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Two-dimensional Raman and infrared vibrational spectroscopy for a
harmonic oscillator system nonlinearly coupled with a colored noise bath
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Multidimensional vibrational response functions of a harmonic oscillator are reconsidered by
assuming nonlinear system—bath couplings. In addition to a standard linear<lihgasystem—

bath interaction, we consider a square—lin€dL) interaction. The LL interaction causes the
vibrational energy relaxation, while the SL interaction is mainly responsible for the vibrational
phase relaxation. The dynamics of the relevant system are investigated by the numerical integration
of the Gaussian—Markovian Fokker—Planck equation under the condition of strong couplings with

a colored noise bath, where the conventional perturbative approach cannot be applied. The response
functions for the fifth-order nonresonant Raman and the third-order infi@redquivalently the
second-order infrared and the seventh-order nonresonant Rampectra are calculated under the
various combinations of the LL and the SL coupling strengths. Calculated two-dimensional response
functions demonstrate that those spectroscopic techniques are very sensitive to the mechanism of the
system—bath couplings and the correlation time of the bath fluctuation. We discuss the primary
optical transition pathways involved to elucidate the corresponding spectroscopic features and to
relate them to the microscopic sources of the vibrational nonlinearity induced by the system—bath
interactions. Optical pathways for the fifth-order Raman spectroscopies from an “anisotropic”
medium were newly found in this study, which were not predicted by the weak system-—bath
coupling theory or the standard Brownian harmonic oscillator model 2004 American Institute

of Physics. [DOI: 10.1063/1.1629272

I. INTRODUCTION available to obtain the heterodyne detected signal fields from
the mattef? The two-dimensionai2D) Fourier plots of the
The multidimensional vibrational spectroscopy is thethree-pulse vibrational echo technique applied to a dipeptide
Raman or the infrared analog of the multidimensionalmolecule implies the coupling between two amide-I mctles.
nuclear magnetic resonance techniques, and has recentiie degree of the correlation among vibrational modes in a
been intensively developed to explore liquid dynanics, small molecule and the conformational fluctuation of an
intra- and/or intermolecular vibrational couplings, mo-  -helical peptide are also investigated by the 2D IR
lecular structure changds;” and vibrational wave packet spectroscop} 4246
motion in condensed phasks. All the sensitivities of the multidimensional vibrational
For the fifth-order Raman spectroscdpsignals corre-  gpectroscopy rely upon the multiple pumping and the prob-
sponding to various Raman polarizability tensor elementsng processes which are expressed by the multi-time correla-
were measured for the intermolecular vibrational modes ofjon functions of the polarizability or the dipole moment as a
liquids CS (Refs. 14—1fand solution of C§(Ref. 17 by fynction of the relevant vibrational coordinates. We can uti-
minimizing the cascade contributioffs; which were under- jize there the multiple-resonances, constructive or destructive
estimated in the initial attempts of experimeffs’’Molecu-  interferences among the optical pathways beyond one-
lar dynamics simulation techniques were develdgedand  gimensional spectroscopy, i.e., the third-order nonresonant
compared with experimental resuffs** For example, the  Raman or the first-order IR spectroscopy, to select targeting
nodal lines of signals observed by Kaufmanal® were  gynamics of interest’-5° It is well understood that a har-
also found in the molecular dynamics simulation studied by onic system does not show any vibrational nonlineartties.
Saito and Ohm.mé? and were recognized to arise from COU- There must be nonlinear sources to endow a harmonic vibra-
plings among intermolecular rotational modes. Theoreticajjong| system with the nonlinear response against an external
s'Fudles.for different modelaoprobe sen.smvmes of the mlﬂlt"perturbation, e.g., the anharmonicity of the system potential,
dimensional spectroscopy *°For the third-order IR experi- the nonlinear coordinate dependence of the polarizability or

ments, the femtosecond phase-controlled IR pulses are NOe dipole of the system and the anharmonic vibrational
mode couplings?
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oscillators does not involve such effects. It can be introduceds the Hamiltonian for the relevant optically active oscillator
by adding the heat—bath degrees of freedom to couple witm which g, p, M, andU(§) denote the coordinatglisplace-
the normal coordinates. The Brownian oscillator modelment from the potential minimum momentum, mass, and
(BOM) is one of the most successful quantum descriptions ofhe potential. An ensemble of optically inactive harmonic
the dissipative process in the condensed phase such as thscillators is assumed as a heat—bath, and the coordinate,
vibrational energy relaxatiot:**~%°In a standard BOM, the momentum, mass, and frequency of tita bath oscillator
system—bath coupling mechanism is assumed as a sum of taee given byg;, p;, m;, andw;, respectively.
bilinear functions represented by the products of the system The standard BOM assumes a linear—linedr )
coordinate and the bath coordinates. Note that this systemsystem—bath coupling with respect to the vibrational coordi-
bath coupling has nothing to do with the vibrational nonlin-nates as mentioned beforéigg= —3F;(§)%;, where
earity, since the coupling term can be diagonalized with 'eF;(§)=c;§ with the coupling constant; . For a harmonic
spect to the vibrational coordinates. The total system is, ityotential, within the weak system—bath coupling, the LL in-
principle, described by a normal mode Hamiltonian. ~  teraction with a white noise reduces the level-dependent
If the system—bath coupling mechanism has a nonlineagopyation relaxation rate, but is insufficient to induce the
or anharmonic property, we can expect that this couplingyyre dephasing, i.e., lifetime limited dephasing. The loss of
induces vibrational nonlinear spectroscopic properties of thgnase coherence can be achieved by anharmonicities in the
relevant system, and it can be revealed by the higher-ordeyystem potential, the bath potential, or both, or by a nonlin-
vibrational spectroscopy. This situation can be viewed as agg, system—bath coupling mechanism considered in the
extension of the anharmonic intramolecular mode coupting present papéeit—64

to the system—bath coupling. However, it is not trivial to In the context of the BOM. Okumura and Tanimura in-
elucidate the corresponding spectroscopic features and to rgquced an interaction term composed of a squared system
late them to the microscopic sources of the nonlinearity, bez, o dinate and a linear bath coordin&®. interaction, i.e.

cause it cannot be diagonalized. The system—bath couplinlgj(q):gjqzlz with the coupling constarg; , to discuss the

inducegthevibrational nonlinearity as well as the vibrationalyfacts ~ of pure dephasing on the one-dimensional
dephasing processes.

spectroscopie® From the viewpoint of the normal mode

In one-dimensional spectroscopy, the distinct effects Obicture, the SL interaction corresponds to the anharmonic

the nonlinear system—bath coupling mechanisms on the Vi5,,qe coupling. For a harmonic oscillator system with a fun-

brational dephasing processes are hidden by other promine&émental frequencyng, this interaction causes frequency
contributions which can also be observed for the Standarﬂwodulations of the system given by Sw(t)

BOM as shown in our previous pagérThe pure dephasing —3,0,x;(1)/(2M wg), wherex(t) denotes the classical mo-

contribution can only be seen to broaden the spectral Widtlﬂon of the bath coordinate in the weak coupling limit. In Ref.
in addition to the line broadening due to the vibrational en-g¢ they derived a perturbative expression for a two-time

ergy relaxation. Differences of the dissipative processes M3¥%orrelation function of the system coordinat®erresponds to
be depicted by multidimensional vibrational spectroscopies,

) . . . $pontaneous Raman spectrosgogayd demonstrated that the
since there the vibrational dynamics correlated by more tha and the SL models are distinguishable by their tempera-
two SUCCESSIVE pumping processes are measure_d. We are fe dependencies. In a real experiment, however, molecular
to disentangle the several dissipative pathways involved an ructures and configurations may also be changed by a tem-
to investigate the relaxation processes in more detail co

d to th di ional ¢ ies. Although perature, it is not so easy to distinguish such effects. In order
bared 1o the one-dimensional Spectroscopies. Athough mul, verify a mechanism, one need to develop a measurement
tidimensional spectroscopy is a sensitive tool to investigate

. o . 1€ Rhich is more sensitive to a difference of a dephasing
mechanism of vibrational dephasing, the effect of a nonlineaf . .1 i Fifth-order Raman and third-order IR spectros-

(a}n'harmom}: s.ystem—ba}th. coupling upon a signal is not]popy are such examplésee Eqs(6) and (7)].1%°
trivial as mentioned earlier; one has to clarify the features o For the SL model. Steffen and Tanimura calculated one-
the response functions governed by a different dephasing,, o, three-time correlation functions of the Raman po-

mechanism before analyzing a real experimental sSigng rizability or the dipole moment for various coupling

where many other effects may be involved. For this PUrPOSErangths and noise correlation tinfés®® They derived the
here we employ a single mode system to analyze the multi-,

di ional tra induced by th i ; b uantum Fokker—Planck equation for the SL coupling by
imensional spectra induced by the nonfinear system-— atgeneralizing the reduced equation of motion for a Gaussian—
couplings in various conditions.

W % del svstem to describ brat al\/larkovian (GM) batt®~"* to overcome the complexity of
€ consider a model system 1o describe a vibrationay, q analytical perturbative treatments. The nonlinearity of the

motion in the condensed phase, which is represented by%

. . ) stem—bath interaction yields an interesting feature in the
Hamiltonian defined by y g

fifth-order Raman and the third-order IR photon echo re-

sponse: 2D signal is shown to be useful to measure the de-
; 1) gree of the frequency fluctuatiorige., inhomogeneity of

the vibrational mode. The key to their studies is the inclusion
where of a noise correlation. In liquids or glasses where the motions
of the bath molecules have the same time constant as the
motions of the system, the white noise approximation can
break down and a more elaborate model is necessary, which

1,1 .
2—mjp1+§mjw,» Xj—

A=At
]

Fj(@)]z

2

p2+U(G) )
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#w *,'\, (\* Uﬁ\ Planck equation approach. In Sec. Il A, we estimate of the
A / \ NS leading order contributions of the vibrational nonlinear re-
X';\(\)' :“')Z;;o X-\;\d_—: S sponse functions by using the Liouville pathways. The ef-
] i i fects of the spatial averaging on the response functions are
0 d 0 4 considered in Sec. Il B. Numerical results are presented for
C1/C2>0 C1/C2<0 the fifth-order Raman and the third-order IR response func-

FIG. 1. Schematic illustration of the effects of the system—bath coupling orfiONS, and are discussed in Sec. IV. The concluding remarks

a relevant harmonic potential system. For simplicity, only the effects of theare given in Sec. V.
coupling with the jth bath motion is drawn. The LL coupling

(—2g;x;C,q) and the SL coupling (—gjxjczqz) induce the displacement
and the frequency fluctuation of the relevant potential, respectively, and ar!al' A FOKKER-PLANCK EQUATION DESCRIPTION

responsible foiT,-type andT,-type vibrational relaxation processes in the OF THE RESPONSE FUNCTIONS

weak coupling limit. The bold lines represent the unperturbed potential, . . . . .

while the dotted-dashed and dashed lines represent the perturbed potential In thls section, we ogt!lne th,e theor_etlcal basis for the

for C,/C,>0 (left) andC,/C, <0 (right), respectively. These two patterns Calculations of the multidimensional vibrational response

of the potential distortion reflect the difference of the relative phase betweefiunctions affected by a GM noise bath®®%”" The vibra-

the LL and the SL coupling mechanisms. tional dephasing processes can be determined by the
system—bath coupling forffEqg. (3)] and the spectral distri-

- _ bution of the bath oscillators. We assume the bath spectral
accounts for the finite correlation between the system and thgensity expressed %s

bath motions. The simplest example is a GM modulation ) 5
defined by the noise correlation functiof(t)=AZexp )= g o )= M{ oy @
(—),%° whereA and y denote the strength and the correla- 8m; w; ! T Wity

tion of the modulation, respectively. The pure dephasing Iﬁn Eq. (4), a constanty is related to the decay rate of the

then analogous to th&s process in the nuclear magnetic . . . .
nalogous 2 P . mag symmetrized correlation functiof(t), of the collective bath
relaxation, but it cannot be characterized by a single decay

constant 1% because of the finite correlation time of the Coordinate X=X,g; %;/2, within the high temperature condi-
modulation. tion Bhy<1 (B=1/kgT with kg andT being the Boltzmann

In this paper we investigate the effects of tsienulta- ~ constant and the temperature, respectively
neouspresence of the LL and the SL couplings on the vibra- 1. . L My
tional multidimensional spectroscopies in contrast to the S(t)= §<X(t)x(0)+x(0)x(t)>B:T
above-mentioned studies, where #aditivity of the dissipa- . .
tive processes induced by the two coupling mechanisms anghereX(t) denotes the Heisenberg representatioiX Ggind
implicitly assumed. As shown in our previous stidyt is  (---)g means taking thermal average with respect to the bath
reasonable to assume thdditivity of the dissipative effects degrees of freedom. Therefore,=1/y is a measure of the
for the one-dimensional vibrational spectroscopy. Such amoise correlation time{ is related to the system—bath cou-
assumption is not valid for the higher-order spectroscopies aaling strength. The SL coupling strength and the LL coupling
shown in this study. Theoretical models for the dissipativestrength are defined from Eqd) and(4) by {5, =¢|C,| and
processes beyond the simple and T, picture, which is ¢, =4[C,]%Z, respectively. The dimensions of these cou-
based on the weak system—bath coupling and assumes théng strength a®® [, ]=s ' and[{g ]=m ?s ! Aset of
additivity, can really be pursued through the careful examifour parameterg,, , {5 , 7.=1/y, andp, thus, completely

e vltl, (5)

nations of the multidimensional response functions. specifies the system—bath coupling.

In this study, the system—bath coupling function is rep-  The fifth-order Raman and the third-order IR response
resented by functions denoted byRE) (T, T;) and RE(T5,T,,Ty),

' respectively, are defined as the functions of the pulse sepa-
Fi(@)= %(2clq+czq2), (3)  ration times,T;=0 (j=1,2,3), a§*®
i\ 2

whereg; is the coupling strength. Constar@s=0 andC, Rg’gma,(Tz,Tl):('ﬁ) ([[&(T1+Ty),a(Ty)],a(0)])
specify the relative importance of the couplings via the ©)

g(LL) or §2(SL) term, respectively. In Fig. 1 we show the

schematic illustration for the LL and the SL coupling mecha-and

nisms for a harmonic potential system considered. The LL i\3

coupling and the SL coupling induce the displacement and ng)(Tg,Tz,Tl)z(%> ([ Aa(T+Ty+Ta), a(Ty

the frequency fluctuation of the relevant potential, respec-

tively, and are responsible for;-type andT,-type vibra- +T,)1,(Ty)],2(0)]), (7)

tional relaxation processes in the weak coupling limit. We -~ -~ - -

choseC,=0 or +1 to set the relative phase between the twowherea(t)=e"""&(@)e """ or a(t)=e""" i(g)e """

coupling mechanismisee Sec. 111 B. is the Heisenberg representation of the polarizability or the
The organization of this paper is as follows: In Sec. II, dipole, and(- - -)=Tr{:--peqt, Wherepe=e #"/Tr{e A"} is

we summarize the theoretical description of the multidimenthe thermal equilibrium density operator of the total system.

sional vibrational spectroscopy by a numerical Fokker—Using the polarizabilitydipole) expanded by the coordinate,

Downloaded 15 Mar 2004 to 130.54.50.201. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



J. Chem. Phys., Vol. 120, No. 1, 1 January 2004 Two-dimensional vibrational spectroscopy 263

a(q)=2n-0 @nq"/n! (1(9)==,-0 #nd"/n!), the response d
functions are given by a sum of the multi-time correlation =+ Wo(P.d,t) == LsWo(p,a,t) = Pw(P,A)Wa(p.a.1),
functions of the coordinat§. The second-order IR and the (119
seventh-order Raman response functions, respectively, de-
noted bnyé)(Tz,Tl) and Rggma,(Tg,,Tz,Tl), are obtained
by exchanging the polarizabilite(q) and the dipolew(q)
in Egs.(6) and(7), respectively. In general, théth-order IR
response function is obtained from theN2 1)th-order Ra- ~ Pw(p,q)Wy(p.q.t)
man response function by replacingq)— w(q) as sug- +Ow(p,q)Wo(p,a.t), (11b
gested in Refs. 1 and 48ice versa. In this paper, results are
presented only in terms of the fifth-order Raman and the
third-order IR response functions for clarity. g

Formal expressions of the response functions given by —Ww,(p,q,t)=—{Ls+ny}W,(p,q,t)
Egs.(6) and(7) are recast into at

d
7t Wa(P.q. = —{Ls+ 7 Wa(p.q.1)

—Ow(p,d) W1 1(p,a,t)

. i
R(S) T, T =Tr{ A e*I,CTZ/ﬁ_ X (&
Ramaf T2 T2) =TH| +(8) P @ +nOW(P, AW, _1(p,a,b), (119
. i
xe'”ﬂﬁgmmﬁeq] ®)
and
and

J
N 7t Wn(p.G, 1) = —{Ls+ Ny}Wn(p.a.,1)
RIS(T3, T2, Ty =Tr| w(@e "o n(@)
_ +Tw(p,q)Wi(p,q,t)
_ i

xe T2l () +NOWw(P,q)Wy-1(p,q,t), (119

whereW,(p,q,t) (1=n=<N), are the auxiliary functions in-
(9) troduced to treat the memory effects of the GM noise, Eq.
(5). Lg is the deterministic quantum Liouvillian of the
system’’ The Fokker—Planck equation in a hierarchical form

. >< _ , A — ~ ~
respectlvely, .wherex "'___[X;'z' ] for X=a o.r K a”‘?' can handle the GM bath from weak to strong system—bath
L...=[H,...] is the Liouvillian.“ These expressions provide couplings under the high temperature condifiof?
us more intuitive pictures on the response functions. For ex-  gath.induced relaxation operators are givefi'by

ample, the right-hand side of E(B) can be read from right
to left; the thermal equilibrium state is modified by the first

.
xe T 1 (8) Py

interaction with the impulsive laser pulses via the polariz- fI)W(p,q)=—2(C1+C2q)&—p, (12

ability att=0, then it evolves in time fof; governed by the M g

Liouvillian, and modified again by the second interaction _ v

with the electric field at=T; followed by the time propa- Owlp,q)=2¢y (C1+C2q)( P B ap)

gation forT,. Then the state of the system is probed at 52 g2

=T,+T, through its Raman polarization. — _] (13)
Because the laser field is assumed to only interact with 4 Jpdq

the system via the polarizabilitidipole), the reduced de- gpg

scription of the optical processes can be made. The reduced Mo

density operator of the relevant system is obtained by tracing _ 2 9

out the optically inactive bath degrees of freedom from the Fw(p,@)=44(C1+Cq) %( P+ E%)

density operator of the total systéfh’>’#*We made the re- 5

duced description of the system dynamics by using the +72{C,(C1+Cyq) (14)

Wigner distribution function defined By’® apaq’
We note that within the LL model,=0) the explicit co-
, (100 ordinate dependencies of the relaxation operatb2s—(14)
vanish. In the limit of the Gaussian-whitgGW) bath y
wherep(q,q’,t) is the reduced density matrix element in the —«~, ie., J(w)—Mlw/7 in Eq. (4 and (t)
coordinate representation. The Wigner function represents-2M (g, 6(t)/B in Eg. (5), the dynamics of the relevant
the system dynamics as an evolution of the probability dissystem is described by a single differential equafibi+=0
tribution in the phase spacép,g). The quantum Fokker— in Eqg.(110d)], and the single operator of EGL4) governs the
Planck equation, which governs the time evolution of thevibrational relaxation. The Wigner function description of
Wigner function, can be cast into a hierarchical the system is suitable for our numerical investigation. The

form:51.66:67.71 Wigner function is a real valued function in contrast to the

1 (- iprih r r
Wolp.a =57 | dretipla=z.at 5t
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—T—=—T— gxa+a', wherea anda'’ denote, respectively, the annihi-
n lation and the creation operator for the vibrational state of
Oor2 1 5
(a) 0 0 0 0 the system. Thereby, the second lowest order tam|“«,,
becomes the leading term. This coincides with the BOM
prediction’ Next we consider the third-order IR response.
There are eight possible Liouville paths for the system—laser
field interactions, Fig. @). It can be shown that these dia-
1 Oor2 1 0 grams do not contribute to the response as a whole because
0 0 0 0 of the destructive interference among Liouville paths if the
population decay rate and the dephasing rate between any
two vibrational levels are both level independent. Such the
0 1 1 1 0 destructive interference was first pointed out in Ref. 1 for the
0 BOM, and the leading order ¢fu,]?[ 1»]? was assumed. In
the study of vibrational echo spectroscopy for a harmonic
oscillator, Fourkas and co-workers analyzed this cancellation
under a weak system—bath coupling condition. They showed
that the signal proportional tiou,]* arises if the dephasing
FIG. 2. Examples of the Liouville paths fdg) the fifth-order Raman re- | 5te constants depend on the vibrational stiftes
sponse andb) the third-order IR response with a linear polarizability or a T lude thi ti hould int ;[th lidit
dipole X(§) =X, for X=a or u in the weak system—bath coupling limit. 0 conclude . IS section, we S ould poin .0u e Va_' iy
Time runs from left to right and the system—laser field interactiong (  Of @ diagrammatic approach. This approach is convenient to
=a+4a") are denoted by the dots, where the(jsibe interaction is puton  analyze the peak positions related to the higher-order vibra-
the upper line, and the other dots can be put on both lines. We assume ghnal optical transitions, if the system—bath interaction is
initial population statg oS ,p,, ,|n){n|. The vibrational quantum number of weak and does not mix the reduced density matrix elements
ket (uppey and bra(lower) sides are depicted far=0. To yield the finite . . i
contribution, the final(rightmos state must be diagonala) There is no  IN the course of the time evolution,e.g., the cases where
Liouville path contributing to the fifth-order Raman responé®. Eight ~ the vibrational coherence transfer, vibrational population
configurations for the system-—laser field interactions are possible for th?eedinfz can be safely neglected. If such mixing processes
third-order IR response, but as a whole they do not contribute to the re P . .
sponse because of the destructive interferences among them when tF’i)eecome _S|gn|f|gant,_many Intermedlate states are generated
dephasing rate is level independent. from a single vibrational population or the coherence state.
Accordingly, many Liouville paths must be taken into ac-
count in addition to the ones shown in Fig. 2 for a given
complex valued reduced density matrix elemepts,,q’,t),  configuration of the system—laser field interacti6h¥%2-84
and the expression of the vibrational relaxation operators bewhich makes the diagrammatic approach practically impos-
come much simpler compared with the ones in the energgible.
level representatioft Derivation of the Fokker—Planck
equation and the numerical implementation of the time inteB. Symmetric properties of response functions
gration are described in detail in the previous papeal- In this section, we will consider the properties of the
culation steps of the fifth-order Raman response function for L : .
. . response functions upon a spatial averaging, although we
the GW bath are presented in the Appendix to show how the : . ; . .
. . . ) ¢annot discuss the detailed molecular reorientational motion
nonlinear response functions defined in E@.and (9) are ; )
, . as done in Ref. 43. It is not apparent whether the response
related to the Wigner function. . . S . i
function will remain finite or not by the spatial averaging,
since the polarizability or the dipole, and the Hamiltonian of

(=

<—T1—><—T2—> 4—"['3—»

oo

(b)

Ill. PROPERTIES OF THE MULTI-TIME Eq. (1) do not possess the coordinate inversion symmetry.
RESPONSE FUNCTIONS We first treat the (Rl+1)th-order Raman response
o . _ ; (@N+1) 1y e i = (2N+1)

A. Estimation of leading order of response functions function Riaman' - It is specified by the notatioRgamang. ) »

) . . ~where the signs in the subscript specify the parameters for
To interpret the calculated signals, we will use the Liou-the calculation; the first sign symbolizes the polarizability,
ville paths associated with the fifth-order Raman and thea(q): + .0+ a,q2/2, and the second one assigns the rela-
third-order infrared optical processes. If we assume a relagye phase between the LL and the SL coupling constants
tion, ap>VMawglhan,y (O up>VMawglfipnia), and a  [sign of C, in Eq. (3)]. The sign ofe, represents the orien-
weak system—bath coupling, the leading order of the regation of the vibrational coordinate to a laboratory frame. The
sponse function with respect ta, (or un) is readily || and SL couplings are naturally assumed to have equal
estimated” We first consider the Liouville paths for the weight for both signs after a statistical average as is explic-
fifth-order Raman response function by explicitly expandingiﬂy demonstrated by the molecular dynamics simulaffon.
the commutator in Eq.(8) by the polarizability, a(q)  The Hamiltonian of Eq(1) represents the vibrational motion
=Zp-0pd"/nl. If a linear polarizability, a(q) = a10, IS that has fixed orientation to a laboratory frame, and after the
assumed, one cannot compose any contributing Liouvillensemble average it should describe the isotropic property of

paths to the fifth-order response as is explained in Fi@- 2 the system. Response functions satisfy a relation,
With the thre¢odd)-times of system—laser field interactions (2N+1)

. . . 2N+1 _
one cannot close the diagram with a diagonal element. Note  Rizamaiia, p) = Riamat-a, — p) (8P = %), (15
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since the coordinate inversiai— — q should not change the 21 (@) LL (afo)| |-
value of the response functions. For simplicity, we assume VO
that there are only two relative phases between the LL and g
the SL couplings,=, and define an “isotropic” response
function as

(b) LL4SL (o)

2N+1) _ 2N+1 2N+1) 2N+1
Rf?amamiso) - {Rg?amam)Jr +) + Rg?amarw =) + Rf:lamam)f =) \§~
= (c) LLASL (o)
2N+1
+ R(Ramam)— +)}/4
_ 2N+1 2N+1
_{Rg?amam)JrH_'— Rg?amam)fﬂ}/z’ (16)
where in the first line we count all the configurations, and the
second line is reduced by the coordinate inversion property 3

of Eq. (15). For alinear polarizability (¢;#0,2,=0), a

relation R§amam o= (—1)NIRENY  holds from Eg. T/ps
(2N+1)  _ (2N+1) ifth- i
(8), thus we have RRamane—+)_ Ramant- ) FIG. 3. Contour plots of the fifth-order Raman response functions

R@hman¢ +)(T2,T1) for (a) the LL model,(b) and(c) the LL plus SL model,
and(d) the SL model at 300 K in the GW bath. The LL coupling strength is
taken ¢, /(hwy)=0.26 for (8)—(c), and the dimensionless SL coupling

=(=1)NIRENEN. ) and the “isotropic” response func-
tions become

R(s) (T,,T)=0 (17) strength{g, is set to be 0.01 fokb), and 0.1 for(c) and (d). The solid
Ramartiso)\ ' 2+ 1 1) (broken contours represent positiyaegative values. The leading order of
and the response function is depicted in each fifate the text for details

nga)mamiso)(T3 T2 !Tl) = Rga)mam + )(TB T2 le)

=Rbomans (T3, T2,T1). (18 =0.26 [{ =10cm ] for (8—(c), and the SL coupling

strengthlg, =% {5 /(M w?) is set to be 0.01weak coupling

for (b) and 0.1strong couplingfor (c) and(d). The leading

- ; . . order term of the response function is depicted in each plot,

have “isotropic” response functions for thinear dipole which is determined by obtaining a finite response function

(117 0.u2=0), starting the numerical calculation with(q)=a;q. When

Rfsgiso)(Tz,Tl):o (190  the response function vanishes for the linear polarizability,
calculation with a(q)=a;q+ a,9%/2 is made. Therefore,

The same line of arguments also applies totle-order IR

response function®R{) with w(q)=* w1+ u.q%2. We

and the response functions depicted in pari@)sand(d) are cal-
Rl(gziso)(TZ% T, T)= Rf§2+ (T3, T2.Ty) F:ulated witha(q) = a1+ a2q2/2.and the response functions

3 in (b) and (c) are calculated withw(q)=a,q in Fig. 3. A

=Ria (T3, T2,Ty). (200 ratio @, /&= VA/(Mwg)ay/a, is set to be 102, The re-

Note that Eqs(17) and(20) are compatible with the leading SPONS€ functions for the LL plus SL modé) and(d), were
order terms proportional o ]2a, and[ 4], respectively, no'F changed by(g)he inclusion af, term W|t_h thg present
mentioned in the preceding section. ratloé and  Rgamang -)(T2,T1)  was identical 1o

In the following considerations, we assume that the laser” R(Rzal)man&+)(T21T1) as indicated in Sec. IlIB. The re-
pulses are impulsive and their envelopes are described by tf@0onse functions for the LL plus SL model show the opposite
delta function€ then the spectroscopic signal is given by initial phase compared with the other two models. Response
the response function itself. For finite pulse envelopes, théinctions for models(b)—(d) depend on the temperature;

signal depends on the experimental layout due to the phasé1€y get large as the temperature decreases, while the re-
matching conditiorf® sponse function for the LL model is temperature independent

for our calculations betweeh= 150 and 450 Knot shown.

By the differences of the leading order terms and the tem-
IV. RESULTS AND DISCUSSIONS perature dependencies, it is clearly indicated that the optical
pathways contributing in the LL plus SL model and the other
two are different. The response for the LL plus SL model is
regarded as the “anisotropic” response[(x; %) because of

We begin with a comparison of the unaveraged responsgg. (17), whereas those of the LL and the SL models are

functions for different system—bath coupling mechanisms irtisotropic” ( «[ a;]?a5,) as mentioned in the following.
the GW bath (—x). Figure 3 shows the contour plots of In Fig. 4, we explain the leading order terms for the LL
R(F<5§man&+)(Tz,T1) at 300 K as a function of ; andT, for  plus SL model and for the SL model by using the Liouville
(a) the LL model,(b) and(c) the LL plus SL model, andd) paths, where the system—bath coupling is considered as a
the SL model. The fundamental energy of the system oscilperturbation. Dots represent the system—laser field interac-
lator i wg is 38.7 cm! (27/ wy=861 fs), which is the typi- tions via thea; term as in Fig. 2, and the vertices denote the
cal value for the intermolecular oscillation in the condensedsystem—bath interactions with their explicit functional forms.
phase. The LL coupling strength is taken &s /(A wq) Initial diagonal vibrational states of the relevant system and

A. Fifth-order Raman (or second-order IR )
response functions
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FIG. 4. Examples of the possible Liouville paths for the fifth-order Raman
response within the perturbative treatment of the system—bath interactions
for (a) finite contribution and(b) no contribution. The vertex denotes a
system—bath interaction with the corresponding operator depicted. To leavelG. 5. Effects of the finite correlation time of the GM bath on the fifth-
the bath mode be diagonal, even number of vertices are required for eagitder Raman response functioRE) ¢ +)(T>.T1) for (a) the LL model,
bath mode(a) The LL plus SL model; the system and the bath modes can beb) and(c) the LL plus SL model, an¢d) the SL model at 300 K. The upper
diagonal at the endb) The SL model; even number of system quanta is panels are for a short correlation time= w, (fast modulatioh, while the
changed by a system—bath interaction, thus it requiras,aerm instead of ~ lower panels are for a long correlation time=0.1w, (slow modulatioi.

an a, term. The same is applied for the LL coupling cdset shown. The system—bath coupling parameters are the same as used in Fig. 3.

the bath are assumed. To produce a finite response it is nestudies so fat:"° We should note, however, that the SL cou-
essary to close the diagram with the diagonal states of thpling is not the only candidate to leqad,]° dependence of
bath modes. This condition is equal to requiring an everthe leading order terms. For example, the anharmonicity of
number of vertices for each bath mode. Figufe) 4hows the system potential causes such a contributfoBystem—
one example of the Liouville path contributing to the re- bath couplings which do not cause energy ldggaantum
sponse proportional tor; ]3, where the one-quantum coher- transition in the relevant system, that induce the pure
ence state of the system is converted to the population stateephasing proce$4#” may play the same role as the present
by a LL interaction with thejth bath mode during th&, SL coupling mechanism does if they operatéh the LL
evolution, |1)(0|—|0)(0|, and the coherence state is pre- coupling mechanisrfi:-8"=%0

served through a SL interaction during tAe evolution, From the comparison of the response function shown in
|1)(0]—]1)(0|. The quantum number of thigh bath mode Fig. 3(d) and the analytical result obtained by the stochastic
is conserved after the second SL interaction|@g—|n theory, it was suggested that the decay of the signal along the
*1);j—|n); via the succeeding one-phonon emiséim T, andT, axes, respectively, correspond to the pure dephas-
sorption and absorptio@mission processes, Wherha}j de- ing and the population decay proces&eslere, we compare
notes the energy eigenstate of tite bath mode. By these the response functions shown in Figgb)3and 3c). We de-
system—bath interactions, in total, an odd number ofduce that the decay times along theandT, axes in the LL
quant&=1) of the relevant system is changed, and this complus SL model are also responsible for the pure dephasing
pensates the odd quantum number change caused by thad the population decay time, respectively, although an os-
system—laser field interactions to end up with the diagonatillatory response along thE, axes is observed. We can see
state of the relevant system. On the other hand, within the Sh faster decay along the, axis in Fig. 3c) (strong SL cou-
interaction, such compensation does not occur since thgling) compared to Fig. ®) (weak coupling because of the
quantum number change caused by a single SL interactioincrease of the pure dephasing contribufib©n the other
must beAn=0 or =2 as shown in Fig. ). Therefore, one hand, the decay along the, axis is hardly affected by the
cannot compose any Liouville paths with a diagonal elementhange of the SL coupling strength since it mainly reflects
of the system at the final time. A finite response is expectethe population decay process.

beyond the linear polarizability approximation and the con- It was demonstrated that the potential fluctuations of the
tributing terms will be proportional tha;]%a, and[a,]3,  systeni”®can be probed as an echo signal in the fifth-order
where the former is the leading order term for the presenRaman response functions, where the leading order term is
case. This argument for the SL model is also applied to th@roportional to[ @;]?@, and includes the rephasing paths;
LL model, since even times of the LL interactions bring one-quantum coherence state+1){n| during theT, time
about an even quantum number change in the relevant sysvolution is inverted to|n+1){(n+2| via the second
tem. For a response function proportional[i®,]?e,, we  system—field interaction with the, term for theT, evolu-
note a relatioR mang +) = Rmmant. +) = Raman¢ _)» Where  tion. In Fig. 5 we now illustrate the response functions
we used — a;]?a,=[ a;]%a, and Eq.(15). This means that R(ngman&,ﬂ in the GM bath with different correlation times
the response functions shown in Fig&)3and 3d) represent 7.=1/y for (a) the LL model, (b) and (c) the LL plus SL

the “isotropic” responses defined by E@L6). Thus, we can model, and(d) the SL model at 300 K. The upper panels
understand that the simultaneous presence of the LL and tf#how the response functions for a short correlatitast

SL coupling mechanisms is crucial for the fifth-order Ramanmodulatior), 7.=1/wy and the lower panels for a long cor-
response to be proportional far;]3, which is realized by relation (slow modulatiof, 7.=10/wy. In the case of a
optical pathways different from those found in the theoreticalonger bath correlation time, the system is expected to have a
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FIG. 6. Plots of the fifth-order Raman response function in the frequency
domain,|RE), .(Q,,0,)], for (@ the LL plus SL model, andb) the SL

Ramal

model. These correspond to Figgc’ and 3d’), respectively. The param-
eter set is the same as used in Fig. 5.

more inhomogeneous character. In the fast modulation, Figs.
5(a)—5(d), response functions are similar to those for the GW o ]
bath shown in Fig. 3. On the other hand, in the slow modu-E'LGF;IZ'S P01 of the isofropic” Hth-order Raman L%Spior”;aenfégg'r?;(gf the
lation, we observe qualitative changes of the response fungge for the short correlation time= w, (fast modulatiol, while the lower
tions from the GW case, especially in the response functionganels, (& and (5), are for the long correlation time=0.1w, (slow
with the SL coupling. In the LL plus SL models, Figgh5  modulation. The LL coupling strengtid, /(7o) is 0.26 and the dimen-

and 5c'), we observe a slowly decaying component alongsionless SL coupling strengi, is set to be(@ 0.01 and(b) 0.1. The
) y ying P gmeamng of contour lines is the same as in Fig. 3. Note tRagind (b)

the T, axis for T, less than the dephasing tinw2 ps. For correspond to the “anisotropic” counterpart shown in Figé)%nd 5c),

the SL coupling, Fig. &'), the echolike peaks parallel to the respectively.

T,=T, direction in the time region about<0T,,T,<2 ps

are clearly observed as well as the slowly decaying compo- _ _ _

nent along theT, axis. Note that the effective system—bath Other words, for the “isotropic” responses the optical path-
coupling strength becomes weaker by the use of the longd¥@ys remain the same throughout the whole range of the
correlation time for the present model as mentioned in RefSystem—bath couplings. Thereby, with a strong SL coupling
61. The definite absence of the echolike component in the Liconstant for a GM bath, Fig.(&'), we can clearly see the
plus SL model clearly indicates that the rephasing path&cholike peaks due to the rephasing paths as opposed to the
(<[ @1]%a,) are not the primary contributor to the optical “anisotropic” response in the LL plus SL model, Fig(c5).
response. This fact is evidenced by plotting the response

functions in the frequency domain. The spectrum isB. Third-order IR (or seventh-order Raman )

defined by ﬁqua)mar(QZuQ]_)Efg defE)C dTlei(&)2T2+§)lTl) response functions

Xqus;ma,(Tz,Tl). In Fig. 6, we show the absolute value of We now consider the third-order IR response functions,
~R(R5§ma,((22,ﬂl) corresponding to Figs. () and Hd’), that have an equivalent form to those of the seventh-order
where the ech@ephasing signal corresponds to the peaks at Raman responses. Figure 8 shows the contour plots of the
(Q1,0,)~(F wo,*+ wg). The rephasing peaks seen in theresponse functionR(3)., ,(T5,0.T;) for the GW noise cal-

SL model, Fig. @b), are not observed in the LL plus SL culated by(a) the LL model, (b) and (c) the LL plus SL
model, Fig. 6a), and it implies that the vibrational system model, and(d) the SL model. Each three-dimensional re-
with inhomogeneous character does not necessarily indugponse function is plotted in two dimension as a function of
the echo signal. T, and T3 by setting the second controllable tirig in Eq.

Now we move to the analysis of the “isotropic” fifth- (9) to be zero. In the third-order measurement, all the re-
order response functions for the LL plus SL model. The ressponse functions considered here are regarded as *“isotro-
sponse functions for the LL and SL models are “isotropic” pic.” For the contributions proportional td x,]* or
as explained for Figs.(® and 3d), and the “anisotropic”  [x1]% 121, a relation,R{3), . )=R{)_ ), holds, and the
responses are not realized for these models. Figure 7 showsordinate inversion now read%le_’+)=Rl(Sz+'_). Thus,
RGomanisof T2, T1) for the GM bath;(@) and (b) are the plots ~ we haveR{), ,,=R{3), =R, . Signals in Fig. 8 have
of calculated responses with the weak and strong SL couhe same temperature dependencies as the corresponding re-
pling constants together with the LL coupling constant in thesponse functions explained for the fifth-order Raman re-
fast modulation regime, respectively, wheréa9 and (b’)  sponse(Fig. 3. The effect of the SL coupling can be ob-
are for the slow modulation. These results should be comserved in the leading order of the response functions. Only
pared with the “anisotropic” counterparts shown in Fig. 5 the LL model needst, terms, whereas other system—bath
[(b), (b"), (c), and(c")]. The phases of the response functionscoupling models give finite responses only vig terms.
are inverted from their “anisotropic” counterparts. This is This is because, in the LL model, the perfect destructive
because the contribution proportional ffe;]3, the main interference among the possible Liouville paths proportional
contributor for the “anisotropic” response, is totally can- to[u]* plays a role. Differences of the leading optical path-
celled out by the spatial averaging and the second leadingiay between the LL modelo([ u;]%[ #»]?) and the other
order term proportional tpa; ]2, plays a dominant role. In  two models [ u,]*) are seen as the phase differences of
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FIG. 10. Effects of the finite correlation time of the GM bath on the third-
order IR response function f@a) the LL model,(b) and(c) the LL plus SL
model, and(d) the SL model. The upper panels are for the short correlation
time y=wg, while the lower panels are for the long correlation time
=0.1w,. The parameters and the meaning of the contour lines are the same
2s used in Fig. 3.

FIG. 8. Plots of the third-order IR response function far the LL model,

(b) and(c) the LL plus SL model, an¢d) the SL model in the GW bath. The
second time variabl&, is set to be zero. The parameters and the meaning o
the contour lines are the same as used in Fig. 3.

paths. Fourkast al. calculated the resonant vibrational echo
. N ignal under the linear dipole approximation[(u,]*) with
the response functions in Fig. 8 We plot th~e fomplementei weak system—bath coupling assumption. Their conclusion
absolute value of the Fourier spectruiRz({s.1) suggests that the response is present when the coupling to the
=/ dTafg dT,e/ T TIRE(TS,0Ty) in Fig. 9. Itis  path is linear(~LL coupling), and is absent when the cou-
clear that the LL plus SL and the SL models, Figg)99(d),  pling to the bath is quadratic~SL coupling.?° This state-
exhibit basically the same spectra, Wh_ere the one-quantument seems to oppose our results shown in Fig. 8. This is
coherences {23~ * wo) play a dominant role. On the pecause the explicit form of the system—bath interaction they
other hand, in Fig. @), the LL model, we can see that the ysed was different from ours. Qualitatively, it seems natural
two-quantum coherences and vibrational populatiofis ( to pursue the origin of the nonlinearity for tieL plus) SL
~*2w,,0) contribute to the response beside the onemggels to the explicit coordinate dependence of the system—
quantum coherences)~ * wo). bath coupling as defined by E(B); the nonlinearity of the
The third-order IR or the seventh-order Raman responsgystem—bath interaction determines the nonlinearity of the
function has its sensibility to discriminate the SL coupling systenf?

mechanism from the LL coupling as seen in Figs. 8 and 9." Tne viprational echo response is expected in the third-

However, the spectrum does not differentiate the LL plus Slgrger IR spectroscop%® In Fig. 10, we present

model from the SL model, because the primary optical prong%++)(T3.0,T1) with the GM noise for the different bath

cesses are the_sa”_‘e[(ﬂl]A) in these two cases as discussedgqrelation times witha) the LL model, (b) and (c) the LL

for the “isotropic” fifth-order Raman responses. ~ plus SL model, andd) the SL model at 300 K. The upper

~As mentioned in Sec. IllA, the finite response with & y5nels show the response functions for a short correlation

linear dipole is the manifestation of the incompleteness o .=1/w,, while the lower panels for a long correlatian

the destructive interference among the possible Liouville_ 10wy, respectively. The system—bath coupling parameters
are the same as used in Fig. 5. In the fast modulation, Figs.
10(a)—10(d), the responses are similar to those calculated for

100{(@ LL /(wzuz?) £ (b) LL+SL(u*) the GW bath, shown in Fig. 8. We can see that when the SL
© j@ @@ coupling strength is appreciable and the bath correlation time
0 @/@ , : is long, the echolike signals parallel ig,=T, appear. For
7AN J | > the LL plus SL coupling model, the similarity of the profiles
_ @/ (o} @ 8 in Figs. 8b) and §c) in the GW bath is not preserved in
g-100 Figs. 1@b’) and 1@c’) in the GM bath, because the differ-
é 100 %ﬁf’i(\“ﬁ) (dﬁ(\wﬂ‘ ence of the SL coupling strength is enhanced through the
7wl Nl | BoZZN @:_ rephasing path contributions.
EK L Jasto
L
F_@ﬁ\\: /K\@ @t V. CONCLUDING REMARKS
~ 3T K N
-100 <o \{v In this paper, we calculated the fifth-order Raman and
-100 0 100-100 0 100 the third-order IR response functions for a mixed LL and SL
Qi/ o system—bath coupling model by using the quantum Fokker—

FIG. 9. Plots of the third-order IR spectrufR{$(Q3,Q,)| for (a) the LL PIaan equation. We dem(.)nStrated iz WhOIe. time pro-
model, (b) and(c) the LL plus SL model, anéd) the SL model. The param-  flles of the response functlons_ change dramfitlcally_ with the
eters are the same as used in Fig. 3. form of the systenbath coupling We found in particular
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that the fifth-order Raman or the second-order IR responsgons. We shall address this issue in a future work. In addition
function shows “anisotropic” response for the LL plus SL to the features observed in this paper, we expect complex
coupling mechanism, where the leading order terms corretime profiles due to the mode couplings and the anharmonic-
spond to the optical processes composed of three successitye of the modes, which cannot be resolved by the one-
one-quantum optical transitions<[a;]%). In contrast, the dimensional spectroscopy. We are expecting that the present
standard Brownian harmonic oscillator model predicts “iso-paper and our previous interpretations of the anharmonic
tropic” response which includes a two-quantum optical tran-coupling effects will be helpful to analyze the experimental
sition (<[ aq]%ay). results.

The perturbation theory with respect to the anharmonic
potentialV,,{(q) = g30°/3! +g,4q*/4! +- -+ of a harmonic 0S-  ACKNOWLEDGMENTS
cillator predict§® that the leading order of the fifth-order
Raman response function gs[ a;]°, and that for the third- One of the authoréY.T.) is thankful for financial support
order IR response .§4[Ml]4! respecti\/e]y_ Therefore, from a from a Grant-in-Aid for Scientific ReSGar(‘(B) (12440171
viewpoint of the leading order term, the present calculationdfom Japan Society for the Promotion of Science and Morino
indicate that the LL plus SL system—bath coupling plays theScience Foundation.
same role as that of thehird-order anharmonic potential
g3q°/3! for the “anisotropic” fifth-order Raman response. APPENDIX: CALCULATION STEPS FOR THE
However, for the third-order IR response, the couplingFIFTH-ORDER RAMAN RESPONSE FUNCTION
mechanism plays the same role asfieth-orderanharmo- FOR THE GAUSSIAN-WHITE BATH
nicity g,q*/4! does. The LL system—bath coupling mecha-

nism can be diagonalizéd therefore, after this diagonaliza- fifth-order Raman response function defined in &8, to

tion, the SL coupling is regarded as thiird-order how how the nonlinear response functions are related to the

a”hafm"r?ic“y of the system poten?ial. For the descript_ion 0e\ligner distribution function. For the GW bath, we only need
the vibrational echo signal, the third-order anharmonic POihe Wigner distribution functioWVy(p,q,t) that is governed

Lentlr?l has beder;h pursij_edl as tlhe og%l%%nl of{hthe V|b_rat|on y a single Fokker—Planck equation of Ed1ld with N
ephasing an € optical noniinearity. In the previous = _ g pacayse of the vanishing correlation time of the bath.

paper’! on the other hand, we showed that the SL coupling,. expression in Eq8) reads
mechanism can partly be recognized to serve as the fourth-
order system potential when the noise correlation is long  R&anal T2, T1)=Tr{ade Ls w2
compared with the harmonic frequename as speculated P
by the leading order term of the third-order IR response X awe™FsTwWTia, We, (A1)
above. In these respects, the interrelation between the nonwvhere Wg{p,q) denotes the thermal equilibrium Wigner
linear system—bath coupling and the anharmonicity of theunction, anday, and ayy are the Wigner representations that
system potential on the origin of the multidimensional vibra-correspond to the anticommutator, {424, ---)} and the
tional response functions has not been fully clarified. To elucommutatorj/#[ (@), - --], respectivelf* Tr means the in-
cidate the information that the multidimensional vibrationaltegration over the momentum and the coordinate. The
response function carries, further study is needed from théhermal equilibrium state is calculated by integrating Eq.
microscopic viewpoint. (11d) from timet= —1t;<0 to t=0 with a trial initial condi-
Very rgic:Segrgtly, Ma and Stratt put forward such a theoret-tion,
ical attempt>=°by using the extended instantaneous-normal- e
mode analysis of the molecular dynamics simulation of lig-  Wo(P.d, —ti) =Ne ApIEN B, (A2)
uid Xe. They studied the molecular origins accounting forwhere\ is the normalization constant, in whithwas set to
the lack of the echolike signal in the fifth-order Raman re-be few ps. The time evolution of the Wigner function fbr
sponse function, and pointed out the relative importance ofepresented by~ (“s TwTW(t) is evaluated by using the
the dynamical third-order anharmonic potential for each norsecond-order Runge—Kutta method applied to the finite dif-
mal mode to understand the fifth-order Raman response. It iierence expression of E¢l1d). Thereby, we obtain the re-
interesting to compare Figs.(&) and 3d’) with the re-  sponse function as a function of the two successive time
sponse functions labeled by “ANH” and “NL” in Fig. 9 of  evolution periods ofl; and T, by using the corresponding
Ref. 35, respectively. Although the response functions aréntermediate Wigner functions of
calculated by very different theoretical approaches, the time (o
profiles connected by their leading order terms seems to Wo(Ty)=e ! TwTay We! (A3)
share the main qualitative feature of the response functionand
Exploring the present study for a higher frequency vibra- (-
tional mode ¢ wy>kgT) and to extend to a multimodes an- Wo(To, T1) =€ (5T T2ayWo(T), (A4)
harmonic potential system are important to compare themespectively.
with experimental results and simulations, and to grasp the For the GM bath, we implemented the simultaneous time
underlying physical contents of spectroscopy. They can b@tegration of Eq(11) for the intervalt;=1/y to obtain ther-
implemented through an extension of the methods used imal equilibrated auxiliary functionaV;4p,q), with a trial
this paper, although it requires intensive numerical calculainitial condition, W,(p,q,—t;)=0 (1=n=<N). The evalua-

In this Appendix, we present the calculation steps of the
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tion of the response function is carried out in the same way®Y. Suzuki and Y. Tanimura, J. Chem. Phyd9, 1 (2003.

as for the GW bath. The depth of the hierarddyshould
fulfill Ny>4wy andNy>4{g for the present study.

1Y. Tanimura and S. Mukamel, J. Chem. Ph98, 9496(1993.

400. Kihn and Y. Tanimura, J. Chem. Phyid.9, 2155(2003.

41S. Gnanakaran and R. M. Hochstrasser, J. Am. Chem. B®:.12886
(2001.

42p. Hamm, M. Lim, and R. M. Hochstrasser, J. Phys. Cher0B 6123
(1998.

43(a) O. Golonzka, M. Kahlil, N. Demirdeen, and A. Tokmakoff, J. Chem.

2 H .
A. Tokmakoff, M. J. Lang, D. S. Larsen, G. R. Fleming, V. Chernyak, and Phys.115 10814(2003; (b) N. N. Demirdaven, M. Kahlil, O. Golonzka,

S. Mukamel, Phys. Rev. Let?9, 2702(1997).
3K. Okumura, D. M. Jonas, and Y. Tanimura, Chem. PBg&, 237(2001).
4K. Okumura and Y. Tanimura, Chem. Phys. L&T8 175 (1997).
5M. Cho, K. Okumura, and Y. Tanimura, J. Chem. PH@8 1326(1998.
SN. H. Ge, M. T. Zanni, and R. M. Hochstrasser, J. Phys. Chefr0&\962
(2002.
"R. Venkatramani and S. Mukamel, J. Chem. PHys, 11089(2002.
8K. Okumura, A. Tokmakoff, and Y. Tanimura, J. Chem. Phy&l, 492
(1999.

9K. A. Merchant, W. G. Noid, D. E. Thompson, R. Akiyama, R. F. Loring,

and M. D. Fayer, J. Phys. Chem. 17, 4 (2003.

10(a@) C. Scheurer, A. Piryatinski, and S. Mukamel, J. Am. Chem. 388,
3114(2002; (b) C. Scheurer and S. Mukamel, J. Chem. Phyj$ 6803
(2002.

1W. Zhao and J. C. Wright, Phys. Rev. Leg, 1411(2000.

12\M. C. Asplund, M. T. Zanni, and R. M. Hochstrasser, Proc. Natl. Acad.

Sci. U.S.A.97, 8219(2000.
18y, Suzuki and Y. Tanimura, J. Chem. Phyid5, 2267 (2001).

(@) V. Astinov, K. J. Kubarych, C. J. Milne, and R. J. D. Miller, Chem.

Phys. Lett.327, 3334(2000; (b) K. J. Kubarych, C. L. Milne, S. Lin, V.
Astinov, and J. D. Miller, J. Chem. Phy$16, 2016(2002.

0. Golonzka, N. Demirdeen, M. Khalil, and A. Tokmakoff, J. Chem.
Phys.113 9893(2000.

18(a@) L. J. Kaufman, J. Heo, L. D. Ziegler, and G. R. Fleming, Phys. Rev.

Lett. 88, 207402(2002; (b) L. J. Kaufman, D. A. Blank, and G. R.
Fleming, J. Chem. Phy4.14 2312(2002); (c) D. A. Blank, L. J. Kauf-
man, and G. R. Flemingdbid. 113 771(2000; (d) 111, 3105(1999.

7K. Tominaga and K. Yoshihara, J. Chin. Chem. S¢Eaipei 47, 631
(2000.

18(@)J. C. Kirkwood and A. C. Albrecht, J. Raman Spectrost, 107

(2000; (b) J. C. Kirkwood, A. C. Albrecht, and D. J. Ulness, J. Chem.

Phys.111, 253(1999; (c) J. C. Kirkwood, A. C. Albrecht, D. J. Ulness,
and M. J. Stimsonibid. 111, 272(1999.

M. Cho, D. A. Blank, J. Sung, K. Park, S. Hahn, and G. R. Fleming, J.

Chem. Phys112, 2082 (2000.

20K. Tominaga and K. Yoshihara, Phys. Rev. L&, 3061(1995.

21T, steffen and K. Duppen, Phys. Rev. Lét6, 1224(1996.

22p. Tokmakoff and G. R. Fleming, J. Chem. Phy€6, 2569(1997.

2(a) S. Saito and I. Ohmine, J. Chem. Ph¥88 240(1998; (b) 106, 4889
(1997.

24T, 1. C. Jansen, J. G. Snijders, and K. Duppen, J. Chem. Rliys.307
(2000.

%(a) T. Keyes and J. T. Fourkas, J. Chem. PHy2 287(2000; (b) R. L.
Murry, J. T. Fourkas, and T. Keyethid. 109, 7913(1998.

26(a) K. Kwac and M. Cho, J. Chem. Phykl19, 2247(2003; (b) 119, 2256
(2003.

27(@) A. Piryatinski, C. P. Lawrence, and J. L. Skinner, J. Chem. PhiAg.
9664 (2003; (b) 118 9672(2003.

28T, |. C. Jansen, J. G. Snijders, and K. Duppen, J. Chem. Rhys10910
(2001).

293, Kim and T. Keyes, Phys. Rev. @, 061102(2002.

%03, Saito and I. Ohmine, Phys. Rev. Led8, 207401(2002.

3l(a) K. Okumura and Y. Tanimura, J. Chem. Ph¢86 1687 (1997; (b)
107, 2267(1997.

32A. Piryatinski, V. Chernyak, and S. Mukamel, Chem. Phg66, 311
(2002).

33V, Khidekel, V. Chernyak, and S. Mukamel, J. Chem. PHyg5, 8543
(1996.

34(a) S. Hahn, K. Park, and M. Cho, J. Chem. PhyKL 4121(1999; (b) K.
Park, M. Cho, S. Hahn, and D. Kinihid. 111, 4131(1999; (c) M. Cho,
ibid. 111, 4140(1999.

35A. Ma and R. M. Stratt, J. Chem. Phykl6, 4972(2002.

36A. Ma and R. M. Stratt, Phys. Rev. Le&5, 1004 (2000).

%7(a) R. A. Denny and D. R. Reichman, J. Chem. Phy&5, 1979 (2002;
(b) 116, 1987(2002; Phys. Rev. B53, 065101(2001).

3%8(a) J. Cao, J. Wu, and S. Yang, J. Chem. Phyi§5, 3739(2002; (b) 116,
3760(2002.

and A. Tokmakoff, J. Phys. Chem. 205 8025(2002); (c) O. Golonzka,
M. Kahlil, N. Demirdoven, and A. Tokmakoff, Phys. Rev. Le@6, 2154
(2001); (d) N. Demirdoren, M. Kahlil, and A. Tokmakoff,ibid. 89,
237401(2002.

44K. Tominaga and H. Maekawa, Bull. Chem. Soc. Jp#.279 (2001).

4S(a) A. M. Moran, S. M. Park, J. Dreyer, and S. Mukamel, J. Chem. Phys.

118 3651(2003; (b) A. M. Moran, J. Dreyer, and S. Mukameiid. 118
1347(2003.

8(a) S. Woutersen and P. Hamm, J. Phys. Cheri0B 11316(2000; 115,
7737(2002.

473, Mukamel,Principles of Nonlinear Optical Spectroscop@xford Uni-
versity Press, New York, 1995

48M. Cho, inAdvances in Multi-photon Process and Spectroscepited by
S. H. Lin, A. A. Villaeys, and Y. FujimurgWorld Scientific, Singapore,
1999, Vol. 12, p. 229.

493, Mukamel, Annu. Rev. Phys. Che#il, 691 (2000.

503, T. Fourkas, Adv. Chem. Phy&17, 235(2001).

513. C. Wright, Int. Rev. Phys. Cherll, 185 (2002.

52(a) M. T. Zanni, S. Gnanakaran, J. Stenger, and R. M. Hochstrasser, J.

Phys. Chem. B105 6520 (200); (b) I. V. Rubtsov and R. M. Hoch-
strasseribid. 105 6520(20017).

533, Woutersen, R. Pfister, P. Hamm, Y. Mu, D. S. Kosov, and G. Stock, J.

Chem. Phys117, 6833(2002.

%N. H. Ge and R. M. Hochstrasser, Phys. Chem. CoByni (2002.

%M. Cho, Phys. Chem. Comn, 1 (2002.

6U. Weiss,Quantum Dissipative Systennd ed.(World Scientific, Sin-
gapore, 1999

57H. Grabert, P. Schramm, and G. L. Ingold, Phys. RE§8 115(1988.

%8p, Hanggi, P. Talkner, and M. Borkovec, Rev. Mod. Ph§8, 251 (1990.

59A. O. Caldeira and A. J. Leggett, Physical®&1, 587 (1993.

%0(a) Y. J. Yan and S. Mukamel, J. Chem. Ph§8, 5160(1988; (b) 94, 179
(1992).

61T, Kato and Y. Tanimura, J. Chem. Phg221, 117 (2002.

62(a) D. W. Oxtoby, Adv. Chem. Phy<10, 1 (1979; (b) 47, 487 (1981).

63). S. Bader and B. J. Berne, J. Chem. PhyX) 8359(1994.

84W. T. Pollard and R. A. Friesner, J. Chem. Phy80, 5054 (1994.

85K. Okumura and Y. Tanimura, Phys. Rev.58, 2747(1997).

86T, Steffen and Y. Tanimura, J. Phys. Soc. Jp9.3115(2000.

67Y. Tanimura and T. Steffen, J. Phys. Soc. J§8.4095(2000.

88y, Tanimura, inTwo-Dimensional Correlation Spectroscopmgdited by Y.
Ozaki and |. NodgWiley, New York, 2002, p. 144.

%9R. Kubo, M. Toda, and N. Hashitsum8tatistical MechanicgSpringer,
New York, 1985.

°(a) Y. Tanimura and R. Kubo, J. Phys. Soc. Jp8, 1199(1989; (b) 68,
101(1989.

"L(@) Y. Tanimura and P. G. Wolynes, Phys. Rev48 4131 (1991); 96,
8485(1992.

2Y, Tanimura, Chem. Phy£33 217 (1998.

(a) R. P. Feynman and A. R. HibbQuantum Mechanics and Path Inte-
grals (McGraw—Hill, New York, 1965; (b) R. P. Feynman and F. L.
Vernon, Ann. Phys(N.Y.) 24, 118(1963.

"4K. Blum, Density Matrix Theory and Application®lenum, New York,
1981,

SE. Wigner, Phys. Rev0, 749 (1932.

SR. Kubo, J. Phys. Soc. Jph9, 2127(1964).

"'W. R. Frensley, Rev. Mod. Phy62, 745(1990.

8(a) Y. Tanimura and Y. Maruyama, J. Chem. Phi87, 1779(199%; (b) Y.
Maruyama and Y. Tanimura, Chem. Phys. L&82, 28 (1998.

9T. Steffen, J. T. Fourkas, and K. Duppen, J. Chem. Phy& 7364
(1996.

803, T. Fourkas, H. Kawashima, and K. A. Nelson, J. Chem. P133.4393
(1995.

81K. Okumura and Y. Tanimura, J. Chem. Ph{te. be publishel

82y Ohtsuki and Y. Fujimura, J. Chem. Phyl, 3903(1989.

83T, Kato, M. Hayashi, A. A. Villaeys, and S. H. Lin, Phys. Rev54, 980
(1997.

Downloaded 15 Mar 2004 to 130.54.50.201. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



J. Chem. Phys., Vol. 120, No. 1, 1 January 2004 Two-dimensional vibrational spectroscopy 271

84T, Steffen and K. Duppen, Chem. Phy83 267 (1998. 92D, Zimdars, A. Tokmakoff, S. Chen, S. R. Greenfield, M. D. Fayer, T. I.
85(a) M. Shiga and S. Okazaki, J. Chem. Phg89, 3542(1998; (b) 111, Smith, and H. A. Schwettman, Phys. Rev. L&, 2718(1993.
5390(1999. %K. A. Merchant, D. E. Thompson, and M. D. Fayer, Phys. Rev. |88f.
86T, Kato and Y. Tanimura, Chem. Phys. Le341, 329 (2007). 3899(2007).
87y, J. Yan, F. Shuang, R. Xu, J. Cheng, X. Q. Li, C. Yang, and H. Zhang,®*(a) V. Khidekel and S. Mukamel, Chem. Phys. Le&t04, 304 (1995; (b)
J. Chem. Physl113 2068(2000. 263 350(1996.
88]. Sung and M. Cho, J. Chem. Phy&3 7072(2000. %R. Inaba, K. Tominaga, M. Tasumi, K. A. Nelson, and K. Yoshihara,
893. Sung, R. J. Silbey, and M. Cho, J. Chem. PHy$§, 1422 (2001). Chem. Phys. Lett211, 183(1993.
%M. Cho, J. Chem. Phy<15 4424(2009). % (@) R. B. Williams and R. F. Loring, J. Chem. Phyid3 1932(2000); (b)
9D, V. Bout, L. J. Muller, and M. Berg, Phys. Rev. Le&7, 3700(1997). 110, 10899(1999.

Downloaded 15 Mar 2004 to 130.54.50.201. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



