhyj/2)+ (VJ' — 4o )S'nhﬁhwj)]
relaxation) implies noninstantaneous dissipation, which allows a

transient correlations between the subsystem and the bath to
arise during the time and the subsystem being correlated. OhmicVherea = 4mjwj(coshfhm;) — cosfhy;/2)) and
damping does not offer this feature. However, it was found that ; ;

the Ohmic MBO model can prove reasonably valid in the bZE%ZS'n(BhVJ) + (y/@;) sinhBha;)
strongly underdamped regime, that j$,< 2w;. 2 coshfphw;) — coshy;/2)

(A8)

(A9)



Ohmic Brownian Oscillator Approach
One may rewritelugo,(t;T) as @ = 0)

; , o SXPKS)
weoi(tT) =€ k—ZOOZO( 1/2) ||r(k+|+1)

— by + (k4 2)y,/2)] x
(2Uj27j ﬂ_lvn

n=1 M=o m!((a)j2 + vn2)2 - ()/J-Vn)z)m

exp[—(b,

0 0

exp(-ikat)

—1)m e—mvnt

(A10)

where Z; = 4/a,®+ a,” and ©; = arctan@y/aj). The linear
absorptiomMBo,j(w;'l') is given by

Oppo,(@;T) = dt Juveo,(tT) explwt) (All)
Applying eq All to eq A10 leads directly to

ISm/(wJ b1—by) 2

23Nz

(o + v = (p)) ™"

Ovpo,(@;T) =

exp(k®)(2uy; p v, )"

miT(k+ 1+ 1)
(b, — by + (k+ 2I)yj/2 +mv, + i(kwj — a)))f1 (A12)
where
© 2U12Vj Bt
(A13)

b3 - Z 2 22 2
n= (CU]- + Vn) - (Vjvn)

andb, = bg/v,. T is the gamma function. Equation 2.7 and the

homogeneous width of the ZPL in eq 2.5 can easily be obtained

by settingk =1 = m= 0, whereas the widths of the multiphonon
transitions are given by eq 2.6.
Appendix B

In this appendix, we sketch the derivation of the MBO model
linear dipole moment correlation function &t= 0 K. In the
low-temperature limitCi(t) andC;'(t) (from Appendix A) read

cit) =

h 2y @ Vne_vnt
—cosoit)e M2 — lim — P > (B1)
Zwi pee B (wj ) - (Vjvn)
" - h yiti2
C/'(t)=— 5 —sin(@t) e’ (B2)

@

As the temperature is lowered, quantum effects start to appear

and the Matsubara frequencigsget closer to each other, and

at zero temperature, all of them contribute. One may then replace28q

the Matsubara sum in eq B1 by an integral

2y = v, e
—I|m— =
e B (0 + v, ) - (v >

th xe *t

wjz + X2)2

(B3)
T -’
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One can evaluate théygo(t;T) by substituting eq B3 in the
real term of eq A1 and then exponentiating it as in eq 2.2. As
a result,Ci(t) assumes this form

[ i 771'”2 —
Ci= 2w cos(oit) €

—Xt

Ry oo xe
o g @

When eq B1 is usedj(t) reads, afl = 0 K,

g(t) = Swyt2m) + Y1 — expCy 2 — imt) —
332 —1 —xt
074y e t=X(1—e)
7 Jo & )
where
2
Y, = q( ——+|yJ )/( (B6)

where§ = di?2 is the Huang-Rhys factor withd; being the
dimesionless linear displacement gnds the damping constant
(fwhm) of thejth BO. When eq 2.2 is utilizedluso(t) reads,
for a single-mode systeng) = 0),

Jveo(t) =
ex;{ ~SwyH@m) — Y1 - exp(-yt2 — imD) +

0 e =X
7 0 (wjz + X2)2 - (ij)z

Equation B7 may be simplified through the fact that the first
term in the integral multiplied byw;3d?y/z is equal to
Swjyil(2w;). Iveo(t) in turn becomes

Jugo(t) =

where

(B7)

exp{ —Y|(1 — exp(-yt/2 — imjt)) + D} (B8)

dx X {1 —e™
(wjz +x0)? — (ij)z

I 7 A (B9)
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