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Abstract

The effects of vibrational coherence and vibrational relaxation on the pump-probe stimulated emission are theoretically studied on the
basis of the perturbative density operator method and the transient linear susceptibility theory. The time-resolved profiles are simulated
for the system with the single vibrational mode at the several temperature at the several probing frequencies. The quantum beats appeared
in the profiles are shown to rapidly dephase as the temperature increases. The calculations imply that the time constant of the vibrational
relaxation of the intra-dimer mode in the special pair of the D;; mutant of Rhodobacter capsulatus is approximately the order of 300

femtosecond at the low temperatures.
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1. Introduction

Recently, femtosecond chemistry has considerably at-
tracted experimental and theoretical attention. The applica-
tion of femtosecond measurements to biological systems
reveals ultra-fast phenomena [1-3], such as quantum beats
and their decays that, respectively, represent the coherent
motions and the relaxation of vibrational modes [2,3]. In
particular, the initial electron transfer (ET) in photo-
synthetic reaction centers (RCs) is most appealing, since
ultra-fast components associated with the ET are found in
the time-resolved profiles. By applying femtosecond spec-
troscopy and /or mutagenetic techniques toward the eluci-
dation of the ET mechanism, the intensive work on the
ultra-fast ET in RCs has been reported [4-28]. In this
paper, we teport a theoretical treatment of the vibrational
coherence and its relaxation that takes place in photo-
synthetic RCs at low temperatures.

The bacterial photosynthetic RC has been characterized
in greater details, both structurally and functionally, than
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any another integral membrane protein complex [29-31],
One of the characteristics of the structure of the RC is its
pseudo-C, symmetry that extends to the level of the
cofactors forming two branches (L and M). In addition, the
ET is only active in one of the branches (L). The special
pair P, a pair of bacteriochlorophyll (BChl) molecules, is
situated in the pseudo-C, symmetry axis and near the
periplasmic side of the membrane. It is generally agreed
that in photosynthetic ET, excitation of the P to P*
initiates the first ET process, in which the electronically
excited state P* lives with a time constant of next 1-4 ps,
leading to the charge separated state P*H;, a reduced
bacteriopheophytin (BPhe) H; , on the M branch. Electron
transfer from H; to Q, a primary quinone on the L
branch, proceeds with a time constant of about 200 ps and
is followed by subsequent transfer from Q, to another
primary quinone Q,, on the M branch in hundreds of
microseconds, which completes the ET. Since the back
reaction times are all at least an order of magnitude slower
than the forward one, the quantum yield is near unity,

A related and much investigated question concerns the
mechanism of ET between P and H,, and to what extent
the state P*B; is actually populated or involved as a
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virtual state allowing direct ET [9-20,32-39]. Since
higher-resolution transient absorption experiments were
performed [11,13], it was discovered that one could not
model the initial ET reaction as a single-exponential decay
of PYH, at all wavelengths. It became clear that the
room-temperature decay Kinetics were dependent on wave-
length.

Kirmaier and Holten [11], have proposed that the wave-
length dependence results from conformational heterogene-
ity in the RC population (one-step model). In addition,
employing bleaching kinetics of H, based on the sequen-
tial two-step mechanism, Fleming’s group have also ob-
served that decays of P” can not be fitted to a single
exponential function [6]. Recent work from the same labo-
ratory has suggested a combination of sequential and
superexchange models to interpret the spontaneous emis-
sion of P* [16].

Quite recently, Zinth and his co-worker have reported
the sub-picosecond kinetic component in transient absorp-
tion spectra of RCs of Rhodobacter (Rb.) sphaeroides and
Rhodopseudomonas (Rps.) viridis, suggesting a third ki-
netic process characterized by an extremely short time
constant of 0.9 ps and 0.65 for Rb. sphaeroides and Rps.
viridis, respectively [13,17]. They have analyzed those
measurements of the wavelength-dependent kinetics in
terms of a spectral analysis of the decay component ampli-
tudes and argue for a model involving P*B; or the
formation of a short-lived Bchl anion, B; (two-step
model), which had been proposed by Shuvalov and co-
workers [35]. Although their data showed no quantum
beats, one should investigate the possibility of non-equi-
librated vibrational motions in the P*B, and the effects
of such vibrational motions on the ET from the micro-
scopic point of view. The experimental studies conducted
thus far have led to the qualitative observation that the
interpretation of the kinetics at a single or a few selected
wavelengths is problematic. The amplitudes of a kinetic
analysis, for instance, are not directly representative of the
populations in intermediate states (if they exist) but, rather,
are complicated by the extinction coefficients of the partic-
ipating states and the proposed mechanism itself.

Recently, reporting short-lived oscillations in the time-
resolved profile at a temperature of 10 K, Vos et al. have
performed femtosecond pump-probe stimuiated emission
measurements on D;, mutant RCs of Rb. capsulatus and
R26 mutant RCs of Rb. sphaeroides [1]. Lacking of the
H,, the D,, mutant undergoes no ET during the femtosec-
ond measurements. In our previous paper [39], proposing
the vibrational relaxation time of 500 fs, we analyzed their
data based on the perturbative density matrix and suscepti-
bility methods. This vibrational mode is associated with
intra-dimer vibrations in the special pair [41]. Quite re-
cently, the same laboratory has reported more detailed
femtosecond experimental data on D,, mutant RCs of Rb.
capsulatus, providing the effects of temperature, excitation
and probing wavelength on the pump-probe stimulated

emission [2]. The time-resolved profiles show a distinctive
slow oscillatory component in addition to the fast oscilla-
tory ones that is presumably related to intra-dimer vibra-
tions in the special pair. The Fourier analysis of the
quantum beats implies that the frequency of the slow
oscillatory component is approximately 17 cm !, which is
associated presumably with vibrational motions of proteins
in the membrane of the D,; mutant RC. Small and his
co-workers have emphasized the importance of protein
modes in absorption spectra of RCs as well [42,43). The
quantum beats appearing in the time-resolved profiles
strongly indicate that the vibrational relaxation takes place
during the femtosecond measurements at low tempera-
tures; situation that the conventional ET theory is not
applicable.

The complexities of the ET in the RCs at low tempera-
tures are not only due to the non-equilibrated vibrational
motions but also because of inhomogeneities in the struc-
tural conformations of the RCs. Boxer and his co-workers
[44] and Small and his co-workers [45,46] have performed
hole-burning measurements on wild-type RCs and mutant
RCs: both of them reporting a number of constants of
homogeneous broadening in the electronic transition fre-
quencies and a various number of high (small) vibrational
frequencies and their coupling constants that are assigned
to the intra-dimer (protein) modes. However, it has not
been resolved to what extent vibrational relaxation and
inhomogeneities affect the ET dynamics at low tempera-
tures and the ultra-short time-resolved profiles of transient
SpECtroscopy.

The conventional ET theory is a powerful tool to inves-
tigate the mechanisms of ET taking place in the systems in
which a weak electronic coupling, a single vibrational
mode with a strong coupling constant, and the vibrational
equilibrium are assumed [47-51]. Thus, this theory is not
applicable to the ultra-short time regions over which ET
takes place accompanying vibrational relaxation or to the
systems consisting of a multi-mode with weak coupling
constants. In such ultra-short time regions, one should
analyze the ET dynamics on the basis of single-vibronic
level ET rate constants taking into account the vibrational
relaxation as well. In addition, it became clear that the
photosynthetic ET involved several vibrational modes. Us-
ing semi-empirical molecular orbital calculations, Warshel
determined six vibrational modes; four high-frequency
modes with small coupling constants and two low-
frequency ones, one of whose coupling constant is rather
large. The high-frequency modes, with small coupling
constants, do not play an important role in absorption or
emission spectra. However, in a previous paper, we have
shown that these high-frequency modes play an important
role in ET, especially for the case in which the electronic
energy gap is larger than 200 cm~'. These modes have
also been observed in resonance Raman scattering [52,53].
As already mentioned above, applying hole-burning tech-
niques, Small’s group measured small-frequency modes; a
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frequency of 120 and 145 cm™' Rb. sphaeroides RCs and
Rps. viridis RCs, respectively [45]. Analyzing the experi-
mental data, they found that the coupling constants of
these modes are quite large compared with the high-
frequency modes. In addition, observing a mean phonon
frequency of 30 cm ™! and a one-phonon profile width of
approximately 40 cm™!, they have reported phonon-side-
bands in the hole burning spectra [45]. From their detailed
analysis of the hole-burning experimental data, they found
that the RCs of Rb. sphaeroides and Rps. viridis undergo
sub-pico second relaxation processes [45]. Thus, the sin-
gle-vibronic level ET rate constants should incorporate the
multi-mode in the RCs [54].

In our previous work [55,56], we have analyzed the
femtosecond time-resolved three-dimensional spectra of
Rb. sphaeroides at room temperature by applying an exci-
tonic-vibronic coupling model in which, including the
excitonic states of the dimer P, 10 electronic states were
used. Our analysis strongly indicated that more than three
electronic states are required in order to construct the
observed, femtosecond time-resolved spectra and interpret
the wavelength-dependent kinetics and that the multi-mode
effect should be considered in calculation of the ET rate.

Detailed analyses would be a great task indeed, ranging
the frequency domain experiments to the time-resolved
measurements. It is most important, however, to utilize
those experimental data for establishing a whole scheme of
the ET mechanism of RCs at various temperatures. In this
work, focusing on the vibrational relaxation and its tem-
perature dependence, we present theoretical analysis of the
quantum beats appeared in pump-probe stimulated emis-
sion profiles on the D,; mutant RCs of Rb. capsulatus [2].
Since this system show no ET during femtosecond mea-
surements as mentioned above, we can isolate vibrational
relaxation information, which leads to more precise and
detailed mutual analyses of the hole-burning spectra and
absorption spectra at low temperatures.

In the following section, we briefly describe out theoret-
ical treatment. On the basis of the perturbative density
operator method [57,58] and the transient linear suscepti-
bility theory [59-61], we can properly incorporate both
pumping and probing optical processes as well as vibra-
tional dynamics taking place between them. In discussion,
we shall show the effects of temperature on pumping-probe
stimulated emission spectra, and on how quantum beats are
modulated as a result.

2. Theoretical

We consider a model for the pump-probe stimulated
emission measurement in which a pumping laser pulse
excites molecules in a ground vibronic manifold {g} to an
excited vibronic manifold {n} and a probing pulse applied
to the system after the excitation. The probing laser in-
duces stimulated emission in which transitions from the
manifold {n} to the ground state manifold {m} take place.

We assume that there is no overlap between the two
optical processes and they are separated by a time interval
7. On the basis of the perturbative density operator method,
we can derived an expression for the time-resolved profiles
which are associated with the imaginary part of the tran-
sient linear susceptibility [58-60], i.e.,

o n

x (o,,,7)
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(1)

where p, ,(7) denotes the density matrix element, w,,,
1/T,, ., and @, are, respectively, the central fre-
quency of the probing laser pulse, its bandwidth, the
transition frequency and the transition dipole moment.

Based on Eq, (1), we shall derive a single-mode repre-
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sentation of (wp,,a'). In the adiabatic approximation,
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laylau) and |m' ) =la)|aw' ) where b and a, respectively,
represent the electronically excited and ground states and v
or v' (u or u') is the vibrational state in the electronic state
b (a). We assume that the probing pulse is such short that
molecular dephasing processes during the optical process
can be ignored. Using the above basis set, Eq. (1) becomes
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One can easily find in Eq. (2) that ; (w,,,7) consists
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where w,, ,, =, ,+ (' —ww and w,, is the elec-
tronic transition frequency and w denotes the vibrational
frequency. The first and second terms on the right hand
side of Eq. (3) are associated with the dynamics of vibra-
tional population and coherence. We shall first consider
the population dynamics. In the Condon approximation,
Eq. {4) becomes

«-)//(w T)z_(ﬁb’a®ﬁa’b)
x (@, e

n

X ZRC{ P be(T) Fypy po(@ )} (6)

Here Fy, 5, (w,,) denotes the bond-shape function of
x in(w,,,7) and is given by

K aulbo)|?
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where {aulbv) denotes the overlap integral of the vibra-
tional wave functions. The vibrational overlap is ex-
pressed, in terms of the displaced harmonic oscillator
basis, as
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where S is the coupling constant (or Huang-Rhys factor)
associated with the displacement in the normal coordinate
between the equilibrium positions of each potential. Here-
after we ignore the suffix b in p,, . (7) for simplicity.
The temporal development of the population in the vibra-
tional state v, p, (7), satisfies the master equation [62];

I, (1) _

S =L+ L L) (9)

v#EL
and /or
v #

where I";" denotes the population decay constant of the
vibrational state v and the diagonal element of I, " for
example, FLUL " represents the rate constant of the v1bra-
tional population transfer from v’ to v, while the off-diag-
onal element, i.e., v # v', stands for the vibrational coher-
ence transfer from v < ' to v < v. Those decay and
transfer processes are induced by an interaction with the
heat-bath modes. Having focused on the vibrational relax-
ation, we have ignored in the derivation of Eq. (9) the
vibrational couplings that deplete the electronically excited
state via non-radiative transitions.

In the secular approximation [57,58], we can eliminate
the coherence terms, for instance p, () (' # v"), in Eq.
(9) such that the only diagonal terms contribute to the
vibrational transitions through which the vibrational popu-
lations in various states are coupled. By applying the

ladder model [62] to the interaction between the vibrational
and heat-bath modes, the vibrational population decay
constant I';" is expressed as

Ly ={v+Q+vyexp(—hew/kyT)}y o (10)

The first term in Eq. (10) is originated from the decay
from v to v — 1, while the second one, with the Boltzmann
factor, is due to the thermally activated transition from v
to v + 1. The vibrational population transfer, on the other
hand, is only allowed to undergo the v — v + 1 transitions
in the ladder model. Thus, the rate constant of the transfer
is given by

Ly =ryhs,

-1

8L L_I+I*L+lz+16 6
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(11)

where I,%," " ~! and I5*"**/ pertain to, respectively,
the vibrational population transfer from v to v + 1 and that
from v + 1 to v, and they are given by

Lt =vexp(—hw/kyT)y Lo (12)
and
FL+IL+1 (1+U)71~»0 (13)

One can easily see from Eq. (12) that the population
transfer from v —1 to the above state takes place via
accepting energy from the heat bath-modes. Notice that
¥i-po in Eq. (11) represents the rate constant of the
vibrational transition v =1 — v =0 and is given by [62]

1
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where C*> = w/h, and @ and B (E, and Eg) denote the
states of the heat bath-modes (their energies), FB is the
heat bath operator, P, represents the thermal distribution
function if the heat bath-modes. Substituting Egs. (10-11)
into Eq. (9), one can obtain

9p,.,(7)
or

= _'{U + (1 +v)exp( ”ﬁw/kBT)}Yl—»oPu,v(T)
+(1 + 0)71—>0va+1¢‘+1(7)
+Uexp(_ﬁw/kBT)‘yl—*Opl'—l,u—l(T)’ (15)

where the terms with the Boltzmann factor are associated
with the thermally induced vibrational transitions as men-
tioned above; they vanish at low temperature, when % w
> kg T holds.

With the ultra-short pulse excitation, the initial condi-
tion of Eq. (15) is given by [58—60]

Yi-0= 35

2
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where P, = exp(—u'hw/kzT)/{1 — exp(—hw/kgT)}.
The initial condition is a function of S as seen in Eq. (8).

The coherent component, i.e., Eq. (5) can be treated in a
similar fashion as well and one can find

o n
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where
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in the secular approximation and with the ladder model,
the time evolution of the vibrational coherence, pl.’L.r(T), is
determined by

Plf,("(T) = exp{ - ( iwt'.t" + E'fL:'l.’)T}pL',L*'(O)’ (19)
where w, , = (v~ v )o and
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By omitting the pure dephasing processes, which is war-
ranted at low temperatures, the dephasing constant FLL(l
in Eq. (19) can be expressed, in terms of the population
decay constants of the states v and v/, as

Lo =3{o+0+Q+v+o)exp(—ho/kgT)}y, Lo
(21)
Having considered only the single mode case so far, we

can also derive an expression of y (wp 7) for a multi-

re
mode system in a similar fashion. In two mode case, for
«>

instance, y (w,_,,7) can be divided into three terms, each

prs
of which corresponds to interference between the vibra-
tional processes of the two modes. It should be noted here
that within the same approximations as used above, the
density matrix of the two modes during the time interval 7
can be expressed as a product of each mode’s matrix.

3. Result and discussion

In order to investigate how vibrational relaxation affects
ultra-fast dynamics that appear in the profiles of pump-
probe stimulated emission, we now utilize the equations
derived in section 2 and apply them to analysis of the
time-resolved profiles of D,; mutant RCs of Rb. capsula-
tus rteported by Vos et al. [2]. In order to determine
reasonable molecular parameters for vibrational frequen-
cies and the coupling constants, we analyzed absorption

spectra of D,, mutant RCs. Since hole-burning spectra of
D,; mutant RCs of Rb. capsulatus have not been reported
so far, there is ambiguity to determine how many vibra-
tional modes, especially small-frequency modes related to
the protein motions or the intra-dimer vibrations, are ex-
hibited by the absorption and stimulated emission spectra.
Thus, taking into account analyses of hole-burning spectra
of RCs of Rb. sphaeroides reported by Small’s group [45]
and based on our previous work [40], we shall focus on the
case in which a system consists of a single mode; we set
the coupling constant S =2.5, the vibrational frequency
@ =100 cm™" and the vibrational transition rate constant
¥1-0=23ps " It should be noted that Sw =250 cm ™! is
basically identical to that determined by Small’s group
[45].

At an extremely low temperature, e.g., fiw > kT, Eq.
(15) becomes
Ip,.(7)

or

= = 0¥, 0P (T) T (1 + )Y L0 Pv1o(T)

(22)
where no thermally activated processes take place. Accord-
ing to the ladder model, the rate constant of vibrational
transition v + 1 — v is proportional to the quantum num-
ber of v + 1. Assuming the system is excited as at such a
low temperature, we first solve this coupled equation
numerically. In this case, the initial condition is given by

e—S
p...(0) =(bvla0)|* = St (23)

On can easily see from Eq. (23) that all the transitions start
from u=0 and the most probable transition occurs at
v =2. Fig. 1 shows temporal development of the popula-
tions in the vibrational states v =0, 1, 2 and 3 of the

1.2 T e
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Fig. 1. Temporal development of the vibrational populations of the model
system at 10 K. The pure solid line, the ones with 0O, &, X and +
represent, respectively, the populations in the vibrational states v =0, 1,
2, 3 and 4. The calculation utilizes Eq. (22). The parameters are the
coupling constant S = 2.5, the vibrational frequency @ =100 cm™! and
the vibrational transition rate constant y,_, ,=3 ps~'. All the popula-
tions are eventually transferred to the state v = 0 through the vibrational
population transitions after 2.5 ps no populations can be seen in the other
states.
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system at a temperature 10 K. At this temperature, the
Boltzmann factor in Eq. (15) is the order of 1077, thus, the
application of Eq. (22) is warranted. We have solved Eq.
(22) self-consistently in order to truncate v, which proce-
dure leads to the coupled equation:

9p,,.L7)
or = T UnYi-0 pum,vm(T)
Py, 1.0,-1(7)
ar = _(Um_1)71—>Opum‘l,vm-1(7)
+ UnY1-0 pum,zvm(T)
Iy o(7)
a7 = Yi-0P1a(T), (24)

where v, represents the maximum quantum number of the
vibrational state used in the calculation, and is 15 at 10 K.
In Fig. 1, the pure solid line, the ones with OO, <, X and
+ stand for, respectively, the populations in the states
v=_0,1, 2, 3 and 4. The only transitions from u =0 to
those states make a significant contribution to the vibra-
tional population dynamics. Fig. 1 clearly shows all the
populations are eventually accumulated to the state v =0
through the vibrational population transfer, thus, after 2.5
ps no populations can been seen in the other states.

Fig. 2 shows simulation of pump-probe stimulated
emission profiles at various probing frequencies at 10 K.
In Fig. 2a, the pure solid line and the one with O denote
the time-resolved profile at 915 nm (10929 cm ™ ') and 900
nm (11111 cm "), respectively. In Fig. 2b, the pure solid
line, the ones with O and X represent the profiles at 960
nm (10417 cm™') and 930 nm (10753 cm™!), respec-
tively. In addition to the same parameters as used in Fig. 1,
we have set the electronic transition frequency w,, = 900
nm. Fig. 2 clearly shows that the coherent excitation of the
vibrational states results in quantum beat in the time-re-
solved profile at each probing frequency, whose beat oscil-
lation ultimately decreases in amplitude due to the dephas-
ing process through the vibrational population transfer.
The profiles at 910 and 930 nm indicate that the peak
position of the stimulated emission is located between
those two frequencies. It should be noted that the peak
position of the stimulated emission is approximately given
by w,, — Sw = 920 nm (10886 cm '), which is consistent
with the spectral data [2]. Figs. 1 and 2 imply that the
profiles of the pump-probe stimulated emission at the
extremely low temperature mainly reflect the dynamics in
the states v =0 and 1.

We now increase the temperature of the system to show
how the thermal equilibrium is achieved. For this purpose,
taking into account the thermally induced vibrational tran-
sitions, i.e. Eq. (15), we solve the coupled equation numer-
ically. Fig. 3a demonstrates time development of the popu-
lations in the v =0, 1, 2, 3 and 4 states at a temperature of
50 K. The calculation have utilized the same parameters as
used in Fig. 1. Resulting in a turn-over feature in the
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Fig. 2. Simulation of pump-probe stimulated emission profiles at various
probing frequencies at 10 K. (a) The pure solid line and the one with O
represent the time-resolved profile at 915 nm (10929 cm™ ') and 900 nm
(11111 ecm™"), respectively: (b) the pure solid line, the ones with O and
X depict the profiles at 960 nm (10417 cm™') and 930 nm (10753
cm '), respectively. The electronic transition frequency ,, =900 nm
are used for the calculations. The quantum beat at each probing frequency
whose oscillation ultimately decreases in amplitude due to the dephasing
process through the vibrational population transfer. The profiles at 910
and 930 nm indicate that the peak position of the stimulated emission is
located between those two frequencies.

time-development of the population in the state v =1
within the first 0.5 ps time region, the populations in the
states v =2 and 3 rapidly decay within 2 ps. After 2.5 ps
all the changes in time-development behavior of each state
become a plateau and approach to the thermal equilibrated
populations; n,/n,=4.62-10"%, n,/n,=2.13-1077,
ny/ny=9.80-10"°, n,/n,=452-10"° (n, being the
population of the state i), which situation indicates that the
thermal equilibration is achieved on a time-scale 2.5 ps. At
this temperature, we can clearly see large populations in
the states v = 1 as well as v = 0, compared with the case
of 10 K. The effect of thermal equilibration is more
pronounced in Figs. 3b and 3c at temperatures of 100 and
150 K, respectively. Fig. 3 shows that all the states at each
temperature are thermally populated after 2.5 ps and the
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populations in all the states up to v =3 are clearly seen
after the thermal equilibration is achieved.
Figs. 4, 5 and 6 show simulations of time-resolved
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Fig. 3. Temperature dependence of temporal development of the vibra-
tional populations. The populations in the states v=0, 1, 2, 3 and 4 are
calculated with Eq. (15). The labels and the parameters are the same as
used in Fig. 1. The populations in the states v =2 and 3 rapidly decay
within 2 ps. Resulting in a turn-over feature in the time-development of
the population in the state v =1 within the first 0.5 ps time region. After
2.5 ps all the changes in time-development behavior of each state become
a plateau and approach to the thermal equilibrated populations; n; /n, =
4.62:1072, n, /ng=2.13-10"2, ny /ny=9.80-10"%, n, /n, = 452
1075 (n, being the population of the state i), which situation indicates
that the thermal equilibration is achieved on a time-scale 2.5 ps.
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Fig. 4. Simulation of the time-resolved profiles of pump-probe stimulated
emission at 50 K. The same parameters used in Fig. 2. are adopted for the
calculation. (a) The pure solid line (a) The pure solid line and the one
with O represent the time-resolved profile at 915 nm (10929 cm™!) and
900 nm (11111 cm™1), respectively: (b) the pure solid line, the ones with
O and X depict the profiles at 960 nm (10417 cm™!) and 930 nm
(10753 em™1), respectively. The system still maintains the information
of the coherent excitation in the first 1.0 ps time region so that quantum
beats can be seen in this time region.

profiles of pump-probe stimulated emission at 50, 100 and
150 K, respectively. The calculations have adopted the
same parameters as used in Fig. 2. Figs. 5 and 6 show
rapid decreases in amplitude within the first 2.0 ps time
region. This is mainly due to the fact that the dephasing
rate increases through the thermally activated vibrational
transitions that are associated with the term with the
Boltzmann factor in Eq. (21). Most part of the oscillatory
features are found in the first 1.0 ps time region over
which the system still maintains the information of the
coherent excitation. After 2 ps, the time profiles at 900,
915 and 930 nm, which are near the peak frequency of the
stimulated emission spectrum, decrease in intensity as the
temperature increases. This implies that at those probing
frequencies the profiles reflect the population in the state
v=0. At the other frequencies, on the other hand, the
profiles gain intensity as the temperature increases, which
results from the thermal equilibration of the vibrational
states.
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Now we shall investigate coupling constant dependence
of time-resolved profiles at 10 K. Figs. 7 and 8 show
simulation of time-resolved profiles with coupling con-
stants of S=0.5 and 1.0, respectively. The rest of the
parameters are the same as used in Fig. 2. Fig. 7a clearly
shows that, resulting from the fact that the peak position of
the stimulated emission is located at near 900 nm [2], the
phases of the quantum beats in the time-resolved profiles
at 900 and 915 nm are in an out-of-phase relation. A
similar relation can be seen between the quantum beat at
900 nm in Fig. 7a and the ones shown in Fig. 7b. Showing
less change in intensity of the center of the amplitude, each
quantum beat in Fig. 7 implies that the vibrational popula-
tion transfer is not an important process for the pump-probe
stimulated emission in the case of S = 0.5. This is mainly
due to the fact that the optical transition from u =0 to
v =0 is the most probable excitation in this case.

The situation changes in the case of S$=1.0. Fig. 8
indicates that the vibrational population transfer signifi-
cantly affects the emission processes. However, the quan-
tum beats remain longer compared with the case of S = 2.5.
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Fig. 5. Simulation of time-resolved profile of pump-probe stimulated
emission at 100 K. The labels and the parameters are the same as used in
Fig. 2. Rapid decreases in amplitude can be seen within the first 2.0 ps
time region. The dephasing rate increases through the thermally activated
vibrational transitions that are associated with the term with the Boltz-
mann factor in Eq. (21). Most part of the oscillatory features can be found
in the first 1.0 ps time region.
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Fig. 6. Simulation of time-resolved profile of pump-probe stimulated
emission at 150 K. The labels and the parameters are the same as used in
Fig. 2. After 2 ps, the time profiles at 900, 915 and 930 nm decrease in
intensity more rapidly compared with the profiles as shown in Figs. 4 and
5. At those probing frequencies the profiles reflect the population in the
state v =0. At the other frequencies the profiles gain intensity as the
temperature increases. This is due mainly to the thermal equilibration of
the vibrational states.

The optical transitions from the ground state to the higher
vibrational levels, e.g., v = 2 or 3 are not favorable excita-
tions in the case of §=1.0. Our simulations and the
quantum beats reported by Vos et al. clearly suggest that
the minima of the ground state and electronically excited
state potentials of the special pair of the D;; mutant RC of
Rb. capsulatus are rather strongly displaced along the
intra-dimer coordinate.

In conclusion, on the basis of the perturbative density
matrix method and the nonlinear susceptibility theory, we
have derived an expression for the pump-probe stimulated
emission profiles. Taking into account vibrational relax-
ation and thermally activated processes, we have investi-
gated the effect of temperature on the time-resolved pro-
files of pump-probe stimulated emission. It becomes clear
that, intensifying the dephasing processes, the vibrational
transition processes result in the decrease of quantum beat
amplitude as the temperature increases. We have applied
our theory to analysis of the experimental results reported
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by Vos et al. Our simulations agree qualitatively with their
experimental results, although we have excluded a small
frequency which appeared in the Fourier analysis of the
their experimental data. We conclude that the rate constant
of the vibrational relaxation of the vibrational mode of 100
cm ™! in the special pair is approximately 3.0 ps . This is
also consistent with a previous paper [40] and a relaxation
time of 200 fs reported by Small’s group whose analyses
was based on hole-burning spectra of chemically altered
RCs of Rb. sphaeroides and wild type RCs of Rps. viridis
[45].

Finally, we also investigated the effects of temperature
on pump-probe stimulated emission from a system consist-
ing of two modes, that is, w,=100 cm~' and w, =30
cm !, although we have not reported them in this paper.
We found that the coherent excitation of the low-frequency
mode at 10 K resulted in a pronounced slow oscillatory
component in the time-resolved profile, modulating a rapid
oscillatory component that was due to the coherent excita-
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Fig. 7. Simulation of time-resolved profile of pump-probe stimulated
emission at 10 K with S = 0.5. The rest of the parameters and the labels
are the same as used in Fig. 4. (a) The phases of the quantum beats in the
time-resolved profiles at 900 and 915 nm are in an out-of-phase relation.
A similar relation can be seen between the quantum beat at 900 nm in the
panel (a) and the ones shown in the panel (b). The vibrational population
transfer is not an important process for the pump-probe stimulated
emission in the case of S = 0.5 because the optical transition from u =0
to v = 0 is the most probable excitation in this case.
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Fig. 8. Simulation of time-resolved profile of pump-probe stimulated
emission at 10 K with S =1.0. The rest of the parameters and the labels
are the same as used in Fig. 4. The vibrational population transfer
significantly affects the emission processes. The quantum beats remain
longer compared with the case of §=2.5. The optical transitions from
the ground state to the higher vibrational levels, e.g., v =2 or 3 are not
favorable excitations in the case of S=1.0.

tion of the high-frequency mode. At 50 and 150 K, on the
other hand, we could not see such a slow oscillatory
component since the thermal equilibration affect the low-
frequency oscillation more rapidly. At 100 K, in particular,
a fast oscillatory component quickly decreased in ampli-
tude. The experimental data reported by Vos et al. [2],
however, showed a slow oscillatory component at low
temperature and it remained up to near room temperature.
The mechanism of this particular feature of the slow
oscillatory component should be explained in future stud-
ies.
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