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Nonlinear spectroscopy provides insights into dynamics, but the response functions required for its inter-
pretation pose a challenge to theorists. We proposed an approach in which the fifth-order response function
[RO)(t,,t,)] was expressed as a two-time classical time correlation fun¢li@iF). Here, we present TCF
theory results foR®)(t;,t,) in liquid xenon. Using a first-order dipole-induced dipole polarizability model, the
result is compared to an exact numerical calculation showing remarkable agreement. In aBtftignt,) is
calculated using the exactly solved polarizability model, yielding different results and predicting an echo
signal.
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Multidimensional nonlinear spectroscopic techniques arealculations of the 2D Raman spectrum of liquid C&eter-
emerging as powerful tools that can reveal the microscopimined by the fifth-order respons&®\(t,,t,) [16]. The 2D
structure and dynamics of condensed phases and biomdRaman spectra were in excellent agreement with extant ex-
ecules on ultrafagsubpicosecondime scales. For example, periments and approximate theoretical res{®®,17. But
they offer the possibility of differentiating between homoge-the agreement does not represent a rigorous test because un-
neous and inhomogeneous broadening processes, which gertainties still exist in the experimental measurements and
difficult with traditional spectroscopy1]. The fifth-order, the theoretical results use approximate methods and different
two-dimensional2D) Raman spectrum, which has been themolecular models. Using the TCF theory, here we present the
subject of many recent experimen{@-6] and theoretical 2D Raman spectrum for liquid xenon using both first-order
[7—14 investigations, is well suited to the study of low fre- dipole-induced dipol¢FODID) and exacfmany body polar-
quency, intermolecular, motions in liquids. The circumven-izability (MBP)] solutions of the dipole-induced dipole po-
tion of previous difficulties by using heterodyne detection|arizability model. Ma and Straftl2] carried out a numeri-
has reinforced interest in the 2D Raman experinf@af].  cally exact simulation of the fully polarized®>  (t;,ty),

The 2D Raman spectrum also was predicted to show an ectp Raman spectrum of liquid Xe using the FODID model.

feature along the diagonal time slice if intermolecular modesexact calculations can be performed for simple, small sys-
were sufficiently long lived although no echo has been foundems[9,12,17 only because of the computational burden. In

to date. this paper it is demonstrated that the TCF theoryRS?

Multidimensional spectroscopy cannot achieve its full po-x (t, t,) quantitatively reproduces the Ma-Stratt simulation,
tential until an unambiguous theoretical framework is avail-providing support for its further applications to more com-
able; this presents a considerable theoretical challenge. Afex systems; TCF calculations with more extensive molecu-
n-dimensional spectrum is given by andimensional re- |ar models are not computationally diffic(lt6]. Further, the

sponse function, a quantum average of nested commutatofeory predicts a very different spectrum using the MBP
of n Heisenberg representation variables at different times,,qqe| )

. O L including a significant echo feature for tﬁéizzxx
Even the cIassma[ .I'm't. yields quantities th"?‘t are far more, (t1,t,) polarization condition that was earlier suggested to
complex than familiar time correlation functiog$CF). In

be likely to emphasize an echo signatyfed]. This echo
b d v in t T Btcurs with a period that corresponds to frequencies in the
e expressed exactly in terms of TCF5]. ﬁeart of the xenon vibrational density of stat€0S), im-

Nevertheles;, we recently proposed an approximate TC lying the existence of intermolecular vibrational modes that
theory of nonlinear spectroscopy that is computationall last for at least one full periofiL2]

tractable for complex molecular condensed phase systems The TCF theory describes the nonlinear response in terms

abf fully anharmonic MD calculations that are supplemented

a_ndbllntrgmolecultar\]r V|brlf1t|onal sl_pectra. TCtF t?e%rles ?rel dt Dy a suitable spectroscopidipole and polarizabilitymodel.
Sirablé bécause they allow noniinear spectra to be calCulatefy, s it js demonstrated here, that while exact TCF expres-

for realistic molecular dynamio$/D) models of condensed ;o' fr nonlinear spectroscopy are not possible, effective

phasebsystems. Itis espsentllal tlhat thﬁ theory be ttejted :.nﬁ':F theories can be constructed. Such theories are powerful
unambiguous manner. Previously we have presented expliqfy 5, se they can be evaluated using atomistically detailed

MD on complex liquids and solutions. TCF theories have
distinct advantages over alternative approaches because they
* Author to whom correspondence should be addressed. eliminate the need for costly classical calculations that are
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limited to small systems and intermolecular dynamicsproduces a fifth-order response and represents the leading
[9,12,17 and quantum calculations that rely on low- contributions to the spectroscopy, analogous to IR intensities
dimensional model systenfi$9]. It then becomes possible to being given by the squared dipole derivative for a mode of a
predict and interpret nonlinear spectra for a wide variety otharmonic system with a linearly varying dipol8,21]. The
chemically important systems. In addition to its computa-result is not a harmonic theory—fully anharmonic dynamics
tional tractability, the TCF theory also makes a more manare used to calculate the relevant TCF—the approximation
ageable starting point for the development of theories baseghly serves to weight the different phonon processes implicit
on the fifth-order response function. _ in the anharmonic MD as they would contribute in the har-
The development of the TCF theory BfP(ty,tp) will be  monic systen{g].
briefly revisited here; details are provided in our earlier work  sjng this relationship, the exact quantum mechanical re-
[16]. First consider the quantum mechanical expression fog,,nse function can be written in terms of a classical TCF.
the electronically nonresonant fifth-order polarization re-The fifth-order response function, in the classical lirib
sponse  [13,17:  RP, . (1) =(/APTHIP(t+t) 4T takes the  form ROty tp) =2 2[ Pgn(ty, to) /.
X [IT79(t,),[T1€(0 i tionp=e#H/Q f ’ 1.8 =~/ 25 Ol )1y
[T17(ty), [I**(0), pII}. In this equationp=e™/Q for a  _psq.t 1)/t dty], and gr(ty,tp) — (ATIO)ATI(t) ATI(t,
system with HamiltoniarH and partition functionQ at re- +t,)), the classical two-time TCF. Her&\[T=IT—(IT) and

ciprocal temperaturgB=1/kT, and k is Boltzmann’s con- . : . -
stant: Tr represents a trace, square brackets denote com tp_e TCF is written in terms of the correlated polarizability

. . B )
tators, IT is the system polarizability tensor, and the greek Uctuationg[16]. This represents our TCF theory R’ The

superscripts denote the elements and thus the poIarizatio\;V?;ﬁéﬁssifqhg égiecﬁsfrzgﬂnqlg?eltc&;rasmggterogsgeralc;isnglte
condition being considered. The classical limit of the trace is ' P by,

of order#? and results from a combination of four two-time evaluated for high frequ.enmes if one approximates thg quan-
. : . tum mechanical TCF with thequantum correctedclassical
correlation functions that are themselves equivalent C|aSSLi_CF Because fifth-order Raman spectroscopy has primarily
cally. : . S ; i
Expanding the commutators in the above equation give Iri?tnwziil?Ft))“eegotr?silgteerggor:(;?glar dynamics, only the classical
RO, 1) =(-1/A2)glt, L)~ 1* (tr,t) - f(ts, 1) +0* (1, )], RO)(t,,t,) can be evaluated using MD and a model of the
fH*erte,tf(ti,tﬁ)gltT lglti)rt[(tZ)m’ g(tl’tZ)d_mazm 11 t(t12>’ systems polarizability. It exhibits the correct limiting behav-
(1*’ 2) = (I L)L (), _ an 9* (t1,t) _iors, including giving zero signal at the origin and every-
=(I* (t)IT T1(ty); an asterisk denotes the complex conju-here alongt,=0. Also, the two-dimensional spectrum for
gate. The superscript notation ®his now suppressed and ampjent C$, calculated using our theory, was shown to be in

the results apply to all possible polarizations. The anglexcellent agreement with existing experimental and theoret-
brackets represent an equilibrium average. The expressiqpa| work [3,9,16.

inside the square brackets is the difference between the real The most rigorous test of this theory is to compare the

part of the functiongy and f, ggr(ts,to) = fr(ts,tp), that must  yegylting spectra to those from exact numerical results for the
be of Orderﬁz in the classical limit. It is easy to show that a same model system. To evaluate this approach exacﬂy, the
multiplicative factor of leading ordet can be obtained ex- classical limit is taken directly by replacing the commutators
actly using frequency domaidetailed balanderelation-  wjth Poisson brackets. TheR® is seen to contain brackets
ships betweerg and f, e.g.,e”“1g(w;, wp) =f(wy,,); the  of variables at different times, which requires the exceed-
frequency domain functions are the Fourier transform of thengly difficult task of calculating the dependence of a many-
time domain functions. A sum of real and imaginary parts ofbody dynamical variable on its initial conditions. Calculating

a single two-time TCF then remains, and théif;) contri- R in this way is only practical for small simple systems
bution is required for the classical limit to exist in the form and results for liquid xenon were reported previouglg).
of a TCF. To compare our theory to those results, microcanonical MD

For a one-time correlation functiorG(t), a simple fre-  simulations were performed for the neat liquid xenon con-
guency domain relationship exists between the real andisting of 108 atoms. The atoms interacted via a Lennard-
imaginary partsC,(w)=tanh(Bhw/2)Cr(w) [20]. If a similar ~ Jones pair potential and the systems reduced density and
relationship between the real and imaginary parts of the twotemperature werepo®=0.8 andkT/e=1.0 and the same
time correlation function existed the fifth-order responsemodel parameters were used as in the exact calculgti@Zn
could be written as second derivatives in time of a classical Results for the square of the fully polarized fifth-order
TCF, but no exact analytic relationship is possible and, thereresponse functionllg((i)xxxygtl,t2)|2, within the FODID ap-
fore, an exact TCF theory is also not possible. However, aproximation, are shown in Fig. 1. The result using our TCF
approximate relationship between the real and imaginaryheory is overlayed on the exact classical calculation per-
parts of the quantum TCF can be found for a harmonic sysformed by Ma and Stratf12]; even though an exact TCF
tem with the polarizability expanded to second order intheory is not possibl§l5], the present theory is very effec-
the harmonic coordinateQ, IT=TI°+I1'Q+1/2I1"Q°. The tive. It captures the characteristic features present in the ex-
real and imaginary parts are related aj(wi, @)  act calculation, including the same decay times and the lack
=tani—ph(w;/4+w,/2)Jgr(w;, wy), Where the subscripts of an echo signal along the diagonal—which implies that the
denote the Fourier transform of the real or imaginary parts ofntermolecular modes have lifetimes of less than a full pe-
the TCF's, both of which are real functions of frequency.riod. The signal is sharply peaked aroumg30 fs,t,
This harmonic “reference” system is the simplest one that=350 fs. Decay times vary along each axis with the signal
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dying out alongt; by 400 fs; alongt, there is a long time
decay that continues beyond the 1 ps that is shown. In con
trast to liquid xenon, the plot of the spectrum of {g3,16] is
roughly symmetric, so the extreme asymmetry of the xenon
simulation, with the peak practically on thgaxis, is striking
[2,9,16. The capability of the TCF theory to correctly yield  FiG. 3. The upper panel compares the TCF theory results for
symmetric or asymmetric spectra is further strong evidencg:{(x?xxx)gtl,tznz using the MBP modeired, dark, peaks earlipus
of its general applicability. the FODID approximatior(green, light. The lower panel shows
To highlight the effectiveness of the TCF theory, Fig. 2|R®  (t, t,)|2 for liquid xenon using the MBP model. The solid

XZZX

shows a slice OﬂF{(E)’()XX)O(tl,tz)F along t, with t;=0. The lines parallel to the, axis represent the width and location (tfie
dashed line is from the exact classical calculation and théeginning and end ofthe echo peak along the diagor@ll ps,
solid line marked with squares represents the same result45 pg—using the diagonal to choose the lines leads to them over-
shifted forward in time by 34.7 fs. The solid line without lapping off-diagonal features in the figure. The inset shows the INM
symbols is from our TCF theory. The TCF result and theDOS for liquid xenon with vertical lines placed to show the breath
time-shifted exact calculation show quantitative agreementf the vibrational periods associated with the echo peak.

The difference between the exact result and the TCF theory,

the shift in time, is very likely due to finite system size FODID approximation that is far less computationally de-
effects on the exact calculation. Ma and Stratt were limitedmanding than a MBP evaluation of the polarizability. To test

to using only 32 atoms in their simulation—even within the the effect of the small system size they performed a simpler
calculation of a one-dimensional slice of

I . . r . . Por(ty,tp)/ atlat2|t2:0 for 32 and 108 atoms because a non-
Poisson bracket piece of the fifth-order signal with this form
may be identified14]. The resulting line shape had the same
shape but with a time phase shift nearly identical to that
apparent in Fig. Zsee Fig. 4 of their papgrimplying that
the present theory may agree even better then the figure sug-
gests[12].

Figure 3 showgR®(t,,t,)|? for liquid xenon using the
MBP model. The MBP result is a prediction of the experi-
mental fifth-order response function—xenon is highly polar-
izable and the FODID approximation is not strictly valid.
The use of the FODID model effectively acts to remove con-
: . tributions from the trace of the polarizability matrjg2]—
Ot — L 1 one of three matrix invariant8n isotropic media that give

t, (ps) rise, in different combinations, to the signals for different
polarization condition$18]. Although the trace contributions
FIG. 2. Slices ofR®, _ (t;,t,)|? alongt, with t,=0. The dashed ~are small in 1D correlation functiorid2], in 2D correlation
line represents the exact classical calculation, the line marked witfunctions the invariants appear as products and a zero trace
squares represents the time-shifted exact classical calculation, afidvariant kills off other significant terms that include sizable
the solid line without symbols represents the result from the TCHnvariants multiplied by the trace contributi¢h8]. Thus, the
theory. use of the FODID approximation in the 2D correlation func-
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tions acts to remove significant contributions that lead tahe echo signature spans nearly the entire INM DOS. The
different signals—including removing the echo contribution.appearance of an echo in such a simple liquid implies that
The upper panel of Fig. 3 compares results forintermolecular modes may generally live at least a period in
|Rf(i)xxx>§t1,t2)|2 using the MBP mode{red) and the FODID more complicated liquids that have significant Lennard-
model (green. The most notable differences are that theJones interactions.
MBP signal has faster decay times, along bothtthandt, Given the present computationally tractable theory for
axis, and the peak is shifted to earlier times alagpgThe ~ R®(ty,t,), examining the temperature dependence of the sig-
signal is characterized by a strong peak around nal for liquid xenon and for other liquids and solutions will
~45 fs, t,~ 125 fs and dies out by 200 fs along batrand ~ help establish the nature of the fifth-order Raman measure-
t,. As in the FODID approximation, no echo signal appearsnent and its variability—deeply supercooled liquids might
along the diagonal and the signal appears featureless beyoR§ €specially interesting considering the onset of nearly har-
300 fs in botht, andt, directions. While the FODID model Monic dynamics in that regime. Using the current theory to

captures much of the response, the distinct differences Okf_xamme other polarizations will provide further insights into

served are a result of the exclusion of the polarizability ten-mhﬁlé'gquI;T&#'%? dgoqfec?__t ?rzefcle:itsorg(raia R?rr]r;an c:v?/izir)ocr)]fsﬁDOf
sor invariant contributions mentioned above. d ' 9 P

. . simulations to bear on the difficult task of theoretically mod-

The lower panel Of. Fig. 3 shoWRf(i)zzx)(tl,tz)F using the eling the spectroscopy of complex condensed phase){:hemical
MBF.) model with the Instantaneous n(_)rmal mqu) vi- systems. When multidimensional nonlinear optical experi-
brational DOS for xenon appearln)g in the_ |ns§éﬂ]. The_ ments were first proposed it was expected they could have an
presence of an echo signal for tRE),,, polarization condi- impact similar to introducing higher-dimensional techniques
tion was suggested by Fourkasal. and only appears using ihto NMR. A major impediment to developing and interpret-
the MBP model[18]. The use of the FODID approximation j,q these spectroscopies has been the lack of a tractable yet
acts to remove distinguishing contributions to differing po-5ccurate molecularly detailed theory of the spectroscopy and
larization conditions by only allowing the triple product in- TCE theories serve to fill this void. Lastly, further work is

variant to contribute with varying magnitudgs2,18. The  needed to explain the absence of echo features in the mo-
echo peak implies that an intermolecular mode, excited akcjar liquids studied to date.

time zero, is still oscillating at the time of the echo. As

shown in Fig. 3, associating a period with the oscillation The research was supported by NSF Grants No. CHE-
leads to the first echo signature at 537¢rL00 f9 and the 0312834(B. S) and No. CHE-0352026T. K.), and a grant
end of the signal occurs at a frequency of 12 50 f9.  from ACS/PRF(B. S). Finally, the authors are grateful for
The echo onset frequency is in the tail of the INM DOS andthe use of data from earlier work by Richard Stratt and Ao
the last echo occurs near the maximum of the INM DOS andVia.
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