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We have extended our study of the vibronic absorption spectrum in condensed[®afteEgorov,

E. Rabani, and B. J. Berne, J. Chem. Phi@8 1407 (1998] to the case when the electronic
dephasing rate is slow compared to the vibrational relaxation rate in both electronic states. We find
that under such circumstances, unlike the case of fast electronic dephasing, treating all nuclear
degrees of freedom classically provides better agreement with the exact quantum treatment than the
mixed quantum-classical approximation. These results are consistent with the conclusions reached
by Bader and Berne in their study of mixed quantum-classical treatments of vibrational relaxation
processes. €1998 American Institute of Physids$S0021-96068)51439-(

I. INTRODUCTION rate in either of the two electronic states. Hence, the vibra-
tional relaxation processes did not have much influence on
The electronic spectroscopy of chromophores embeddethe vibronic absorption spectrum.
in crystalline or liquid hosts is a valuable tool for studying The purpose of the present work is to extend our previ-
structure and dynamics of condensed matter environmentsus study by considering the range of parameters where the
The effect of the solvent on the chromophore is reflected irvibrational relaxation rate is larger than the electronic
the shifts and the broadening of individual spectral linesdephasing rate. In this case, one would expect the mixed
comprising the gas phase spectrum of the solute. As suclguantum-classical treatment to become inferior to the fully
the electronic absorption spectra in condensed phases haeokssical treatment of nuclear dynamics, as indeed will be
received much attentioh2 shown below. The paper is organized as follows: in Sec. Il
Accurate quantum mechanical calculations of such speawe briefly describe our model, in Sec. Il we review various
tra are extremely difficult to perform in view of the large approaches to calculating the electronic absorption spectrum,
number of degrees of freedom involved. Hence, various apand in Sec. IV we present our results. Section V concludes.
proximate treatments have been proposed in the literature
over the year§-1%In our previous study’ we have assessed
the accuracy of semiclassical treatments by studying an exl- MODEL

actly solvable model for which both quantum mechanical 1o model described herein is identical to the one used

and semiclassical results can be obtained exactly. This modg| our previous study of the vibronic absorption spectfdm.
consists of a harmonic diatomic molecule bilinearly coupledya consider the problem of calculating the absorption spec-
to a harmonic bath with different coupling strengths in they\m of a diatomic molecule with a fixed orientatidre-

two electronic states of the molecule. Having performedigraq to hereafter as the systencoupled to a bath. We
various semiclassical calculations for this model, we havg,cs on a pair of electronic states which give rise to the
found that the be_st overall agreement yvith the exact quantugiectronic transition when the system goes from the ground
results was obtained when the vibrational coordinate of thejectronic statédenoted by0)) to the excited electronic state
diatomic (together with its two electronic stajesas treated (denoted byl1)). The system vibrational mode is treated in
quantum mechanically, while the nuclear dynamics of thene harmonic approximation, and the bath is modeled by a
bath was treated classically. At first glance, this result seemgy|jection of harmonic oscillators. The coupling between the
to contradict the conclusions reached by Bader and Bene, system and the bath is taken to be linear both in the system
and by others;**in the study of vibrational energy relax- ang in the bath vibrational coordinates. However, in order to
ation in a similar system, where it was found that the fully gescribe the electronic dephasing processes properly, the
classical treatment of nuclear dynamics was superior to thggypling coefficients are taken to be different for the two
mixed approach described above. The origin of this controg|ectronic states.

versy lies in the fact that the range of parameters studied in |5 the Born—Oppenheimer approximation, the total
our previous work’ corresponds to the electronic dephasingHamiltonian can be written as

rate being much faster than the vibrational energy relaxation

H=H,|0)(0[+H,|1)(1], (1)
3present address: Theoretical Chemistry Institute and Department of ChenfvhereHo (H1) is the Hamiltonian for the nuclear degrees of
istry, University of Wisconsin, Madison, Wisconsin 53706. freedom of the system and the bath, corresponding to the
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motion on the Born—Oppenheimer potential surface whemwhere éw is the increment used to discretize the spectral

the system is in its groungexcited electronic state. density. In all calculations shown below we choose the cut-
The ground and excited state Hamiltonians read, off parametery=5 in atomic units. In performing the calcu-
lations, we have checked for the convergence with respect to
Ho=ho(a) +Hp(Q)+Vo(a.Q), (2) the number of modes by increasing, until no further
and change in the Fourier transforms of the calculated correlation
functions(i.e., absorption spectravas observed. The results
Hi=hy(q) +Hp(Q)+V1(q,Q) +fiwe. (3 reported below were obtained by settiNg= 100.

In Eq. (3), fw, is the gas phase electronic transition energy
of the diatomic moleculéfor convenience we se_t it equal to IIl. VIBRONIC ABSORPTION SPECTRUM
0). ho(g) and hy(q) are the system Hamiltonians for the

ground(|0)) or excited(|1)) electronic states, respectively, We calculate the electronic spectrum within the Fermi
L 2,1 2 ) golden rule and the electric dipole approximatfohe nor-
ho(A)= 7 P™+ 2 wp(A—Go,)", (4 malized electronic absorption spectrum is given by the Fou-

where q is the system mass-weighted coordinate with thdier transform of the real-time dipole autocorrelation function
frequencyw, and equilibrium positiorg, for state|0) and 1 (o
frequencyw, and equilibrium positiory, for state|1); p is Hw)=5— f dt expli wt)C(1), 9
the conjugate momentum of o

The bath Hamiltonian in the harmonic approximation where the real-time dipole autocorrelation function is given
takes the form by

N N Tr[e AHgHU e -iHA ]
1 Mo 1 b _ M M
H(Q)=5 S P45 S o2l ® O e 1o

a

B=1/kgT, Tr(---) denotes the trace over all nuclear and elec-
tronic degrees of freedom, andis the transition-dipole op-
erator.

Within the Condon approximationy does not depend
the nuclear coordinates. Hence we replace the transition-
ole operator with

= porl 0)(1|+ w10/ 1)(O]. (13)

We will limit the discussion to temperatures much lower
than the electronic energy gap &.>kT). Carrying out the
frace over the electronic states results in

where the summation index labels the bath mass-weighted
coordinatesQ, with conjugate moment® ,, and frequen-
ciesw,; Ny is the number of bath modes.

As mentioned earlier, the system—bath coupling is take%n
to be linear both in the system and in the bath coordinatesdip

Np
vo,l(q.Q)=§ 9%4a—do.1) Q. (6)

where gg (gi) are the coupling strengths for the ground
(excited electronic states, which we assume to be differen
for the two electronic states. C(t)=(eHoligm1Hat/hy (12)
The reduced dynamics of the system in our model is
completely determined by the two spectral densities, for th(‘-%n the above/---)=Trx(py--) denotes the trace only over
ground and excited electronic states. We restrict ourselves ge nuclear ccprdmate; ane= (q,Q). The equilibrium den-
the treatment of monatomic hosts, in which case we need t8'ty operator is approximated by
consider only acoustic phonons; the conventional choice of 1
spectral density for acoustic phonons is the Debye model po:Z(,B)
coupled with the deformation potential approximatién, ) . .
which gives a spectral density that is proportionabfy and ~ WhereZ(p) is the partition function
has a sharp cutoff at the Debye frequency. For numerical Z(B)=Tr e Aho(®+Hp(Q)]
convenience the model can be slightly moditfely intro-
ducing a smooth exponential cutoff :f dx(x|e~Aho(@+ Hp(Q)| ), (14)
4
Joyl(w)Zpoyl% > exp — yo). (7)  We have made an assumption that the initial density can be
written as a product of the system density and the bath den-
For simplicity we use the same functional form for the two Sity, i.e., we factorize the initial conditiorfé-?°We find that
spectral densities; however, they differ by an overallthis approximation for the initial density does not influence
system—bath coupling s’[rengtbo(J)_ We follow the proce- the long-time behaviofwhich is reflected in the structure of
dure outlined in our previous work to obtain the couplingthe individual features of the vibronic absorption spectrum
coefficients that mimic the appropriate continuous spectrapf the dipole autocorrelation function for the set of param-
density.17 This leads to the following relation between the eters studied here. We will further elaborate on this point in
coupling coefficientg2* and the spectral densitl ;: a future publicatiorf®
012 Within the Fermi golden rule given above, the real-time
(9,) = 20ad01(0,) 0w, (8)  dipole autocorrelation functions for our model can be calcu-

e—B(ho(Q)+Hb(Q)), (13
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lated exactly’ We are interested in the solution f6xt) for

the following three cases, which were extensively discussed
in our previous work(readers interested in the details of the
calculations should consult Ref. 17

(1) The fully quantum mechanicaFQM) results are ob-
tained by employing the density matrix formalism of
Kubo and Toyozaw&’ or alternatively the boson algebra
technique of Balian and Brezff.

A semiclassical approximation in which the dynamics of
all nuclear degrees of freedofsystem and bajhare
treated classically, while the two electronic states are
treated quantum mechanically. We use two alternative
propagation schemes for the classical degrees of free-
dom; one on the ground electronic stétike dynamical
classical limit(DCL)], and the other on the arithmetic
averaged Hamiltonian[the averaged classical limit
(ACL)].%Y The results for both approximations are ob-
tained by a method developed in our previous wdrk,
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which is based on Gaussian integrals and normal modg!G. 1. A plot of the electronic dephasing rateT3%°, and the vibrational

propagation.
A mixed quantum-classicalMQC) approximation in
which the system vibrational modén addition to its

©)

relaxation rate on the ground electronic staté’,‘{ii/, versus the coupling
strength in the ground electronic statg,. The lower panel is fowy= w4
=1.0, and the upper panel is far,=1.16 andw,=0.92. Both panels are
for an inverse temperature @f=1.0, and the coupling on the excited elec-

electronic stateds treated quantum mechanically, while tronic state ip,=0.24. Note that 5 decreases witp, until a minimum

the bath is treated in the dynamical classical limit. Theis reached, and then it increases with, while 1/Ty
iéhe coupling strength.

effect of the bath on the spectrum in this approach
entirely given by the influence functional of Feynman
and Vernorf® which was generalized for the present
problem by Egorov, Rabani, and Berte.

vib

scales linearly with

librium position of the system vibrational mode in the two
electronic states The results are shown in Figs. 2 and 3 for

In the next section we will present results obtained forvibrational frequencies ofvy=w;=1.0 and wy=1.16, w4
the dipole autocorrelation function and the vibronic absorp-=0.92, respectively.

tion spectrum for all three cases mentioned above.

When the vibrational frequencies are the same for the

two electronic states, the averaged classical I{AICL) is

IV. RESULTS AND DISCUSSION

We are primarily interested in the regime where the elec
tronic dephasing rate is slower than the vibrational relaxation
rate (TY°<T$®9. In Fig. 1 we compare the two rates as a
function of the coupling strength on the ground electronic
statepy. When the frequencies in the two electronic states
are the saméower panel, the electronic dephasing rate de-
pends on the magnitude of the difference between the cou-
pling strengthp,—po [see Eq.(72) of Ref. 17, while the
vibrational relaxation rate in each of the electronic states
depends on the magnitude of the coupling strengtﬁ‘{(“l/
=mJo(wp )/ wg ). The situation is somewhat more com-
plex when the frequencies in the two electronic states are
different(upper panel It is clearly seen in the figure that the
condition T{P< TS can be satisfied for various sets of
system—bath parameters. For the calculations reported below
we use(from now on we employ atomic unjtg,=0.25 and
p1=0.24 for wy=w,=1.0, andpy=0.38 andp,;=0.24 for
wp=1.16 andw;=0.92. Both sets of parameters are chosen

to ensure thalTyP<Tgec,

A. Vibronic absorption spectra

“shifts”
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60

indistinguishable from the fully quantum mechanigQM)
result, and therefore is not shown in Fig. 2. In the absence of
in the equilibrium positions, the vibronic absorption
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We now turn to the discussion of the vibronic absorptionF'G- 2. Plots of the vibronic absorption spectrum of a diatomic molecule

spectrum given by the Fourier transform of the dipole auto-
correlation functioncf. Eq. (9)]. We have calculatedl(w)
for two values of6=q;—qq (the relative shift in the equi-

coupled to a harmonic bath for two different relative shifts in the equilib-
rium position of the primary mode. The coupling strengthsgre 0.25 and
p1=0.24, and the vibrational frequencieg and w, are set equal to unity.
Note the poor agreement between the MQC and FQM results.
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FIG. 3. Plots of the vibronic absorption spectrum of a diatomic moleculeF|G. 4. Plots of the real and imaginary part of the “rotatiofiéft panel3
coupled to a harmonic bath for two different shifts in the equilibrium posi- and “shift” (right panel$ functions for the FQM results and all the semi-

tion of the primary mode. The coupling strengths @ge=0.38 andp, classical approximations. The vibrational frequencigs and w; are set
=0.24, and the vibrational frequencies are taken to be different in the twaqual to unity, the relative shift in the equilibrium positionsis 2.0, and the
electronic stateswo=1.16 andw,=0.92). coupling strengths arg,=0.25 andp,=0.24. The ACL is indistinguishable

from the FQM results, while the MQC approximation provides the worst
agreement with the FQM results.

spectrum is structureless. It is clearly seen that the mixed

guantum-classicalMQC) approximation in the limit of fast . . .
o ; . case whenwy=wq; however, it clearly overestimates the
vibrational relaxation breaks down. The MQC underesti- . S )
mates the width and the shift of the absorption spectrumWldth of individual featu_res, ‘?‘”d also sSome are m|splac_ed.
" The averaged classical limi{ACL) is not exact for this

This is in contrast to our previous observation for slow vi- . -
. SETH . S choice of parameters, as can be clearly seen in Fig. 3. Nev-
brational relaxatiod! in which case the MQC approximation . N . .
ertheless, this approximation provides good agreement with

was superior-in over_aII performance as compgred to Othetrhe FQM results, although the individual lines are somewhat
semiclassical approximations. The breakdown is even more .
MNP o . misplaced.
pronounced when “shifts” in the equilibrium positions of
the system are included. The MQC approximation only cap-. . . .
turesythe envelope of the spectrum, Z.?Id fails to predyi/ct tﬁg - Dipole autocorrelation function
individual vibronic features. We find that for the low tem- In this subsection we consider the origin of the discrep-
perature studied here, the MQC starts to break down wheancies between various semiclassical approximations and the
the electronic dephasing rate is slightly below the vibrationafully quantum mechanical results. To this end, we perform a
relaxation rate. As expected based on the work of Bader andetailed examination of the time-dependent dipole autocor-
Berne®® the problems with MQC are somewhat less pro-relation function. In our previous wotkwe have introduced
nounced for higher temperatures. the “rotation” [R(t)] and “shift” [S(t)] functions, which
The dynamic classical limiDCL) is in good agreement are associated with the rotation between the normal modes of
with the FQM results in the absence of “shifts” in the equi- each electronic state and the shifts in their equilibrium posi-
librium positions. When the “shifts” are included, the DCL tions, respectively. In terms of these functions, the dipole
does capture the overall shape and width of the individuahutocorrelation function takes a very simple formid(t)]
vibronic features; however, they are shifted with respect to=R(t)+St). When the coupling between the system and the
the FQM results’ bath in the two electronic states is the same, the “rotation”
It is interesting to examine a more general case when thierm vanishegR(t) =0], and when the shifts in the equilib-
system vibrational frequencies in the two electronic states ardum positions in the two electronic states are the same, the
different. In Fig. 3 we plot the absorption spectrum for such“shift” term vanishes [S(t)=0]. Hence, these functions
a case. The DCL results are essentially the same as for ttemplify the interpretation of the results in the time domain.

previous cas€i.e., the widths of the individual features are In Figs. 4 and 5 we ploR(t) and S(t) for the set of
slightly overestimated and their positions are shifteahd  parameters used in Figs. 2 and 3, respectively. The results
hence are not shown for the clarity of presentation. shown are foi3=1.0 andé=2.0. The “rotation” term does

Once again the MQC approximation in the absence ohot depend on the value éfand the “shift” term vanishes
“shifts” in the equilibrium positions fails to agree with the when=0.0; therefore, we do not display the results for the
FQM results; however, for this set of parameters it overestilatter case. All three semiclassical approximations provide
mates the width of the absorption spectrum. When theyood agreement with the FQM results at short times. This
“shifts” in the equilibrium positions are included, the MQC reflects the good agreement for the envelope of the vibronic
approximation does exhibit a vibronic structure, unlike theabsorption spectrum shown in the previous plots.
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R(t) pronounced way as compared to the FQM case, and the am-
0 - plitude of the oscillations increases with time. The situation
— is somewhat better wheny# w,, mainly due to the smaller
e2f T ratio between the electronic dephasing rate and the vibra-
g N tional relaxation rate.
< N
V. CONCLUSIONS
v A o ’ In this paper we have extended our study of the vibronic
6l - ng I 16 absorption spectrum of a diatomic molecule coupled to a
_ [l=-pa A bath!” in order to assess the accuracy of several semiclassi-
B4t 1 tF \‘iL\\\ R cal approximations. We have focused on the limit of fast
A PN A~ ] vibrational relaxation compared to the electronic dephasing,
o R s o 12 in order to establish a connection with the results obtained
o Lz — L o for semiclassical treatments of vibrational energy relaxation
0 5 10 15 20 25 0 5 10 15 20 25 processe$®~20
time (au) time (au)

In our previous work we have shown that the mixed
FIG. 5. The same as Fig4) but for the case of different system frequencies quantum-classical treatment for the vibronic absorption spec-
for the two electronic statesw,=1.16 and w;=0.92. The coupling trum provides the best overall agreement with the fully quan-
strengths arg,=0.38 andp, =0.24. tum mechanical results for a large range of system—bath pa-
rameters. This seems surprising in view of the conclusions
reached by Bader and Berffeand by other$®?°according

As mentioned earlier, when,=w,, the ACL is essen- to which the fully classical treatment is superior to the mixed
tially exact. The small discrepancy between the ACL andone in the context of vibrational energy relaxation. However,
FQM results can be traced to the difference in the thermalthe results of Ref. 17 were obtained for the range of param-
probability used to perform the averaging. The agreemengters where the decay of the real-time dipole autocorrelation
between the ACL and the FQM results is very good for thefunction was completely dominated by the electronic dephas-
“rotation” term, even when the frequencies are different ining, and not by the vibrational energy relaxatigne.,
the two electronic states; however, the imaginary part of the/T5®%> 1/T}®).
“shift” term has an additional time-dependent linear term, In the present work we have shown that the mixed
which is responsible for the small shift of the ACL spectrumquantum-classical treatment breaks down when the vibra-
(Fig. 3. tional relaxation rate is larger than the electronic dephasing

The intermediate and long-time behavior of the dynami-rate (1T$¢<1/T¥®), which is consistent with the predic-
cal classical “rotation” term(DCL) is qualitatively similar ~tions made for vibrational relaxation proces§&€°We find
to the FQM “rotation” term. The slopes of the real part of that the condition (II7§'8°< 1f|"1"b) can be satisfied for a wide
R(t) are slightly different for both sets of parameters; how-range of system—bath parameters. For more realistic system
ever, the imaginary part dk(t) deviates significantly from models, we anticipate that the above condition can occur
the FQM results when the two system frequencies are differwhen, for example, the change in the molecular dipole upon
ent. Regarding the DCL “shift” term, we observe that at excitation is small, but the molecule is strongly coupled to
long times the real part follows the FQM results whep  the bath in both electronic states. However, this is not the
=w;, but deviates significantly whea,# w,. The imagi- only case for which the mixed quantum-classical approxima-
nary part of the “shift” term displays a linear time depen- tion breaks down, since the condition T§F<1/T¥?) can
dence at long time8which is not seen when the frequencies occur for a wide range of system and bath parameters. There-
are different since this effect steps in at later timémw-  fore, for realistic systems, one must estimaff® and T}
ever, unlike the averaged classical “shift” term, which ex- prior to applying a detailed mixed quantum-classical treat-
hibits this linear dependence only wheR+ w4, the linear ment.
term exists for both sets of frequencies in the DCL. This fact = We also find that the average classical limit provides the
explains a relatively large shift in the DCL vibronic absorp- best overall agreement with the fully quantum mechanical
tion spectra shown in Figs. 2 and 3. results (when 1T$®<1/T¥®), although the individual vi-

The MQC approximation provides the worst agreementoronic features in the spectrum are slightly misplaced. The
with the FQM results, in contrast to the case when the elecgood agreement between the averaged classical limit and the
tronic dephasing rate is faster than the vibrational relaxatioffully quantum mechanical results is expected based on the
rate. This is clearly seen in the real parts of the “rotation” phase-space analysis of the Wigner transform as given in
terms which are markedly below their FQM counterpartsRef. 17. A detailed examination of the phase-space equations
when wy= w4, and above these wheny# w,. This mis- reveals the fact that the averaged classical limit might also
match is the cause for the large discrepancy in the width obreak down for more realistic systems, which are not de-
the absorption line in the absence of shifts in the equilibriumscribed by the quadratic model.
positions. In addition to that, we find that the real and imagi-  Bader and Berr& have shown that the vibrational relax-
nary parts of the “shift” function oscillate in a much more ation rate on a given electronic state harmonic surface is
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