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The accuracy and robustness of several approximate methods for computing linear and nonlinear optical
spectra are considered. The analysis is performed in the context of a benchmark model that consists of a
two-state chromophore with shifted harmonic potential surfaces that differ in frequency. The exact one- and
two-dimensional spectra for this system are calculated and compared to spectra calculated via the following
approximate methods: (1) The semiclassical forward—backward initial-value representation (FB-IVR) method;
(2) the linearized semiclassical (LSC) method; (3) the standard second-order cumulant approximation which
is based on the ground-state equilibrium frequency—frequency correlation function (20C); (4) an alternative
second-order cumulant approximation which is able to account for nonequilibrium dynamics on the excited-
state potential surface (20Ca). All four approximate methods can be shown to reproduce the exact results
when the frequencies of the ground and excited harmonic surfaces are identical. However, allowing for the
ground and excited surfaces to differ in frequency leads to a more meaningful benchmark model for which
none of the four approximate methods is exact. We present a comparison of one- and two-dimensional spectra
calculated via the above-mentioned approximate methods to the corresponding exact spectra, as a function of
the following parameters: (1) The ratio of excited state to ground-state frequencies; (2) Temperature; (3) The
horizontal displacement of the excited-state potential relative to the ground-state potential; (4) The waiting
time between the coherence periods in the case of two-dimensional spectra. The FB-IVR method is found to
predict spectra which are practically indistinguishable from the exact ones over a wide region of parameter
space. The LSC method is found to predict spectra which are in good agreement with the exact ones over the
same region of parameter space. The 20C and 20Ca are found to be highly inaccurate unless the frequencies
of the ground and excited states are very similar. These observations give credence to the use of the LSC
method for modeling spectra in complex systems, where exact or even FB-IVR-based calculations are

prohibitively expensive.

1. Introduction

Multidimensional optical spectroscopy has established itself
over the past decade as an extremely powerful and uniquely
detailed probe of the structure and dynamics of molecular
systems.!™ It is also widely accepted that molecularly
detailed and dynamically accurate models are necessary in
order to take full advantage of these capabilities. However,
accomplishing this objective requires overcoming a number
of nontrivial theoretical and computational challenges, in-
cluding the development of self-consistent dynamical meth-
odologies for calculating spectra in complex systems which
are both feasible and reliable.

Linear and nonlinear spectra are often expressed in terms
of optical response functions (ORFs).! However, a quantum-
mechanically exact calculation of these ORFs is not feasible
in most cases of practical interest. One approach for
bypassing this problem is based on a cumulant expansion of
the ORFs which is truncated at second order. Within this
approach, one may cast the ORFs in terms of equilibrium
frequency—frequency correlation functions which are pre-
sumably easier to calculate, either fully quantum-mechani-
cally, semiclassically, or classically.

Mixed quantum-classical methods, which are based on
treating a small subset of the degrees of freedom (DOF)
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quantum-mechanically while the rest are treated in a classical-
like manner, represent another attractive strategy. However, as
is well-known, taking the classical limit of the ORFs with respect
to a subset of DOF in a direct manner can lead to expressions
which are not unique’”!! Several approaches have been
proposed in the past for obtaining self-consistent mixed
quantum-classical expressions for the ORFs. One such approach
is based on linearizing the path-integral forward—backward
action associated with the photoinactive DOF with respect to
the difference between the forward and backward paths.®!!~20
Within this approach, one calculates the ORFs by propagating
the classical DOF forward in time along a classical trajectory
that hops between potential surfaces corresponding to various
quantum states of the chromophore, as dictated by the Liouville
pathway associated with each ORF.!' In what follows, we will
refer to this approach as the linearized semiclassical (LSC)
method. Another approach is based on replacing the product of
quantum propagators that appears in the expressions for the
ORFs by a single forward—backward semiclassical propa-
gator.”!11221727 The partial cancelation of the forward and
backward actions usually results in only mildly oscillatory
integrands, which makes the calculation of the ORFs more
manageable. In what follows, we will refer to this approach as
the forward—backward initial-value-representation (FB-IVR)
method.
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The main goal of the present paper is to provide a meaningful
benchmarking of these methods that will aid in assessing their
robustness and reliability. To this end, we employ a benchmark
model that consists of a two-state chromophore with shifted
harmonic potential surfaces. For the sake of concreteness, we
will assume that the transition between the two states is
electronic. All four approximate methods can be shown to
reproduce the exact results when the frequencies of the ground
and excited harmonic surfaces are identical. However, allowing
for the ground and excited surfaces to differ in frequency leads
to a more meaningful benchmark model for which none of the
four approximate methods is exact.

We present comparisons of one- and two-dimensional spectra
calculated via the above-mentioned approximate methods to the
corresponding exact spectra, as a function of various parameters,
including the ratio of excited state to ground state frequencies,
temperature, the displacement of the excited-state potential
relative to the ground-state potential, and the waiting time
between the coherence periods in the case of two-dimensional
spectra.

The remainder of this paper is organized as follows. In section
2, we present the exact quantum-mechanical expressions for
the one- and two-dimensional spectra and formulate the corre-
sponding FB-IVR, LSC, and two distinctly different types of
second-order cumulant approximations. The model system is
described in section 3, and the results are presented and
discussed in section 4. Conclusions and outlook are provided
in section 5.

2. Theory

A. Linear and Nonlinear Spectra. We consider a two-state
system with the following field-free Hamiltonian:

ﬁ = Ig)ﬁg(gl + Ie)ﬁe(el (1)

Here, Ig) and le) are the adiabatic ground and excited states of
the chromophore and I:Ig/e = T(f’) + Vg/e(Q) are the correspond-
ing adiabatic Hamiltonians, where T(ﬁ) and Vg/e(Q) are the
kinetic and potential energy, respectively. For the sake of
simplicity, we formulate the different methods for a system with
a single photoinactive DOF whose coordinate and momentum
operators are given by Q and P, respectively (the extension to
the case of multiple photoinactive DOFs is straightforward).!!
It should be noted that eq 1 does not account for nonadiabatic
coupling between the adiabatic states, which is justified since
population relaxation is often found to be slow relative to
dephasing.

The measurement of one-dimensional (1D) spectra is based
on detecting the time-resolved linear response of the system to
a single impulsive pulse at time # = 0. Assuming that the system
is in its ground equilibrium state prior to the arrival of the pulse
and making the Condon approximation, the signal can be shown
to be proportional to the following linear ORF:!

J(tl) = |luge|2Tr[ei[:lgf1/he*i[:let]/hﬁ)g] (2)

Here, the trace is over the photoinactive DOF, ug. is the
transition dipole moment (a constant within the Condon
approximation), and p, = e PHy/Tr[e ] is the equilibrium
ground state density operator, with 8 = 1/kgT. The linear

McRobbie and Geva

absorption spectrum is then defined as the frequency-domain
analogue of J(t,):'

Iw,) = Re [~ dte”"J(1) 3)

The measurement of two-dimensional (2D) spectra is often
based on detecting the time-resolved nonlinear response of
the system to three sequential impulsive pulses with wave
vectors k,, k,, and k.. The time delay between pulses a and
b is denoted #;, while that between pulses b and c is denoted
t,. The signal field is detected at a time interval #; after pulse
¢, in the background-free directions k, = —k, + k, + k. and
k., = k, — k, + k., corresponding to the rephasing and
nonrephasing signals, respectively.® Assuming once again that
the system is in its ground equilibrium state prior to the
arrival of the first pulse and making the Condon approxima-
tion, the nonrephasing and rephasing signals can be shown
to be proportional to the following third-order ORFs:!

R, (13,15, 1) = R\(t5, 15, 1) + Ry(ts, 15, 1)) 4
and
Rty 1,1)) = Ry(t3, 1, 1,) + Ry(t3, 15, 1,) (5)

respectively. The third-order ORFs {R},R,,R3,R4} are explic-
itly given by:!

A A A A
_ A Mgt B iH R iHto /R —iH (1 + )/ A
R (85, 1, 1)) = lpag | Tr[e™ s e e™e e HET=TETp ]

=l ['F(t,. 1, + 1.1, + 1, + 13,0)
(6)

A A A A
— 4 iH(G O iHt /it t)R it/
Ry(t5, 15, 1)) = Il Tr[e™ 2 e e 25 e 1D ]

g /' FO, 1, + ty 1, + 1, + 15,1))

(7

A A A A
— A aiHetiliH (6 ) —iHots /R —iHo(+ 1)/
Ry(t5, 15, 1)) = Il Tr[e™ e e™e = e Hele WD ]

= lug ['FO. 1,1, + 1, + 15,1, + 1)
(®)

A A A A
_ 4 iHy(t1+tytt3)h_ —iHt3/h_ —iHto/h  —iHt/hA
R,(t5,15,1) = |ﬂge| Trle"s"! Ve Mg Merle el pg]

=l ['F(t, + 1, + 13,1, + 1,,1,,0)
9)

where,
F(Tl, Ty, T3, 7:4) =

A A A A
Tr[e—tHe(rl —12)/he—tHg(r2—13)/he—zHe(rg—u)/he—tHg(u—r] )/hﬁ)g] ( 10)

Finally, the 2D spectrum at a given value of 7, is defined as
the absorptive part of the frequency-domain analogue, with
respect to #; and t3, of Ry (t3,62,t) and Ry(f3,t5,11):>%%%
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Iyt ) = Re [7dry [ diy{e" TR (15, 15, 1) +

¢TONTOBR (1, 1, 1)) (11)

B. The FB-IVR Approximation. Within the FB-IVR ap-
proximation, one assumes that the overall forward—backward
time propagators in eqs 2 and 6—9 can be replaced by the
corresponding single semiclassical Herman—Kluk propagator,>*>!

so that:?!
JEIVRG ) =
I,ugelz 1 fdQOdPOD(Po’ 0o)Xep Qo|pg|gP’Q>e'S’(P°’Q°)/h
(12)
and
FB IVR

(t3’ t2’ t )

1 ISR
lu ge|4 f dQydPD(Py, QoX8p, 0, 1P:8r,00¢ Sy
i=1,2,3,4 (13)

Here, Igp,) is a coherent state of width y which is centered
at (P,0)) and corresponds to the wave function

Q1810 = (2] "exp 370 ~ 0 + £P(0 - 0)
(14)

D(Py,Qy) is the Herman—Kluk prefactor,

1 aP, a0, _ 20, " apP,\12
D(Py, Q) = E(a_PO + = 30, V + i(hy) aQo)

15)

and {S;(Po,Q0).Sr(P0,Qo)} are the forward—backward actions
which are explicitly given by:

/0Py = [1'dtL(Q,.P)+ [ ° dL,(0,. P,)
(16)

f1+6+ 1+t
S, Qo Py) = j; “diL (0, P, + f AT, P +
i, STLLQ P + j; ] erg(Q,’PT)
t 1+t
S(QoPy) = '/;ld'[:Lg(QT’PZ) + I.] 3dTLe(Qr,P1;)+
1+t 0
S QP + [ dTL(Q,P)

1t Htit
Sk (Qp Py = [ diL 0. P) + [ L0, P +
1 deL P+ Od / P
‘/;+¢2+t3 TL(Q. Pr) ‘/;I L (0. P)
i f+
S Q0 Py = [ drL (0. P) + [ L0, P) +

o Py + 1 drL(Q.P
Lo+ [ 0.

1+

A7)

where Ly(Q,P) = PO — H,(Q,P) is the classical Lagrangian.
In the case of the linear ORF, Q; and P; are calculated along a
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classical trajectory that starts at Qy and P, at T = 0, is propagated
forward in time from 7 = 0 to T = f; on the excited-state
potential, and then backward in time from 7 = #; to T = 0 on
the ground-state potential (see eq 2). In the case of the third-
order ORFs, Q, and P, are calculated along classical trajectories
that start at Qy and Py at 7 = 0, and are propagated forward in
time from 7 = 0to v = f; + t, + t; followed by backward
propagation from 7 = t; + t, + #; to T = 0. Importantly, the
system hops between the ground and excited potential surfaces
throughout this forward—backward time evolution in a manner
implied by eqs 6—9. For example, in the case of R;, the system
is propagated on the excited surface fromt =0tor =1 + 1,
+ t3, on the ground surface fromt =1+ + tst07 =1 +
1, on the excited surface from 7 = t; + 1, to T = ¢; and finally
on the ground surface from 7 =t to 7 = 0.

C. The LSC Approximation. The LSC approximation is
based on writing the ORFs in a path integral form and linearizing
the path-integral forward—backward action with respect to the
difference between the forward and backward paths *!1:13717:32-34
It should be noted that similar expressions have been previously
proposed based on a variety of other semiclassical approaches.®*3~*!
Within this approximation, the linear and third-order ORFs are
given by the following expressions:

JLSC(II) —
1 .

wgelz% S dQydP o, \(Qp. Poexpli [ dTU(Q, )R}
(18)

and

LSC(t% 1o 1)) =

|ﬂge|4 l f ondP Opz,W(QO’ o)eﬂ 79 dTU(Qr)/h S fzmdw(g oA
(19)

Here, + and — correspond to rephasing ORFs (R,,R;) and
nonrephasing ORFs (R,R,), respectively, p,w(Q,P) is the
Wigner transform of p,,

pen@P) = [are ™Mo + Jipj0 - 5) 0

and U(Q)/h is the instantaneous value of the transition
frequency,

U@, = V(Qp) — Vy(Q) 2y

Importantly, {Q;} are classical trajectories whose initial states
are sampled from p, w(Qo,Po) and which hop between potential
surfaces as they are propagated forward from7 =0to7 =t
+ t, + t3 according to the following prescription:

* In the case of J, the propagation takes place on the average
potential surface, V,. = (V, + V.)/2, during (0,1,).

e In the case of R, and R,, the propagation takes place on Vg
during (0,#)), on the excited-state potential surface, V., during
(t1,t) + 1), and again on V. during (t; + t,t; + 1, + 13).

* In the case of R; and Ry, the propagation takes place on V.
during (0,f;), on the ground-state potential surface, V,, during
(t1,t; + 1), and again on V. during (t; + f,t; + £, + 13).
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D. The 20C Approximation. The 20C approximation can
be derived by taking advantage of the following identity:!

exp[ilélgt/’r’l]exp[—il/-\let/h] = exp,[—i jg dt'i\]g(t’)/h]
(22)

Here, exp4 corresponds to a positively time-ordered exponential
and

A AN AN AN
U (1) = exp[zHgt/h]U exp[—ngt/ﬁ] (23)

where Uk = [V(Q) — Vg(Q)]/h is the transition frequency
operator.

Substituting eq 22 into eq 2 yields the following expression
for the linear ORF:

2 . h ,A A
J(t)) = lug *Tr{exp,[—i ﬂ) dr'U(t)/R1p,}

= Iy Xexp, (=i [ drU R, (24)

Importantly, the initial equilibrium state, p,, and the dynamics
of Ug(t) are both governed by the same Hamiltonian, I:Ig. The
20C approximation then amounts to replacing {(exp+[—Li/’ {dt’Ug(t’)/
fi]), by the corresponding second-order cumulant expansion:

7)) = Iugelzexp[—i(f])gtl/h — g(t)] (25)

Here

gty = ['de(s, — DC,(D) (26)

where C,(7) is the quantum-mechanical equilibrium ground-
state frequency—frequency correlation function:

C = F%Kffg(r)t%g — (O @7

Thus, the temporal behavior of the linear ORF within the 20C
approximation reflects equilibrium fluctuations on the ground-
state surface. This behavior should be contrasted with the exact
expression for J(#), eq 2, as well as the corresponding FB-IVR
and LSC approximations (eqs 12 and 18, respectively), which
are clearly affected by nonequilibrium dynamics on the excited-
state surface. The discrepancy can be traced back to the choice
of eq 22 as the starting point for the second-order cumulant
approximation. As we will show in section E, an alternative
and equally valid identity may be used, that leads to an
alternative second-order cumulant approximation which is
sensitive to nonequilibrium excited-state dynamics.

The 20C approximations for the third-order ORFs can be
obtained in a similar manner. They can be conveniently
expressed in terms of F(7,,75,73,74), €q 10, whose 20C ap-
proximation is given by:!
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A
F20C KUY(—T11F 1~ 15+ 149)R %

(Tl, Ty, T3y 774) =¢

exp{—#[g(r1 — 1) — gt — ) + gt — 1) +

gt — ) — g(r, — 7)) + g(zy — r4)]} (28)

Thus, within the 20C approximation, the temporal behavior of
the third-order ORF reflects the very same equilibrium fluctua-
tions on the ground-state surface as the linear ORF.

Finally, it should be noted that truncating the cumulant
expansion at second order represents a rather severe approxima-
tion which can be expected to further limit the accuracy of the
resulting expressions for the ORFs.

E. The 20Ca Approximation. The second-order cumulant
expansions in eqs 25 and 28 are not unique. To see this, let us
consider an alternative cumulant expansion based on the
following identity:

expliH iihlexpl—iH 1] = exp_[—i [ drU (VA
(29)

Here, exp- corresponds to a negatively time-ordered exponential
and

U.(t) = expliHh]U expl—iH_ /] (30)

Substituting eq 29 into eq 2 then yields the following expression
for the linear ORF:

Jt) = g PTe{exp_[—i [T deUHIp,)

= Iy Xexp_[—i [ drU)AY, (1)

Importantly, while the initial equilibrium state, p, is governed
by the ground-state Hamiltonian, the dynamics of U.(r) are
governed by the excited-state Hamiltonian.

An alternative second-order cumulant approximation can
then be obtained by performing the cumulant expansion of
{exp-[—if E)dt’lAJe(t’)/ﬁ])g and truncating it at second order:

/ AN
FOC ) = I,ugelzexp[—é S dr(U ), —
1

S [ artata, - 5y art o,
(32)

It should be emphasized that although the expressions for
the linear ORF in eqs 24 and 31 are equivalent, the
corresponding second-order cumulant expansions in eqs 25
and 32 are not. More specifically, unlike (U)g/h and Cy(1)/h?
which correspond to the averaged transition frequency and
fluctuations around it, respectively, at equilibrium on the
ground-state surface, the quantities (ll(t’))g and (U.(7) lA/e(t”))g
reflect the nonequilibrium dynamics of the transition fre-
quency on the excited-state surface and its autocorrelation.
In other words, unlike the 20C approximation, and similarly
to the FB-IVR and LSC approximations, the 20Ca ap-
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proximation appears to be able to account for the signature
of the inherent nonequilibrium excited-state dynamics on the
linear ORF.

The 20Ca approximation for F(t1,7,,73,74), and thereby the
third-order ORFs, can be obtained in a similar manner:

2OC

(T}, 75, T3, Ty) = exp[C (T}, Tp, T3, Ty) +

Cy(1,, 75, 73,71 (33)

where Ci(71,72,73,74) and C,(71,7,,73,74) are the first- and
second-order cumulants, explicitly given by:

— i 71 ’ A ’
Ci(r, 73 T3, T0) = 7= Jo dTU @), +

[P AU~ [ U@t [ dTULT),)
(34)

and

Cy(T), 75,73, Ty) =

1 g ’ 134 ’” A ’7” A ’
_E{ﬂ’ dr} [T (UEUL), +
© ., T ,
NN AU UL, +
T: ‘[{ ’7 A ’
S dts [ AU UE), +
’ H ’7 17 A ’
S [T AU U, +
T, 6T, 0 LA ,
S [ UV, —
T, pl PANNA ,
’/(‘) dtlﬂ 3dT3<Ue(rl)Ue(‘E3)>g +
T , T , A , A ,
o det [T U ULE), +
T 4 Ts ’ " ’ " ’
S [ G UH UL, —
T , T, , A , A ,
p/(-) zd‘L’2 '/; dT4<Ue(Tz)Ue(T4)>g +
o, w T N N, 15
A [ AU, = 5CHm Tt T3T) (35)

3. Benchmark Model

The main goal of this paper is to provide a systematic analysis
of the accuracy of the approximate methods discussed above.
To be meaningful, the analysis has to be performed in the
context of a benchmark model for which the exact quantum-
mechanical ORFs are known and do not coincide with any of
the approximations under discussion. A model that satisfies these
requirements consists of a two-state chromophore where the
ground and excited surfaces are both harmonic, but differ in

[frequency:

ho,, + %wﬁ(@ + 0,
(36)

Vi0) = 3020 V0) =

Here, w, and w. are the harmonic frequencies that correspond
to the ground and excited surfaces, respectively, Qg is the
horizontal displacement of the excited-state surface relative to
the ground-state surface and ., is the minimum to minimum
transition frequency between the ground state and excited state.
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We first consider the special case where w. = w,, which
corresponds to the one-dimensional version of the popular
Brownian oscillator model.! As it turns out, this case does not
lend itself as a benchmark for the problem at hand. This is
because the ground and excited potential surfaces have the exact
same shape and therefore induce the same dynamics. As a result,
the linear and third-order ORFs produced via all four ap-
proximations (FB-IVR, LSC, 20C and 20Ca) can be shown to
coincide with the exact ones when w. = w,, regardless of the
values of the temperature and horizontal displacement (see
Appendix). Thus, choosing a model system with w. = w, is
essential for obtaining a meaningful benchmark. It is important
to note that the ORFs in the case w. #= w, differ from those in
the case w. = w, in two respects:

 The transition frequency is a quadratic rather than linear
function of the coordinate of the photoinactive mode:

N 1 N l A
U = ho,, + Ewﬁgﬁ + w2Q,0 + E[wﬁ - )0’
(37)

* The temporal behavior of U(t) is sensitive to whether it is
governed by the ground or excited-state potential surfaces
(which is not the case when w. = w,).

The exact quantum-mechanical ORFs when w. #= w, can be
obtained in a variety of ways. For example, the ORFs can be
expanded in a basis of vibronic states, such that:

_ 2 eq
J(t ) = l‘uge ZP glocglo CIICCI g/oexp (= ezl.gioll]

Jod1

(33)
4 z eq
R\(t;5,1) = Iygel P’ Cgh ony g}OngO,ejzcejzyng X
Jod14243
eXPl—iWy; o ls T 10 1) T W i )]
Ryt 1,1,) = lu |42Peqc C. .C... %
2\73.02.°1 ge 2/3:¢/p e]zg/o o1 Y183
Jod14243
exp[—l(uequ%t3 — oy, entZ + lwe] ,gjotl]
CurS 7
Rytsot) = gl 20 Py Coj g, Coipei, Coir i, Coiney X
Jod1424J3
expl—iw oty — i0y o1+ iwg o]
= oq
R4(t3,t2»t1) lﬂge Z P gloce/; 2 glzel|Ce.f1»gf0Cgf0ve.f3 X
Jod14243
eXpl—iwy ol ~ iy i1 T iwg 1] (39)

Here, Pyl = [1 — exp(—hw/kgT)lexp(—jhw,/kgT) is the
equilibrium probability for being in state lgj), {lgj)) =
0,1,2,...} and {lek),k = 0,1,2,...} are the vibronic states that
correspond to the ground and excited states, respectively, @«
= weg[d(ae) — O(be)] + [(j + 12)w, — (k + 1/2)w,] are the
vibronic transition frequencies, and Cgz = (ejlgk) are the
Franck—Condon coefficients (which can be obtained in closed
form in the case of harmonic potentials).

It should be noted that the ORFs in eqs 38 and 39 are purely
oscillatory. However, in reality, these ORFs are damped by
processes such as electronic dephasing. In order to account for
electronic dephasing, we assume that w,, is a stochastic quantity
whose dynamics is uncorrelated with that of the photoinactive
mode and can be described as a Gaussian process in the limit
of motional narrowing. Within these assumptions, J(t;) —
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k,T/ho, =02
-5 0 5

w /w =1.0
e g

mefmg=1 4 melmg=1 8

-5 0 5 -8 0 8
Figure 1. The 1D spectra at 7 = 0.2hw,/kg (low temperature) for Qq
= (h/wy)'" and the following values of w./w,: 0.6,1.0,1.4,1.8, as

obtained via an exact quantum mechanical calculation, as well as the
FB-IVR, LSC, 20C, and 20Ca approximations.

exp[—T't;]J(t)) and Rj(t1.to,t5) — exp[—I'(1; + 3)IR(t1,10,13),
where I is the electronic dephasing rate constant.

Exact and approximate 1D and 2D spectra were calculated
for w/w, in the range 0.5—2.0 at T = 0.2h(l)g/k]3 (low
temperature) and 7 = 5.0hw,/kg (high temperature) and for
different values of the horizontal displacement Q4/(h/wy)"? =
0.5,1.0,1.5. The 2D spectra were also calculated at different
values of #,. The electronic dephasing rate constant used in all
calculations was I' = w,/2.8 and the spectra are presented so
that the frequency origin is set at {w.g), which corresponds to
the average of the stochastic wey(?).

4. Results

A. 1D Spectra. The 1D spectra at T = 0.2Aw,/kg (low
temperature) and 7' = 5.0Aw,/kp (high temperature) are shown
in Figures 1 and 2, respectively, for Qg = (A/wg)"? and the
following four representative values of w./w,: 0.6,1.0,1.4,1.8.
As expected, the quantum-mechanically exact 1D spectra consist
of peaks at the various vibronic transition frequencies. The
widths of these peaks are determined by I', and their intensities
are determined by the thermal weight of the initial state and
the corresponding products of Franck—Condon coefficients (see
eq 38). The following observations can be made based on these
results:

e The 1D spectra obtained via FB-IVR are found to be in
excellent agreement with the exact results throughout the entire
region of parameter space considered. It should be noted that
the fact that the coherent state width parameter y was chosen
to be constant (see eq 14) implies that FB-IVR is not exact for
the system considered here. More specifically, by assuming that
y is constant, FB-IVR neglects the fact that what is a coherent
state on one surface corresponds to a squeezed state on the other
surface. However, the corresponding changes of the width do
not seem to affect the 1D spectra in a noticeable way even when
. and w, are significantly different.
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kgT/ hm& =50
= ; * —8 0 8
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Figure 2. Same as Figure 1 at 7 = 5.0hw,/kg (high temperature).

 Although LSC is not as accurate as FB-IVR, it is clearly
able to reproduce the main features of the 1D spectra rather
well throughout a wide region of parameter space and improves
with increasing temperature. It should be noted that the
agreement between the LSC and exact results depends on the
choice of electronic dephasing rate constant, I'. More specifi-
cally, the LSC approximation is known to be overdamped in
comparison to the corresponding fully quantum-mechanical
results, which can be attributed to the fact that it is based on
purely classical all-forward dynamics and therefore lacks the
ability to account for coherent quantum dynamical effects.!>!64?
As a result, the LSC approach is particularly suitable for
modeling spectra in cases where the physical dephasing is faster
than any nonphysical dephasing caused by this overdamping.
This is often the case in systems of practical interest and under
ambient conditions. In order to mimic this situation, we have
used in the present study a large enough value of I' so that the
damping of the ORFs is dominated by it, rather than by the
nonphysical dephasing inherent to the LSC approximation.

e Although the 1D spectra obtained via 20C coincide with
the exact ones when w. = w,, the agreement between them
deteriorates rather rapidly once w, is allowed to deviate from
w,. Importantly, the deviations are qualitative in nature in the
sense that 20C is unable to reproduce the overall asymmetry
of the spectrum as well as the locations, relative intensities, and
widths of the peaks. These deviations reflect the two major
approximations underlying 20C, namely that the spectra reflect
equilibrium ground-state dynamics and that this equilibrium
dynamics can be described by a Gaussian process.

* The 1D spectra obtained via 20Ca coincide with the exact
spectra and the spectra obtained via 20C when w. = w,.
However, the 20Ca-based spectra are seen to deviate signifi-
cantly from both when w. differs from w,. At low temperatures,
20Ca appears to be somewhat better at predicting the peak
locations, which can be attributed to its ability to account for
at least some of the spectral signature of nonequilibrium excited-
state dynamics on the spectra. Unfortunately, the low-temper-
ature 20Ca-based spectra also become pronouncedly negative
in some regions, which is clearly nonphysical. At high temper-
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Figure 3. 1D spectra for Oy = (0.5,1.5)(A/wy)"?, w/w, = 1.4 and at
T = 0.2hw,/kg and T = 5.0hw,/kg, as obtained via an exact quantum
mechanical calculation, as well as the FB-IVR, LSC, 20C, and 20Ca
approximations.

atures, the spectra obtained via 20Ca are seen to coincide with
the envelopes of the spectra obtained via 20C but lack the fine
structure of the latter, which can be attributed to overdamping
generated by the nonequilibrium excited-state dynamics. Finally,
the fact that the accuracy of two distinctly different second-
order cumulant approximations deteriorate so rapidly once we
allow w, to differ from w, suggests that this type of approxima-
tion can only be expected to be reliable within a rather narrow
region of parameter space.

In Figure 3, we show the 1D spectra for two other values of
Qq, namely Q4 = (0.5,1.5)(/w,)"2, in the case w/w, = 1.4
and at T = 0.2hw,/kg and T = 5.0hw,/kg. It should be noted
that the 1D spectra obtained via all four approximate methods
coincide with the exact ones when w. = w,, regardless of the
value of Q4. However, this is not the case when wJ/w, = 1.
The 1D spectra obtained via FB-IVR are seen to be in excellent
agreement with the exact ones regardless of the value of Q.
As expected, LSC also remains accurate at high temperature
regardless of the value of Qq. Interestingly, LSC is also observed
to remain rather accurate even at the lower temperature, although
the level of accuracy is observed to diminish with increasing
Qq. Finally, the 1D spectra predicted by 20C and 20Ca are
seen to be significantly different from the exact ones regardless
of the values of Qq, and the deviations are seen to increase with
temperature.

B. 2D Spectra. The exact 2D spectra at T = 0.2hw,/kg (low
temperature) and 7 = 5.0hw,/kg (high temperature) are shown
in Figure 4 as a function of #, for Q4 = (hW/w,)" and in the
special case where the frequencies of the ground and excited
surfaces coincide, namely w. = w,. As expected, the 2D spectra
consist of peaks at the various vibronic frequencies. The widths
of these peaks are determined by I', and their intensities are
determined by the thermal weight of the initial state and the
products of Franck—Condon coefficients (see eq 39). The peak
pattern is also seen to change as a function of #, as dictated by
eq 39, and the number of peaks is seen to increase with
temperature, which reflects the larger number of initially
populated ground vibronic states. However, the fact that the
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Figure 4. The exact 2D spectra at T = 0.2Aw,/kg (low temperature)
and T = 5.0hw,/kg (high temperature) as a function of 1, for Q4 =
(Hwy)'" and wJw, = 1.
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Figure 5. A comparison of the exact 2D spectra to the corresponding
LSC, 20C, and 20Ca approximations in the case where w./w, = 0.6
at 7 = 0.2hw,/kg (low temperature).

vibronic wave functions become increasingly more localized
at the turning points with increasing energy implies that the
corresponding Franck—Condon coefficients drop rapidly. As a
result, the intensity of peaks that correspond to transitions
between excited states tends to rapidly decrease the more excited
the vibronic states are. As for the 1D spectra, the 2D spectra
generated via FB-IVR, LSC, 20C, and 20Ca all coincide with
the exact results when w. = w, (see Figure 4).

In Figures 5—10, we present a comparison of the exact 2D
spectra to the corresponding LSC, 20C, and 20Ca approxima-
tions in the case where w. # w,. More specifically, we compare
2D spectra at T = 0.2hw,/kg (Figures 5—7) and T = 5.0hw/kg
(Figures 8—10) for Q4 = (hW/w,)"? and at various values of 7.
We have also repeated the calculation for other values of Qq4
(not shown). However, we have not found new trends with
respect to the Q4 dependence besides those already noted in
the context of the 1D spectra (see Figure 3). The 2D spectra
generated via FB-IVR were observed to be practically indis-
tinguishable from the exact ones and are therefore not shown.
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Figure 6. A comparison of the exact 2D spectra to the corresponding

LSC, 20C, and 20Ca approximations in the case where w./w, = 1.4
at 7 = 0.2hw,/kg (low temperature).
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Figure 7. A comparison of the exact 2D spectra to the corresponding
LSC, 20C, and 20Ca approximations in the case where w./w, = 1.8
at T = 0.2hw,/ks (low temperature).

This implies that although strictly speaking the FB-IVR ap-
proximation is not exact when w. = wg, the 2D spectra are
essentially insensitive to the difference, at least for the model
under consideration here.

Unlike the spectra generated via FB-IVR, there are visible
deviations between the exact spectra and those obtained via LSC.
However, those deviations remain small throughout the region
of parameter space considered, thereby testifying to the robust-
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Figure 8. A comparison of the exact 2D spectra to the corresponding
LSC, 20C, and 20Ca approximations in the case where w./w, = 0.6
at T = 5.0hw,/kg (high temperature).
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Figure 9. A comparison of the exact 2D spectra to the corresponding
LSC, 20C, and 20Ca approximations in the case where w./w, = 1.4
at T = 5.0hwy/kg (high temperature).

ness of the LSC approximation. In fact, while the accuracy of
the LSC approximation at the high temperature is expected in
light of the classical treatment of the photoinactive coordinate,
the fact that it is also accurate at the low temperature is
somewhat surprising. The latter observation can probably be
attributed to the fact that all the potential energy surfaces
involved are harmonic, as the presence of anharmonicities would
have given rise to more pronounced quantum effects at low
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Figure 10. A comparison of the exact 2D spectra to the corresponding
LSC, 20C, and 20Ca approximations in the case where w./w, = 1.8
at T = 5.0hw,/kg (high temperature).

temperatures. It should also be noted that the accuracy of LSC
is better at w./w, < 1, compared to w./w, > 1, since the lower
frequency of the excited-state surface makes it more classical.

Finally, the 2D spectra generated via 20C and 20Ca are seen
to be highly inaccurate in almost every respect. More specifi-
cally, although the 2D spectra generated by both the 20C and
20Ca approximations coincide with the exact ones when w. =
w,, the agreement between the approximate and exact spectra
deteriorates rather rapidly once w. is allowed to differ from w,.
At the high temperature, the predictions of 20C and 20Ca are
seen to differ qualitatively from the exact results regardless of
the value of w./w,. However, at the lower temperature, 20C
actually seems to perform reasonably well for w./w, = 0.6,
while 20Ca fails. Nevertheless, the trend reverses for w./w, =
1.4, where it is actually 20Ca which is seen to be in reasonable
agreement with the exact results, while 20C fails. This suggests
the growing importance of accounting for excited-state dynamics
when w. > w,, at least at low temperatures. However, generally
speaking, the second-order cumulant approximation, in either
its 20C or 20Ca renditions, is seen to be rather inaccurate and
to lack robustness even in the case where the potential surfaces
are harmonic, provided that they do not have the same
frequency.

5. Conclusions

In this paper, we have considered the accuracy of the FB-
IVR, LSC, 20C, and 20Ca methods for calculating 1D and
2D spectra within the context of a benchmark model of a two-
state chromophore with shifted harmonic potential surfaces. We
have shown that all methods reproduce spectra that coincide
with the exact ones when the frequencies of the two surfaces
are the same, regardless of the temperature or relative displace-
ment of those surfaces. As a result, a meaningful benchmark
must be based on having the two surfaces correspond to different
frequencies, and the accuracy consequently becomes dependent
on the frequency ratio.
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The spectra generated via FB-IVR were found to be in
excellent agreement with the exact ones throughout the entire
region of parameter space considered. We have also observed
good agreement between the spectra calculated via LSC and
the exact ones, provided that the exact ORFs decay on a time
scale shorter than that of the nonphysical overdamping inherent
to the LSC approximation. Finally, the second-order cumulant
approximation, either in its standard form, 20C, or alternative
form, 20Ca, were generally found to be inaccurate and
unreliable unless w. ~ w,.

Although the FB-IVR method is superior to LSC in regard
to accuracy, its computational cost is also significantly higher.
Thus, our results seem to point to LSC as the method of choice
for modeling 2D spectra in complex systems for which an exact
quantum-mechanical, or even the approximate but rather
expensive FB-IVR method, may not be feasible. Applications
of LSC to model spectra in complex systems such as hydrogen-
bonded liquid solutions have been reported in a separate paper.*
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Appendix: Linear Response in the Same-Frequency Case

In this appendix, we show that FB-IVR, LSC, 20C, and 20Ca
all reproduce the exact 1D spectra when w. = w, = w. We
start out by noting that in this case, the transition frequency is
linear in Q (see eq 37): U = hwy, + (28)*hwQ = hol, + 0U,
where w{, =  Weg + wS is the vertical transition frequency, oU

= (25)"?Aw( is the fluctuation relative to it, and S = wQi/2h
is the Huang—Rhys factor. In the Heisenberg picture, (5Ug/e(t)
= (2S)”2thg,e(t) where Qg,e(t) is obtained by solving the
Heisenberg equations for the position operator on the ground
and excited potential surfaces:

A

0,(t) = 0 cos(wr) + g sin(w?) (A1)

A

0.) = —0, + (0 — Qycos(wr) + Ssin(a)t) (A2)

As is well-known, the 20C approximation reproduces the
exact result when w, = wg:!

J() = Jzoc(t ) = I,ugelzexp{—i(u” f —

S[coth( )(1 — cos(wt,)) + isin(wr,) — wt )]} (A3)

However, it can also be shown that, in this case, J?°C%(t,)
coincides with J?°C(¢,) and hence the exact result. To this end,
it can be easily verified that

<5(Aje(r)>g = —2hwS[1 — cos(w)] (A4)

and
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(00100 (1), = 2Sh*w*(2S[1 — cos(wt’) — cos(wt”) +
cos(wt"cos(wt")] +
1

zcoth(ﬁh )[cos(a)t')cos(wt”) + sin(wt')sin(wt")] +

E[COS(cut’)sin(cot") — sin(wt’)cos(wt”)]  (AS)

Upon substitution of eqs A4 and A5 into eq 32, performing
the integrals explicitly and rearranging, one finds that J?°C4(z,)
indeed reduces to eq A3.

The FB-IVR approximation is exact when w. = w, since the
two surfaces share the same set of coherent states. More
specifically, starting with a coherent wave packet on the ground-
state potential surface guarantees that it will remain coherent
even after hopping to the excited-state potential energy surface,
thereby reproducing the exact result.

Although less obvious, the LSC approximation also turns out
to be exact when w. = w,. This can be verified explicitly by
substituting the well-known expression for the Wigner distribu-
tion that corresponds to thermal equilibrium on the ground-
state harmonic potential surface,*

Pew(Qos Po) = tanh(ﬁzlw)exp{ " tanh(ﬁgw)[jo i

1
§w2Q§]} (A6)

into eq 18, and solving for Q, on the average potential energy
surface, Ve(Q) = (1/2)0*(Q + Q4/2)* + constant, so that

[ drouQ,) = Q. Quwsin(wr,) +

QP11 — cos(wt))] — S[wt, — sin(wt))] (A7)

Substitution of eqs A6 and A7 into eq 18 followed by explicit
integration over Qy and P, is then found to reproduce the exact
J(t1), eq A3, thereby implying that the linearization of the
forward—backward action is exact when w. = w,.

Finally, although the derivation is significantly more cumber-
some, it can be similarly shown that, in the case w. = w,, FB-
IVR, LSC, 20C, and 20Ca all reproduce the exact third-order
OREFs, {R,R,,R3,R4}, that underly the 2D spectra. It should also
be pointed out that FB-IVR, LSC, 20C still produce the exact
linear and nonlinear ORFs when the model is extended to
include an arbitrary number of independent harmonic photoin-
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active modes (which is equivalent to the popular Brownian
oscillator model).!
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