PHYSICAL REVIEW A, VOLUME 65, 023817
Accidental degeneracy beats: A distinct type of beat phenomenon in nonlinear optical spectroscopy
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A type of beat in nonlinear optical spectroscopy that is distinct from quantum @Bts) and polarization
beats, is described. Like a quantum beat, this beat, which we refer to as an accidental degeneta®pBbeat
can only be seen in multilevel systems. However, unlike quantum beats, which are the result of intramolecular
interferences, ADB’s are interferences between different subensembles of molecules in the sample. They
require multilevel systems with spectral overlap. ADB’s can appear as separate frequencies or as phase and
amplitude contributions with the same frequency as that of quantum beats. A procedure for distinguishing
between quantum beats and ADB’s is outlined, and criteria under which ADB'’s are expected to be observed are
delineated. Calculations of the spectrally resolved stimulated vibrational echo signal from an inhomogeneously
broadened coupled anharmonic oscillator system are presented to illustrate the differences between the two
types of beats. ADB’s carry information about the anharmonicity of a system, while QB’s carry information
about intramolecular correspondence of transition frequencies in a multilevel system.
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[. INTRODUCTION used to extract information contained in the dynamical line-
width of a transition. In principle, this information is present
There are an increasing number of experiments that use a linear absorption spectruf32,33. However, in transi-
coherence to probe the structure and dynamics of moleculdions that are inhomogeneously broadened, it is difficult or
systemg1-9]. The common feature in all these experimentsimpossible to extract meaningful dynamical information.
is the generation of superpositions of states that evolve cdstimulated echo techniques remove inhomogeneous broad-
herently. When more than two levels are involved, the posening and permit the observation of dynamical line shapes
sibility of interference between these coherent processg33].
ar_ises. T_he effects _of such in_terferen(_:es ha_lve been seen in a|, this technique, three pulses with wave vectors Ko,
wide variety of optical experiments, including fluorescence dK, and variable delays (between pulses 1 and andT
spectroscopy10,11], photon-echo techniqug¢&2-17, tran- at': 3 an VI y dp | w
sient grating experiments2,18,19, pump-probe spectros- (_etwegn pulses 2 ang are crossed in a sample. In a mas-
sively inhomogeneously broadened sample, a new field is
copy[20-22, and Raman spectroscop83,24], Regardless i : Lo T e
of the technique, multistate interferences inevitably lead t@enerated at a times2-T,, in the ky=k;+k;—k; direction
oscillations in the amplitude of the detected signal. Quantunh34]: Consider an inhomogeneously broadened two-level
beats(QB's) are one class of interferences that can produc&YStem with center frequenay, . After the interaction with
these oscillation$10,14]. These beats are due to quantum-K;, @ macroscopic polarization is created in the sample as all
mechanical interference between the different systemescillators in the system are brought into a coherent super-
evolution pathways that lead to the same final state. Howposition of the ground and excited states. As each oscillator
ever, not all interference effects that have been observed igvolves in time at its natural transition frequensy, which
coherence experiments are due to quantum beats. Anothdenotes its frequency relative to the line centgr, the mac-
class of interference effects, which we will refer to as acci-roscopic polarization undergoes a free induction dé€4y)
dental degeneracy bedDB’s), has recently been observed at frequencyw, as each oscillator dephases relative to the
in ultrafast infrared vibrational echo experimef2s-27. rest of the oscillators in the inhomogeneous system. After a
These are a different type of beat, distinct from both QB'stime 7, the system interacts with the second pulse, driving
and polarization beaf®8] that have been reported in other the system from the coherence state into either the ground or
systems. ADB's are similar in appearance to QB’s, but areexcited population statesee Fig. 1, type-l diagramsAfter
the result of a very different microscopic mechanism and, asnother timeT,,, the third pulse interacts with the system,
such, have different information content than QB’s. Thus, ittaking it from either the ground or excited state back into a
becomes necessary to have a clear understanding of hawoherent superposition. Once again, each oscillator evolves
ADB’s occur, when they are present, and what informationat its natural transition frequency, but the sign of the coher-
they carry. ence is opposite. The system now rephases at the frequency
The similarities and differences between polarization—w,. As the entire ensemble of molecules rephase, a mac-
beats, QB’s and ADB'’s can be illustrated by comparing theroscopic polarization is recreated in the sample. This macro-
nature of signals that can be generated in a vibrational echscopic polarization is responsible for the generation of the
experiment29]. The stimulated vibrational ecH80] is the  echo signal. At a time- after the third pulse, the inhomoge-
infrared analog of the three-pulse spin echo in nuclear magaeous dephasing that occurred for each oscillator during the
netic resonancg31] and the three-pulse photon echy in period 7 between the first pulse and second pulse is com-
electronic excited state spectroscopy. The stimulated echo [detely undone, and the intensity of the echo pulse is maxi-
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Type I Type 11 sitions simultaneously, an echo wave packet is generated by
a b a b the sample that is the sum of the echo wave packets from
"1 00 1 00 * 00 each transition. If a fast photodetector capable of time resolv-
) _ _ ing the envelope function of the wave packet is used, for a
00 i0 i0 given delay 7, the detector will see an envelope function
00 ij 00 width that is related to the linewidths of the transitions and
0i 0/ 0j modulations at the difference frequency between the two
transitiong 28]. The signal is the result of the sum of the two
individual contributions to the total polarization, and the
Type Il modulations in the envelope of the echo wave packet are

from the interference at the detector of the two distinct fre-
quencies generated by the sample. This is what is commonly
called a polarization bedP8], because it is a beat between
the electric fields produced by the two polarizations gener-
ated in the sample. If a slow photodetector is used for detec-
tion (or equivalently, if the signal from the fast detector is
integrated and the signal is plotted as a function of the delay
7, then the echo curve will decay monotonically with no
FIG. 1. Feynman diagrams that are involved in the calculationoscillations, regardless of the difference in transition fre-
of the echo signal. The times after the first, second, and third interquency energy, the extent of inhomogeneous broadening, or
actions arer, T,,, andts, respectively. For a two-level system, the overlap of the spectral lines. In a two-level system, the fre-
type-1 diagrams describe the echo response. For a three-level sy§uency at which an oscillator dephases is equal to the fre-
tem that generates QB’s, type-l and type-Il diagrams must be corquency at which it rephases. Therefore, the phase differences
sidered together. For a three-level system that produces ADB'’s bghat accumulated between individual oscillators in the
cause of vibrational anharmonicity, type-1 and type-lil diagramssampje after the first pulse are undone during the time after
contribute to the total signal. For a coupled anharmonic oscillatorthe third pulse, and every oscillator has the same phase rela-
[coupled vibrational local modes that give rise to two normaltionship when the echo wave packet is generated. The echo
modesS (symmetrig andA (antisymmetrig, the anharmonic oscil- decay curve, therefore, shows no oscillations. If a fast pho-

lator being one of theftypes I-IV all participate in the generation . : .
of the overall echo response. These Feynman diagrams give tr;[gdetector is used to detect the echo signal at a single ire-

response from a single manifold. For example, for $manifold, f[qhuenc% by dllspersmti; the shlgnal with a_ﬂ“of‘ocbr‘;}m?tor' thend
i=S, j=A. For theA manifold,i=A, j=S. The total echo signal e echo puise envelope shows no osclllations; the integrate

for coupled anharmonic oscillato(S andA) contains 14 diagrams, S'gnal, from eac,h trans',t'on decay; monotonlcally ,W'th In-
7 from theS manifold and 7 from the\ manifold. creasingr, consistent with a description of the oscillations
seen in the time-resolved nonspectrally dispersed signal as
mum. At this point, the system undergoes another FID. Thesan interference between two frequencies on the detector. The
back-to-back FID’s give rise to the temporally narrow echobeat on the echo envelogeot spectrally resolveds a po-
wave packet. Over the course of the temporal evolution ofarization beat.
the system, interactions between the oscillators and their en- Now consider a different type of sample that is composed
vironments give rise to processes that cause both excitedf a molecule with a ground state and two excited states that
state relaxation and small stochastic phase variations in eadtave similar energies and are both radiatively coupled to the
oscillator’s frequency. The excited-state relaxation reduceground state with transition frequencies and ;. The
the amplitude of the echo wave packet by reducing the numtype-1 and type-1l Feynman diagrams in Fig. 1 describe the
ber of oscillators that generate the signal, and the accumulacho signal from such a system. If the transition frequencies
tion of irreversible phase differences prevents perfect rephasind transition probabilities of this second type of sample lead
ing of the oscillators. As the delay times or T, are to an absorption spectrum that is the same as the absorption
increased, more of these decay events occurs, which givespectrum from the first sample type, théxcept for abso-
rise to a decay in the echo signal as a function of theséute amplitude the temporally resolved echo envelop from
delays. the second sample type will be the same as from the first.
Consider a sample that has two possible inhomogeneousktowever, if the integrated signal is plotted as a function of
broadened transition frequencies; for example, the sampline delayr, oscillations at the transition frequency differ-
could be an impurity molecule in a molecular crystal that canence A w=|w;— w;| are observed in the echo decay curve as
occupy two different crystal sites with similar transition fre- 7is increased. If one of the transitions is detected through a
guencies, or a molecule with two uncoupled transitions withmonochromator, then the temporally resolved envelope at a
similar frequencies, or a sample containing two different spesingle = position shows no modulations, but the integrated
cies but with similar transition frequencies. Now consider thedetector response as a functionzaghows oscillations akw
results of performing an echo experiment on this sample. Fdi3,35]. The same holds true if the other transition is detected
the sake of clarityl,,= 0, that is, the second and third pulses through the monochromator. The interference between two
are time coincident. Upon coherent excitation of the samplelifferent frequencies on the detector cannot apply in the
with a pulse having sufficient bandwidth to drive both tran-spectrally resolved situation. Rather, the signal amplitude of
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each frequency in the sample is being modulated as a func- 1>>2> |0>>i1>
tion of the delayr and at a frequencfw. This is a quantum
beat.

The explanation for the quantum-beat oscillations lies in
the manner in which the coherent states are prepared and
evolve. For the spectrally resolved signal, the detector sees
signal from all oscillators that have their emission frequency ‘wd{

detection
wavelength, @,

(i.e., the coherence frequency after the third puksgual to
the detection frequency of the monochromaigy. In gen-
eral, the “state” of a time-evolving system is a superposition
of all the quantum pathways that a particular system can wavelength
I%:gvé'ug]niﬂfn (;)Zstﬁv\?afl;gfhg?llj;;zdtootsﬁgI:l;cr":],et?iﬁ;? :;Eer:]el::ce FIG. 2. A schematic_ iIIus_tration of the inhomogeneously broad-_

. . ehed envelopes of a vibration's 0—1 transition and the anharmoni-
state with the (_:oherence frequency equabsp(see Fig. 1, . cally shifted 1-2 transition as a function of the transition frequency.
type-l and -Ii dlagr.a.m)s A;sume that t,h.e monochromator is The vertical lines represent the 0—1 transition frequencies of the
tuned to the transition with the transition frequensy, so 4o distinct subensembles that contribute to the echo at the noted
that wy=w; . In the quantum pathways represented by thejetection frequencyw,. Anharmonic ADB's arise because the
type-I diagrams, the coherence frequency after the first intefype-1 quantum pathway from subensemBlewhich originates and
action isw; and after the third interaction it is ;. In @  emits on the red sidéeft side of the 0—1 band aby, interferes
two-level system, these are the only quantum pathways thatith the type-Ill quantum pathway of subensemBlthat originates
need be considered. However, in the coupled oscillator casen the blue side of the 0—1 band @+ A (A is the vibrational
the quantum pathways represented by the type-Il diagramanharmonicity and emits from the blue side of the 1-2 banaat
must also be included in the final signal. These diagrams
have a final coherence frequency efw;, but initially s shifted to the red by the anharmonicityy, and is atw,.
dephased aw;. Because the type-I and type-ll quantum (See Fig. 2. The type-l quantum pathway dephases and
pathways have different initial coherence frequencies, thereephases at the same frequency. The type-l pathway of the
is a relative phase difference between them equéAt)-7.  subensemblé dephases aby and rephases at wy. The
Since the type-I and type-ll diagrams rephase at the samgpe-Ill quantum pathway dephases and rephases at different
frequency, the phase differen¢&w)- 7 acquired during the frequencies. The type-lll pathway of subensemiie
first coherence period is not reversed after the third interacdephases aby+ A, and rephases at wy. Since the type-I
tion. As 7 is increased, the systematic phase difference bepathway of the subensembfeand type-lll pathway of the
tween the type-1 and type-Il diagrams grows, and the finakubensembl8 both rephase at the same frequency, they emit
coherence states from the two sets of diagrams move in angt the same frequency, . Relative to the type-I pathway of
out of the phase with each other. Thedependent phase the subensembld, the type-lll pathway of the subensemble
difference gives rise to QB oscillations in the echo decay at 8 has a phase difference equalAg- 7. Similar to quantum
frequencyAw as a function ofr, giving rise to oscillations in  peats, this systematic phase difference advancesigsn-
both the spectrally resolved and nondispersed echo decayeased and gives rise to amplitude modulations in the inte-
curves. grated intensity of individual frequencies as a function of the

To illustrate the nature of accidental degeneracy beatsielay time[26]. However, unlike quantum beats, which in-
consider a third type of sample composed of an inhomogevolve intramolecular interferences that occur within every
neously broadened weakly anharmonic oscillgtb?]. In  oscillator in the sample, ADB'’s occur due to interferences
such a system, each energy level is strongly coupled by theetween distinct subensembles that follow different quantum
radiation field only to adjacent energy levels. We define thepathways and that have overlapping emission lines. A previ-
transition frequencies between levels 0 and wasind be-  ous explanation of this type of oscillation in echo decays has
tween levels 1 and 2 a®,;, and the anharmonicity of the attributed the modulations to interference between two dif-
overtone as\o=|w; — wy|. There is no direct radiative cou- ferent frequencies on the detecfd6]. Clearly, this explana-
pling between the ground state and second excited state. Thien cannot apply in the spectrally resolved situation. Rather,
relevant quantum pathways for the generation of echo signahe signal amplitude of each emission frequency for which
are given in Fig. 1, type-I and type-lll Feynman diagrams.spectral overlap occurs, is being modulated as a function of
The echo signal is spectrally resolved through a monochrothe delay r and at a frequency\, [26]. In this example,
mator tuned to the detection frequeney. If the extent of inhomogeneous broadening is the process that gives rise to
inhomogeneous broadening is sufficient to cause overlap behe emission frequency overlap. Other possible mechanisms
tween the 0—1 and 1-2 lines, then it is possible for a suberean lead to ADB'’s. These will be discussed below.
semble of the moleculesA” to have w;y= wy and a differ- Accidental degeneracy beats are a type of beat that are
ent subensemble of molecule®™to have w,g=wy. For  distinct from both polarization beats and quantum beats.
the subensemble of molecules withy;z=wy, the corre-  Similar to polarization beats, they are the result of an inter-
sponding fundamental vibrational frequency ésg=wy  ference between different subensembles within the sample.
+A,. The B subensemble has its 0—1 transition frequencyHowever, while polarization beats do not produce modula-
A to the blue ofwq, therefore, its 1-2 transition frequency tions at the difference in transition frequencies in echo decay
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curves, ADB’s do produce such modulations. Like quantum symmetric overtone (2S)
beats, ADB’s present even when the echo signal is disperse combination band (A+S)
in @ monochromator and an arbitrarily narrow bandwidth is wg —Ag

antisymmetric overtone (2A)
detected. 2

Despite their similarities, ADB’s are distinct from quan-
tum beats, and they carry different information content than
guantum beats. Juantum beais defined to be amtramo-
lecular interference effectvhere an oscillator can evolve
along different quantum pathways with different coherence
frequencies buthe termini of the pathways are the same antisymmetric (A)
final state with the same final coherence frequefigys in-
terference effect occurs in each oscillator in the ensemble. A
guantum beat is an intramolecular process. @tidental
degeneracy beas defined to be an interference effdu-
tween distinct subensemble$ the system, which evolve
along different quantum pathways with different coherence
frequencies anthe termini of the pathways are different fi-  FIG. 3. Energy-level diagram for a coupled anharmonic oscilla-
nal states but have the same final coherence frequéday  tor system. The lowest six energy levels are shown. The arrows
ing to the spectral line overlap caused by inhomogeneoumdicate allowed transitions. The transition frequencies are indicated
broadening or other mechanisms, the subensembles have thext to each arrowwg andw, are the symmetric and antisymmetric
same final coherence frequen@ame emission frequency transition frequenciesAc, As, andA, are the combination band
The ADB interference effect does not occur in every oscilla-shift, symmetric overtone anharmonicity, and antisymmetric over-
tor in the system. Rather, only those subensembles of mofone anharmonicity, respectively. Designations of the energy levels
ecules that have an emission frequency that overlaps witAre given in parentheses next to the level name.
other spectroscopic lines will produce an ADB. For both

ADB's and QB's, it is incorrect to think of the observed pand. The double-headed arrows indicate allowed transitions.
beats as interference between different frequencies on thg 5 jinear absorption spectrum, the overtone and combina-
detector. _ tion band absorptions for such a system appear as small fea-

In this paper, a model inhomogeneously broadeneqes at approximately twice the frequency of the fundamen-
coupled anharmonic oscillator system is used to examine thg, transitions. These are due to weakly allowed direct
difference between QB's and ADB's as manifested in a specgansitions between the ground state and the overtone and
trally_ resolved stimulated V|b_rat|onal echo_ experiment. Cal-xompination band levels. In nonlinear experiments, the exci-
culations are presgnted that |!Iustrate the mflgence of ADB’sation pulses do not usually have sufficient bandwidth to
on decays when eitheror T,, is scanned. While the calcu- qrjve both the fundamental and overtone transitions directly.
Iqtlons pertain explicitly to vibrational echo experlments,_themstead, the overtone and combination band levels are ac-
differences between QB's and ADB’s and the conclusiongessed from the fundamental excited states. These transitions
that can be drawn about. these _two types of beats. are quitge gl strongly allowed and appear at approximately the
general and apply to a wide variety of spectroscopies. same energy in the spectrum.

Fourteen Feynman diagrams must be considered in com-
puting the echo signal for this system. Each diagram repre-
sents one contribution to the final state of the molecule after

In vibrational systems, pulses with durations that are shorthe interactions with the field. The state of each molecule
enough to extract dynamical information from a system fre-after the third interaction with the field is the superposition
quently have bandwidths that exceed the anharmonicity obf all the final states of the diagrams. Seven Feynman dia-
the vibrational transition and the splitting between coupledgrams, shown in Fig. 1, describe the evolution of the system
modes. This can lead to complex oscillatory patterns in echas it emits from the symmetri8 vibrational state, and seven
decay curves, since coherences between many different lediagrams describe the pathways that lead to an emission
els are possible, with many possible quantum pathways thditom the antisymmetricA vibrational state. These sets of
lead to the same final emission frequency. As the delay timeseven diagrams can be further categorized into four types.
Tor T, are scanned, systematic phase differences betweenTgpe | are diagrams that involve only the ground and first
multitude of quantum pathways arise and advance leading texcited state of one manifold. Type Il are diagrams that in-
the complicated oscillatory patterns that have been observedlve the first excited states of tfg&and A manifolds. Type-
in vibrational echo experimen{8,15]. Il diagrams involve the three lowest levdls=0, 1, and 2,

The coupled anharmonic oscillator presented here has siith v the vibrational quantum numbeof one manifold,;
levels that can be accessed at third order. An energy levelnd type-1V diagrams are diagrams that involve both mani-
diagram for such a system is shown in Fig. 3. There is dolds and the combination band. There are two diagrams of
ground state, two vibrational fundamentdishich will be  each type with the exception of type Ill. It is important to
referred to as a symmetri® and antisymmetricA stretch  note that in the absence of both coupling and anharmonicity,
[37]), an overtone for each fundamental, and a combinatiotype-Il and type-IV diagrams will destructively interfere at

A
symmetric (S)

ground state (0)

Il. THEORY
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all times, and in the absence of anharmonicity, type | and wA:|w'OS_ ng, (1a)
type Il will destructively interfere at all times, resulting in
no nonlinear signal38,39.

| 1l
There are three time periods during which the system ©8=|wos~ ol (1b)
evolves. These are the perioasafter the first interaction " m
(first pulse, the periodT,, after the second interactigsec- wc=|woa— wog, (10
ond pulsg, and the detection period after the third inter- | v
action (third pulse. In a traditional stimulated echo experi- wp=|wgs— wopl, (1d)
ment, the integrated signal is recorded while one of the two
time periods,r or T, is held fixed and the other is scanned we=|wga— woal, (1o
[40]. This gives control over two of the three coherence
times. Information about the detection periadis obtained or=|ols— oda. (1f)

by measuring the spectrum of the generated signal. The fre-
quency spectrum of the signal pulse gives the amplitude inThe next step is to determine which frequencies arise from
formation about each frequency, but the relative phase ofyantum beats and which arise from accidental degeneracy
each frequency is not resolved by the square-law detector. Tgeats. The test is straightforward. Examine each pair of co-
obtain Complete information about the evolution of the SYS-herence frequencies in Eq&) If the diagrams that each pair
tem during the third time period, it is necessary to mix thepelong to have the same final state, then the resulting oscil-
generated field with a local oscillator as a function of timelation at the frequency difference is a quantum beat. Of these
(heterodyne detectiof4,41]) or to mix the signal with a six equations, only Eq(1a) meets this requirement. The re-
local oscillator in a monochromatdspectral interferometry maining five equations can give rise to accidental degeneracy
[42,43). However, for the purposes of understanding thebeats. For these equations, the final states of the two contrib-
ADB phenomena, the absolute phase of the generated signaling diagrams are different, but if there is overlap between
is not needed, and it is sufficient to spectrally resolve thehe different transitions, then these oscillators can dephase at
generated signal. Because there are two distinct time period#fferent coherence frequencies and rephase at the same one,
that can be scanned, beats that are observedsiscanned producing a 7-dependent oscillation in the signal even
(~dependent beagtsand beats that are observed Bg is  though the signal is spectrally resolved. Similar to a quantum
scannedT,-dependent beatare treated separately. This is a beat, the accidental degeneracy beats are produced in the
useful distinction because the number and type of beats thaample and are not the result of interference on the detector.
are produced in each situation is different, and, depending olm general, not all five ADB frequencies will be observed in
the process of interest, has implications for the design o&n echo experiment. In order to observe an ADB, there must
experiments. be spectral overlap between the two different transitions that
The behavior of the three-pulse vibrational echo signal forare responsible for the emission. Without spectral overlap, it
a mdependent scan will be analyzed first. To simplify theis not possible to have subensembles that dephase at different
explanation, consider the beats that are on $Shmanifold  frequencies and rephase at the same frequency. In contrast,
only (the analysis of théA manifold is completely equiva- quantum beats do not depend on spectral line overlap, be-
lent). Because the vibrational echo signal is spectrally recause QB'’s are an intramolecular process. In a quantum beat,
solved, only a narrow band of frequencies is measured at angach individual oscillator produces a modulation in emission
given time. Therefore, themission frequencies.,, which  frequency as a function of. This fundamental distinction
are the same as the third coherence frequency of each dibetween the two mechanisms of the beats has important im-
gram, are all required to be identicatithin the monochro- plications for the information content contained in their in-
mator detection bandwidth(Note that this does not neces- terferences.
sarily place a restriction on the final stat@he emission Now consider the case for B, scan in which the delay
frequency is equal to the detection frequency of the monobetween the first and second pulse is held fixed and the delay
chromator,w.= wq. The four types of diagrams give rise to between the second and third pulses is varied. The procedure
four distinct coherence states during theoherence period is the same as that used to analyze ttdependent beats.
that lead to the emission frequeney: pus, poa. Pos. and  Listing all density matrix elements and their associated fre-

poa. Where the subscript indicates the states involved in thuencies that evolve during the tirlne Plerl'ﬁf;l“and“that I||G|>ad
coherencésee Fig. 3, and the superscript refers to the quan-to the emission frequenay, givespss, poo, Poo: Psar Pss:
tum pathway(see Fig. 1 Each density matrix element has pi,, andpga with associated frequenciesss, wpy, ®sa,

associated with it a coherence frequency, which we denote idds, wn,, andws,. Of the seven density matrix elements

the same way. They are, respectivabjs, wga, wgs, and listed here, onlyw! , and wY, have nonzero frequencies as-
w'(}g. The emission frequendy.e., the rephasing frequency sociated with them. The remaining five frequencies are asso-
of all of these pathways is the same. Any beats that areiated with population states that have zero frequency and
observed are the result of differences in the dephasing fraindergo no phase evolutioWhile these states do not have
guencies. Taking all possible combinations of the absolutan associated frequency, they do have an initial phase, which
value of differences between these frequencies givesan play an important role in the behavior of the observed
41/(2!21)=6 combinations of frequencies oscillations. This is discussed in detail belpWaking com-
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binations of the absolute value differences betweg),, 1
v : _ Eo=7 A(w,+wp), (52
wga, and a zero frequency term givéd/(1!12!)=3 beat 2 B
frequencies 5
0 =|wsa—0]=|ws, (2a) Ea=fi(w,+wg) =54, (5b)
wH=|ng— wg/ y (Zb) ﬁ
0= 05— 0|=|wq. (20 Es=fi(w,t wg)+ 551 (50
Equationg2a) and(2¢) are quantum beats at the frequencies 3
expected in the type-ll and type-IV quantum pathways of EZAZEh(“’a+“’B)_ﬁ5v (5d)

Fig. 1.[While the frequencies in Eq$2a) and (2c) are the

true quantum-beat frequencies, the amplitude and phase of
the oscillations in Eqs(2a) and (2c) can be influenced by

ADB phase and amplitude contributions to these oscillations,
and it is, therefore, not correct to treat them as pure quantum
beats. This is discussed further belpWhe beats in Eq$2a)

and (2¢) are referred to as pseudo quantum beats. Equation
(2b) is an ADB at the difference frequency between the twowith
pseudo quantum-beat frequencies. Population state density
matrix elements have zero frequency. Because they do not
evolve in phase a3, is changed, they do not give rise to . .
systematic phase differences among coherence states at %ﬁgerewa anda are the local mode frequencies gads the

o .~ teduced mass of a local mode. These eigenenergies corre-
emission frequency. Thus, there are fewer beat frequencies | 9 9

the T, -dependent scan than in thedependent scan. spond to the ground, antisymmetric, symmetric, antisymmet-

. A ric overtone, combination band, and symmetric overtone en-
The above discussion is completely general, and makes_ . : . . .
. : . ergies, respectivelgFig. 3). Because the basis functions used

no assumptions about the functional form of the energies for_ % -’ . A ; x
. in this diagonalization are harmonic, the resultant eigenstates

the coupled levels or the nature of inhomogeneous broaden-

) . . nd eigenenergies are also harmonic. Real molecular vibra-
ing. The only requirement has been the nonzero coupling an . . o .
ional oscillators are anharmonic, and it is necessary to in-

anharmonicity. To calculate the expected beat frequencies inIude anharmonicity to produce a nonlinear signal. We do

a system, it is necessary to invoke a model of coupling an(gnis below phenomenologically by introducing anharmonic

inhomogeneous broadening to determine the value of the C%d combination band shift values to Ed50) and (51).

herence frequencies that lead to a particular emission fre- Equations(50—(5f) allow the computation of all transi-

guency. We choose a bilinearly coupled harmonic oscillatot. ; . X
svstemn. and araft on anharmonicity phenomenoloaicall tion frequencies for a molecule with a given set of local
yS ’ 9 Yy phen gicalyinode parameters. This allows us to correlate the transition
This model has been used successfully previously to descri . o .
: . . . ; Fequency in one spectroscopic line to the transition fre-
two dimensional ultrafast vibrational echo experiments : . .
! . . . guency in another linf46]. However, a model for the inho-
[3,44]. Starting with degenerate harmonic oscillators, the Co e . -
; . oo mogeneous distribution of transition frequencies within a
system is taken to have the following Hamiltonian:

spectroscopic line is still needed. There are three variable

H=H,+Hg+tH gt HestHgs, (3)  input parameters for the eigenenergies in Efsthat can be

. ) o used to broaden the spectroscopic lings.w,, and wg.
whereH,, andH  are the harmonic oscillator Hamiltonians fiyctuations iny will produce S andA inhomogeneous lines
for the two local modes that will combine to produce Be  that have equal width, and transition frequencies that are
andA statesH, ; represents the Hamiltonian that couples theanticorrelated, that is, as titransition frequency for a mol-
two local modes to each other, ahid,s andH gs are Hamil-  ecule increases, tha frequency decreasd8,44]. Another
tonians representing the coupling of the local modes to thgossible mechanism for the inhomogeneous broadening is
solvent. The coupling between the local modes is modelegariations in local mode frequencies, and w,. If solvent
with bilinear coupling perturbations to the local mode oscillator produce local ef-
Hop= vXaXg, (4) fects,o, andw; will vary independently in an uncorrelated
manner 3]. Alternatively, if solvent perturbations cause glo-

where x; is the position operator ang is the coupling bal changes in the molecule, the frequency of the local
strength between the modes. The coupling of the local mode®odesw, and wg will vary in a correlated fashiofi3,44].
to the solvent is not treated explicitly, but taken to give iden-For the sake of simplicity, we take the local mode frequen-
tical Gaussian distributions of local mode energies centeredies w, and wgz to be completely correlated, namely,,
at the frequency, and with the width. Ignoring terms that = w;= @, and assume that the inhomogeneous broadening is
couple states that differ by two or more quanta of energydue to variations in the local mode frequeney(This model
[45], and diagonalizing a 2616 matrix to compute the low- is consistent with previously reported experimental results
est six eigenstates that enter into this discussion, leads to tli8,44].) Then, the final expressions for the eigenenergies as a
following expressions for the energies: function of local mode parameters are

3
EA+S:§ﬁ(wa+wB), (59)

3
EZSIE ﬁ(wa+wﬁ)+ﬁ5, (Sf)

o= \/yzl(ﬂzwawﬂ)—i_(wa_wﬁ)za (6)
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TABLE |. Beat frequency expressions and values for an inhomogeneously broadened bilinearly coupled
anharmonic oscillator with perfectly correlated local mode energies. The beats are frofd)Eard (2). 4,
Ag, andA( are defined in Eq98), (7f), and(7e), respectively.

Beat Type Range Expression Val(en ™)
wa QB 0-1 2 ~160
wg ADB 0-1/1-2 overlap Ag 30

wc ADB 0-1/1-2 overlap 2+Ag ~19¢°
wp ADB 0-1/C band overlap a—Ac ~90?
wg ADB 0-1/C band overlap Ac 70

oy ADB 1-2 C band overlap 8—Ac+Ag ~120%
wg pseudo-QB 0-1 a ~160"
o ADB 0-1/C band overlap wc— o, ~62

o, pseudo-QB 0-1 a° ~166*

aThe exact value of the beat depends on the detection frequency.
®The & in this expression has a different value @fcompared to thes in the expressions fob, and wg .

Eozﬁw,

Ep=2% h
A= (1)_55,

h
Es=2hw+ 50,

Eon=3hw—ho—hA,,
Ears=3ho—filc,
E,s=3hw+#d—fiAs,
with

o=vluw,

(7a)

(70)

(70

(7d)
(7¢)

(7)

(8)

dephasing. The triple integral over the excitation fields was
done analytically for each diagram. The responses of each
diagram were added, and the integral over the distribution of
local mode energies was evaluated numerically. The result-
ing vibrational echo wave packet was Fourier transformed
and the power spectrum computed to calculate the spectrally
resolved signal.

One complication that occurs in calculations with
Ss-function pulses is that signals that would otherwise have
smooth rising edges begin abruptly. If one performs a Fourier
transform on a signal with such a discontinuity, then the
sharp edge introduces spurious frequencies into the spectrum
that are an artifact of the Fourier transform. In the context of
stimulated echo calculations, there are two places where an
abrupt rising edge causes spectral contamination of the cal-
culated signal. One place is in the calculation of the vibra-
tional echo wave packet at fixed values o&nd T,,. The
other is in the integrated echo signal decay. IA-fainction

whereA,, Ac, andAg are the antisymmetric overtone an- pulse calculation, the rising edge of each Fourier component
harmonicity, the combination band shift, and the symmetridn the echo wave packet begins abruptly. In an exact calcu-
overtone anharmonicity, respectively. This is all that islation using realistic pulse durations for the excitation fields,

needed to calculate actual beat frequencies for the modehis rising edge is related to the pulse duration. With

system. The emission frequencies for each diagram arg-function pulses, at short times when the echo signal is not
required to be equal to each other. Next, EG8. and (8)
are used to calculate the frequencies of the rest of the densigghces the shape of the echo wave packet. The contribution
matrix elements. All possible beat frequencies in thefrom a single diagram is a time-ordered triple integral that

7-dependent andr,,-dependent delay scans can then behas the forn{33]

calculated using Eq91) and (2). The expressions for the
beat frequencies expected in a system with correlated local

well separated from the free induction decay, this edge influ-

t

ty 3
3
mode frequencies are listed in Table | and are derived in P' >(ts)o<f_wdt3G3(ts—t3)E3(ts— 7= Tw) f_wdtsz
Appendix A.
ta
lll. CALCULATIONS X (3= ) Balta—7) f_ dt,Gy(ta—t1)E(ty)
To better see the differences between quantum beats and (9a)

accidental degeneracy beats, and the magnitude of their con-
tributions, the vibrational echo signal was calculated for echavith

scans in whichr andT,, are varied. The calculation employs

Ssfunction excitation pulses and exponential dephasing and Ei(t)=46(1) (9b)
relaxation kinetics. The nature of the results does not depend
on the duration of the excitation pulses or the form of theand
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Gi(t)=exfd —iwit=I'it], (99 a) Combination ) 0-1

where w; is the transition frequency of the oscillat@s; is

the material Green’s function propagator for the system, and
I'; is the damping rate constant for a particular Green'’s func-
tion. Integrating over the excitation fields yields

P(3)(ts)oo O(ts— 7= Ty)Ga(ts— 7= T,) Ga(Ty)Gy(7)
(1039

Wy O
or writing G5 explicitly ~Op 0

P(3)(ts)oc O(ts—7—Ty)exd —iws(ts—7—Ty)

~T3(ts— 7= TW)1Gx(TW)Gu(7),  (10b) b) o 12 01
where 6(t) is the Heaviside step function and reflects the
causality of the system. The heaviside step function makes
the signal turn on abruptly, which introduces spurious Fou-
rier components that obscure the important features of the
data. This artifact is only present at valuesradnd T,, that
are short compared to the FID time. This artifact can be
prevented at all times by modifyin@; in Eq. (10) slightly to - 9
go smoothly from zero to its maximum value tg&= 7+ T, Ou
by replacing the time multiplying the damping rate by the o1
absolute value of time and eliminatirgy allowing tg to take
on any value. With these modifications

FIG. 4. The type of beats observed and the range of detection
wavelengths for which they will be observed for the symmetric
P(3)(t Yocex] — i wg(te— 7—Ty) manifold. The three peaks are the 0—1 transition, the 1-2 transition,

s 3i's w and the combination band. The beat frequencies listed here corre-
—F3|ts— — TW|]Gz(TW)G1(T). (12) spond to thewA_ through w; in Egs. (1) and (2). (a) _r-c_iependent
scan. Onlyw, is a true quantum beat. The remaining beats are
At short times, this slightly modifies the decay of the echoaccidental degeneracy beals) T,-dependent scamg andw, are
signal. However, the feature of prime interest here are th@séudo-quantum-beatey, is an accidental degeneracy beat. In

beat frequencies that are present in the decay, not the shap@ih the~dependent and,-dependent cases, quantum beats will
of the decay at very short times. Because the extent of th Iways be present in the data. Accidental degeneracy beats are only

error is limited only to short times, Eq11) is used in the seen where there is spectral overlap. If there is no spectral overlap,

calculations of the echo decay. then ADB's are not observed.

The two-dimensional2D) vibrational echo spectrum was
calculated as a function of delay line position. With range in Fig. 4a) is a quantum beat that extends over the
sfunction pulses, the signal is zero for negative values of €ntire 0—1 line, and corresponds to the quantum beat in Eq.
andT,,, and begins abruptly at zero. We wish to measure thé1a. The range spanned hys andwc are ADB's seen only
beat frequencies present in the echo decay curve at a variefyhere the 0-1 and 1-2 line overlap. They correspond to
of frequencies by Fourier transforming slices along the timeEds. (1b) and (1¢). wp and wg are ADB’s that occur only
axis in the echo decay curves. The edge at zero time waghere the 0—1 and combination band overlap. These beats
removed by reflecting the signal at positive time back toWill typically have the smallest amplitude and will be the
negative time. Symmetrizing the data in this way removeslf'afdeSt to see because the amplitgde of the inhomogeneous
the sharp rising edge in the decay curves, and gives accuraiges where the 0—-1 and combination bands overlap is low.
line shapes for the beat frequencies in the Fourier spectrund.ney correspond to Egéld) and(1e). The range spanned by
This technique has an advantage over techniques using @ iS the region of overlap between the 1-2 and combina-
windowing function[41,47 because the transformed data is tion band and corresponds to the ADB in Hdf). In the
not influenced by a convolution of the spectrum with thepPlaces where several beat frequencies are present, the decay

window function. takes on a complex oscillatory pattern that is the result of
these multiple beat frequencies. For example, all six beat
IV. RESULTS AND DISCUSSION frequencies are expected in the region where the 0-1, 1-2,

and combination bands overlap.

Figure 4 is an illustration of the three spectroscopic lines Now consider the case for thg,~-dependent scan, illus-
that compose one manifold and that overlap due to the inhadrated in Fig.(4b). Overall, there are only three frequencies
mogeneous broadening. Underneath each spectrum is tlepected. Three beat frequencies will occur simultaneously
type and range of each kind of beat seen im@ependent only in the region where the 0—1 line overlaps with combi-
scan[Fig. 4@)] and T,,-dependent scalfig. 4b)]. Thew,  nation band. Thawg range extends over the 0-1 line and
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FIG. 5. Calculated spectrally resolved 2D vibrational echo sig-

nal for ar-dependent scanl(,=0). (a) Strongly overlapping 0-1, FIG. 6. Calculated spectrally resolved 2D vibrational echo sig-
1-2, and combination bands. The signal displays a complex oscilyg| for aT,-dependent scanr& 0). (a) Strongly overlapping 0-1,
latory pattern composed of multiple frequencies over the entire Iine1_2’ and combination bands. The signal displays a single oscilla-
(b) Well separated 0-1, 1-2, and combination band. Quantum beggyy pattern over the entire lingb) Well separated 01, 1-2, and
oscillations are observed on the 0-1 line; there are no accidentahmpination band. Quantum beat oscillations are observed on both
degeneracy beats. the 0—1 and combination band line.

corresponds to the pseudo-quantum-beat in(Eq. the wy
range corresponds to the ADB in E@b) and thew, range  scan for theS line with large and small inhomogeneous
corresponds to the pseudo-quantum-beat in(Bg. While  broadening. As is the case forrescan, when the inhomoge-
the beats in thevg range andw, range are not necessarily neous broadening is lardé&ig. 6], the three bands that
pure QB’s, they are a single frequency. contribute to the signal are not well resolved, but the nature
Figures 5 and 6 present the results of calculations of thef the decay is very different from the-dependent scan.
vibrational echo response for the signal generated inShe Only one frequency is seen in the decay. In the case where
emission manifold of the coupled oscillator. In these calcuthe peaks are well resolved and do not ovellgjg. 6(b)],
lations, the anharmonic shift is 30 ¢ih) the combination oscillations are seen on both the 0—1 and combination bands.
band shift is 70 crit, and the splitting between the symmet-  Time slices through the curves in Figgaband Ga) at
ric and antisymmetric lines is 160.4 cth Calculations were  selected frequencies were extracted and Fourier transformed
run for Gaussian local mode energy distributions with fullin the manner discussed above. These results are presented in
width at half maxima of 70 cmt [Figs. 5a) and @a)] and 15  Figs. 7 and 8, respectively. In Figs(af-7(e) the Fourier
cm ! [Figs. 5b) and Gb)]. Figures %a) and §b) present the transforms of the time slices from Fig(ah at 2120, 2100,
results of ar-dependent scan for th® line in the case of 2050, 2040, and 2010 cm show that there are numerous
large and small inhomogeneous broadening, respectiveljtequencies present, and that particular beat frequencies are
The contributions from the 0-1, 1-2, and combination bandnly present at certain detection wavelengths. The quantum
are not well resolved in the case of large inhomogeneoubeat only appears on the 0—-1 line. ADB’s between diagrams
broadening, and the signal decay exhibits a complicated oghat involve the 0—1 and 1-2 lines only appear at those fre-
cillatory pattern. In the case of nonoverlapping peaks, theuencies where both the 0—1 and 1-2 lines overlap. A simi-
contribution from each peak is well resolved and oscillationdar restriction is seen for all the ADB’s. The amplitude of an
are only seen on the 0—1 transition. In the absence of spectrADB is related to the extent of overlap between two lines; if
overlap, there are no ADB'’s, and only the single QB occursthe lines do not overlap, then the amplitude of that ADB is
Figures 6a) and @b) present the results of &,-dependent zero. As can be seen in the calculations in Fig. 7, the
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FIG. 7. Fourier transform of time slices at various detection frequency (cm )

frequencies from Fig. (®) (7 scar). The beat frequencies listed here

correspond to the, throughwe. in Eq. (1). Detection frequencies frequencies from Fig. @ (T,, scan. The beat frequencies listed

_1 . _1

are_(a) 21.20 cm ~. Only one beat freguency is se¢h) 2100 cm = here correspond to theg throughw, in Eq. (2). Frequency slices
This region has the 0—1 and 1-2 lines strongly overlapping. Thre%re the same as in Fig. 7. Detection frequencies(@r€120, (b)
frequencies are seeft) 2050 cmi L. All three spectroscopic lines 9. 7. q '

~1
are strongly overlapping. As predicted, six beat frequencies argloo’(c) 2050,(d) 2040, ande) 2010 cm". (a), (b), and(e) show

seen.(d) 2040 cm' L. Six frequencies are still seen, but the relative ggzb?::tisﬁfaggiii?; Y- lt?esgg-(daavr\llthuenszgttz ftrt)?n(iai Oa_nf line
amplitude of each frequency is different than(@). This is due to P.p q

the different amplitudes of the inhomogeneous lines at this fre-and the combination band can be seen. In addition, an ADBGat

quency.(e) 2010 cm L. Only the combination band ADB is seen cm™! [wy in Eq. (2b)] is also present, but it is not discernable in
' ' " this presentation of the data.

FIG. 8. Fourier transform of time slices at various detection

guantum-beat frequency, is not constant throughout the

inhomogeneous line. The way in which the QB frequencycillations seen in the data. In principle, there are four aspects

changes with detection wavelength can be used to study thef a beat that can provide information on molecular phenom-

mechanism of inhomogeneous broader(i@f Variations in  ena. These aspects are the frequency of the [d€8t the

the QB frequency with position in the inhomogeneous lineamplitude of the bedi8], that is, the depth of modulation,

have been observed experimentady. the initial phase of the be§49], and the damping rate of the
There is a great deal of information contained in the osbeat[3,46]. Quantum beats and accidental degeneracy beats
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encode different types of information in these aspects of averlap, there is only one frequency present. Like the QB
beat. In a QB, the beat frequency measures the corresponsieen in ther-dependent scan, the pseudo-QB frequencies are
ing transition frequency in another li8,10]. For example, not constant as a function of the detection frequency. The
if a quantum-beat frequency of 160.4 this measured change in QB frequency as a function of the detection fre-
on the S line at a detection frequency of 2080 chthe quency is an indicator of the mechanism of inhomogeneous
corresponding A transition frequency is 2080160.4  broadenind3] TheT,-dependent scan is a good experiment
=1919.6 cn k. A single detection frequency does not haveto extract QB_frequenues, because the number of different
to correspond to a single frequency in another (I8 The beat f_requenmes is redu_ced compared tedependent scan.
damping rate of the beat is related to the dephasing of th@nly in the spectral region where the 0—1 and combination
levels involved in the coherence and to the distribution offand overlap are there multiple beat frequencies.
frequencies in other lines that map back to the detected trarlw-dependent scans are a complementary technique to
sition frequency3,46]. The amplitude of the QB is related to 7-dependent scans. For example, in a system where there is
the coupling strength between the two transitions and théPectral overlap between the 0-1, 1-2, and combination
relative orientations between the transition dipole moment§ands,T,,-dependent scans can be used to accurately mea-
[50]. Quantum beats can, therefore, be used as a structurgye QB freque'nmes to determine correlations betvyeen tran-
tool by comparing the relative orientations of different local Sition frequencies, and the results can be combined with
oscillators within a molecul§20,48,51. r—dependent scans to extract anharn_‘nomutles. _
Accidental degeneracy beats can be used to extract differ- AS mentioned already, the beats in E¢&a) and(2c) in
ent information from a system than quantum beats. Quanturf'€ Tw Scan are not necessarily pure quantum beats. While
beats can only be generated between states that can be pfee population states in thig, scan do not undergo phase
pared simultaneously and cohererith0]. Often, this is not ~ €volution, each state does have an initial phase that is related
possible. For example, suppose one wished to measure tf@ its previous coherence frequency on that particular quan-
anharmonicity of a vibrational transition with a quantum tum pathway. Because these pathways can have different ini-
beat. In a third-order nonlinear experiment, laser pulse bandial coherence frequencies, the phases of each population
widths that could couple both the 0—1 states and the 0—3State are not necessarily the same. The phase variations can
states directly would be required. For a typical vibration, thisinfluence the amplitude and phase of the observed beat. If
is ~2000—4000 cm’. Even if excitation pulses with suffi- ©One wishes to use the amplitude and phase of beats as a
cient bandwidth were available, the 0—2 transition is onlymeasure of the coupling strength and relative orientation of
weakly allowed, and such an experiment would give almosthe coupled oscillators, then it is important to understand
no signal intensity(A fifth-order experiment is required to how these are influenced by spectral line overlap.
measure the anharmonicity with a QB6].) However, the When computing the expected beat frequencies in Egs.
anharmonicity of both th& and A transitions and the com- (2) in the T,, scan, the focus was on knowing how much a
bination band shift, as well as the excited state line shapeRarticular quantum pathway advanced in phase relative to
can be determined in a spectrally resolved vibrational ech@nother pathway. Because population states do not have an
experiment. If the 0—1, 1-2, and combination band transiassociated frequency, all population states were treated as
tions are well resolvedFig. 5b)], the anharmonicities and Zzero-frequency states and the phase difference was computed
spectral line shapes can be measured directly with a spebetween states that did evolve in frequerip§f, and pg,
trally resolved vibrational echo experimdiB2]. In the case and states that did not evolve in frequen@gs, poo: Poos
where the spectral lines are not well resolved, the variou$>g's, andpR’A). Because all population states were assigned a
anharmonic parameters can be determined from the beat freero frequency, the frequency differences betweéq and
quencie417]. The modulation depth of an ADB is a function aj| population states, andy, and all population states were
of the amplitudes of the inhomogeneous lines of overlappinghe same. However, the initial phases of these population
transitions at a particular frequency. By comparing thestates were not considered.
modulation depth of a particular ADB at a number of detec-  The phase differences between each diagram can be cal-
tion frequencies, it should be possible to reconstruct thgylated explicitly as they evolve in time. Since the echo sig-
shape and amplitude of the inhomogeneous lines of overlagra) is detected through a monochromator, the final coherence
ping transitions. frequencies of all states are required to be equal to a particu-
Now consider theT,, scan calculated data in Fig. 8. The |ar detection frequency, and thus, only the phase behavior
time slices in this figure are at the same frequencies as in Figjuring the first two evolution periods needs to be considered.
7. As shown previously, there are fewer beat frequencies ifye denote the phases of each quantum pathway at the end of
the T, scan than in ther scan. Two frequencies are easily the second evolution periotl,y, @, P2, Pp, Pyis P

resolvable in the regions where the 0—1 and combinatiogngd,, , where the subscript refers to the type of diagram
bands overlap. These are the two pseudo-quantum-beat frgr Fig. 1:

quencies from Eqs2a) and (2¢). In this particular system,

these beat frequencies produce an ADB-& cm *. This is . o

an ADB at the difference frequency between the two pseudo- ®,=e '@sTe 1@ssTw, (12a
guantum-beats in Eq.2b). Because it is a low-frequency

beat, it is not clearly resolvable in this presentation of the o o

data. In places where the 0—1 and combination bands do not ®p,=e '“os"e oo, (12b
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Consider the terms that contribute to the pseudo-quantum- 60 01 02 03 04 05 0.6
beat on the combination band. Interference between the T, (ps)

terms in Eqs(12f) and (129 leads to a quantum beat, be-

cause these two quantum pathways end in the same final FIG. 9. Accidental degeneracy beat contribution to the modula-
state. Interferences between Et2f) and all the other popu- tion depth on the combination band. Accidental degeneracy beats
lation states lead to ADB's that have the same frequency awith the same frequency as quantum beats but a different phase can
the QB in Eq.(20), but are not QB’s because these quantuminﬂ“ence the modulation depth seen in the signal in the case of wide
pathways end in different final states than the quantum patHfhomogeneous lines. The effect on the modulation depthde-
ways in Egs.(12f) and (12g). The observed beat is the dif- pendent. The b°“°’T‘ C.urveT(:o'o ps) apd the top curver( .
ference between the coherence state(E2f) and the sum of =1.663 ps) are for wide inhomogeneous lines. When the combina-
all the zero-frequency population stateé Ek2a), (12b) tion band is well separated from the 0—1 and 1-2 line because the

) . inhomogeneous lines are narrogmniddle curves,7=0.0 and 7
i/}e?lg)s Eﬁéez’ef:)n?rétige)ﬁczetg?rrnmmg the vector summation =1.663 p$, the modulation depth of the beat is insensitiverto

o o . ADB beat contributions, and accordingly, their amplitudes
> AD = (AptAp)e @osTHA e YA+ A e @os” depend on the overlap of spectral lines. If there is no spectral
! line overlap, the value of thes® is zero. In the case where
the combination band is spectrally well resolved from all
other peak$Fig. 8b)], Eq. (13) reduces to

whereA, is the amplitude of the beat component. In the case

of ADB’s, A; is the amplitude of the inhomogeneous line at S AD =Aye oA, (15)
the initial coherence frequency of each transition. In the case i

of QB’s A, is a function of the coupling strength and the

orientation of the oscillators. The overall expression for theFor this case, the pseudo-quantum-beat in(Eq. becomes

+ A|Vbefiw3§*71 (13

combination band pseudo-QB is a true quantum beat. The modulation depth in the spectrally
resolved case is independent of the value,dfecauseb
w|=<I>|Va—Z AD; . (14) and ®,,, have the same dependence ©rand therefore al-
I

ways have the same initial phase.
Figure 9 presents a slice along the time axis fdrascan

There are two ways to see how this expression can give ris&ith the detection frequency set for the combination band for
to different beat amplitudes and phases. The first way is to dtwo values ofr and two levels of inhomogeneous broaden-
the subtraction betweeh,, and each term in the sum. This ing. In the case of extensive inhomogeneous broadening and
produces five oscillatory terms with the same frequency bubverlapping spectral transitions on the combination band
different initial phases and amplitudes. Addition of these os{bottom curve,=0.0 ps; top curver=1.663 p$, the modu-
cillatory terms leads to either the constructive or the destruclation depth of the beat depends strongly on the valueiof
tive interference and changes the overall initial phase of théhe calculation. In contrast, the modulation depth is the same
beat. Changing the value efchanges the initial phases of at two different values ofr in the case where the spectral
each oscillatory component, and, because each quantulimes are well separatedmiddle curves,7=0.0 and 7
pathway has a different initial coherence frequency, the man=1.663 p$. These calculations illustrate that the modulation
ner in which all these terms interfere changes witleading  depth of a beat can be affected by spectral line overlap.
to overall changes in the amplitude and the phase. AlternaFherefore, the modulation of the beat depth is not a
tively, 3;A;®; can be thought of as the phase and amplitudeguantum-beat effect. Rather, it is the result of an ADB with
of a local oscillator thatb,, beats against as a function of degenerate frequency but different initial phase. These calcu-
Tw. Adjusting 7 changes the phase and amplitude of thelations show that care must be taken when analyzing the
local oscillator, thereby changing the phase and depth ofnodulation depth of beats to extract the coupling strength or
modulation of the observed beat. relative orientation of local oscillators. A qualitatively simi-

Not all of the terms in Eq(13) are present in all situa- lar analysis can be performed on the pseudo-quantum-beat of
tions. With the exception of\,, all of the A; belong to  Eq. (2a. This is done in Appendix B.
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So far, accidental degeneracy beats have only been disutlined that allows one to distinguish between accidental
cussed in the context of spectral overlap in nearby lineslegeneracy beats and quantum beats. It has also been shown
caused by inhomogeneous broadening. While this type afinder what circumstances one expects to see ADB’s. ADB’s
situation has been observed in a variety of experimentsan manifest themselves as unique frequencies or as phase
[3,17,26,30,58 ADB's are not restricted to such systems. and amplitude contributions to quantum beat oscillations.
Any system in which multiple dephasing frequencies canADB's are a direct consequence of spectral overlap in mul-
lead to a single rephasing frequency can exhibit ADB’s. Astilevel systems.
an example, consider a homogeneously broadened uncoupled While this work has focused on the ADB's as they appear
vibrational oscillatoiX that has a 0—1 transition frequency of in vibrational echo experiments, ADB’s can occur in any
2000 cm'!, a homogeneous linewidth of 5 ¢th and an  system where different quantum pathways with different
anharmonicity of 45 cmt. An echo decay curve from such a phase evolution can lead to a single emission frequency. In
system will show no oscillations, because the 0—1 and 1-2xperiments where the beat frequency is of primary interest,
lines are well separated and do not overlap. It is not possible-dependent scans arnig, scans can be used in a comple-
for subensembles that have the same rephasind hence, mentary fashion to measure accurately all beat frequencies
emission frequency to have different dephasing frequenciesthat are present in the system. Correlations between transi-
because the 0—1 and 1-2 spectral lines do not overlap. If thion frequencies for coupled oscillators can most easily be
same experiment is performed on a different moledUhgth measured in a spectrally resolved three-pulse stimulated pho-
a 0—1 transition frequency of 1955 ¢ homogeneous line- ton echo experiment if the delay between the first two pulses
width of 5 cmi %, and anharmonicity of 45 cnt, again, no s fixed and the delay between the second and third pulse is
oscillations will be seen in the echo decay. However, if ascannedT,, scan. While ADB’s can provide unique infor-
solution containing botlX andY is used as the sample, the mation about molecular systems, they can also complicate
echo decay curve would show oscillations that correspond tthe nature of vibrational echo and other echo experiments.
a frequency of 45 cm. In the mixture, it is possible for Therefore, it is important to consider their possible influence
subensembles of molecules that have different dephasing fren observables when analyzing data from non-linear optical
guencies to emit at the same frequency. At a detection freexperiments.
quency of 1955 cm?, the type-l quantum pathway of mol-
eculeY dephases and rephases at 1955 {mwhile the type- ACKNOWLEDGMENTS

[l quantum pathway of moleculX dephases at 2000 and . . .
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rephases at 1955 crh The fact that these are chemically - )

; : : . Health (1R01-GM6113Y and the National Science Founda-
diff t k diff . The two diff t -
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cies act as the distinct “subensembles” that dephase at diff© .
ferent frequencies but rephase at the same frequency. ported by Abbott Laboratories, Stanford.
ADB'’s of this kind have recently been observed in biom-
acromoleculeq54]. Certain proteins, such as carbonmon-
oxymyoglobin(MbCO) are known to exist in a number of  |n this appendix, expressions for the expected beat fre-
conformational substat¢§5,56. These conformational sub- quencies on theéS manifold are derived from a system of
states are conformers of the same protein that have slightinphomogeneously broadened anharmonic oscillators with
different secondary and tertiary structUi®7,58, and that correlated local mode frequencies. As discussed already in
interconvert with each othef55,59. Because they have the text, it is necessary to have expressions for the energies
slightly different structure, these conformational substatesf each level, and a model for the mechanism of spectral
can have different spectroscopic properties. While a singleverlap. The eigenenergies used in the model system are
conformational substate may not have the required spectrgisted in Egs.(7) and (8), and the mechanism of spectral
scopic properties to exhibit ADB’s, ADB’s can be generatedoverlap is assumed to be inhomogeneous broadening caused
between different conformational states. ADB’s have beemy correlated variations in the local mode oscillator frequen-
observed between th&; and A; substates of MbCQ54].  cies. First, consider-dependent beats. Only those density
The anharmonicity of the CO stretch in this system exceedmatrix elements with a final coherence frequency equal to
the inhomogeneous linewidths of the transitions, but in thehe detection frequency, are detected through the mono-
region where the 1-2 line of th&, level overlaps with the chromator. The associated coherence frequencies for the den-

0-1 line of theA; line, beats at the frequency of the anhar-sity matrix eleme”@'so, p's"o, pg'ss, andPIXwA are w'so,

APPENDIX A

monicity are observed. wgy, whss, andwy, s 4, respectively. These are the rephas-
ing frequencies of the diagrams, and as sucm:w'so
_ I _ IV .

V. CONCLUDING REMARKS =wg=wys5=Wpssa- Beats are produced at the differ-

ences between dephasing frequencies. The rephasing fre-
We have described in detail the nature of ADB's, which quency of each diagram must be related to its corresponding
are a type of beat that can be seen in nonlinear spectroscopiephasing frequency. Given the definition of a coherence fre-
ADB's have many of the properties of quantum beats, buguency[33]
because ADB’s result from an interference effect between
different subensembles in the sample, their information con- o — Ei—E; (A1)
tent differs from that of quantum beats. A procedure has been g ’
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whereE; andE; are the energies of the states involved in theand type-IV quantum pathways. These frequencies can be

coherence andh is Planck’s constant, and Eqgfl), the

computed from the definition in Eq(Al). For the

dephasing frequencies for each diagram can be written aspseudo-QB in Eq(2c), one should remember that the emis-

function of the rephasing frequency

, _Eo-Es_ Es—Ep_

wos=— P —w'os, (A2a)
, Eo~En Eo—(Es—26h)  (Eq~Eq)—25h
AT T T % T % -
—(wg—29), (A2b)
m_Eo"Es_Eo—(EssthAs—Eo—Eg) _
Wos % %
E,s—Est+hA
- %ﬁ —(0isstAg),  (A20)
v _Eo"Ea_Eo—(EassthAc—Es—Ep)
Wop h h
Ep.sthilo—(Ept26i0)
T h

(EA+S_ EA) - ZfL 5+ hAC
h

= —(wp,ga—28+A0). (A2d)

sion frequency is shifted b from the 0—1 transition of
the S line involved in the coherence of the second density
matrix element in diagram type IVa. Once the beat frequen-
cies in Egs.(2a) and (2¢) have been computed, taking the
difference between the two gives the beat frequency for Eq.
(2b).

APPENDIX B

In this appendix, the phase and amplitude behavior of the
pseudo-QB on the 0-1 line in §,-dependent scan is de-
scribed. The phase and amplitude changes in QB’s have been
observed experimentally in a variety of systems including
nanocrystal$60] and solvated dyel61]. However, possible
ADB contributions to the behavior of these beats was not
discussed. The overall description of the pseudo-QB on the
0-1 line is similar to that of the pseudo-QB on the combi-
nation band, but there are a few significant differences in the
actual behavior between the pseudo-QB on the 0—1 line and
the pseudo-QB on the combination band.

Equation(2a) can be rewritten to explicitly include each
phase contribution to the zero frequency term

wG:q)IIa_Ei Aid; (Bla)

with

Substituting the above expressions for the first associated

coherence frequencies into Eq4) and remembering that

W5 = Wgy= Wps 5= W, 54 ViElds
wa=|(—wg) —[(w—28)]|=24, (A3a)
wg=|(—wg) —[—(whss+Ag)]|=As,  (A3b)

we=|[—(0%—28)]-[(wisstAg]|=25+Ag,

(A3c)
wp=|(—wg) [~ (wp, gs—28+Ac)][=28—-Ac,
(A3d)
we=|[—(0&—28)]-[— (0N, sa—25+A0)]|=Ac,
(A3e)
wp=|[— (b5 s+ A9 ][~ (wp,ga—25+A0)]]
=26—Ac+As. (A3f)

Z A= (At '°\|t3)(97iwl(’5'7Jr AllbeiingT"_ A e 1w0sT
I

+Appe “0AT, (B1b)

As in the case of the pseudo-QB on the combination band,
the difference betweef®, and each term in the sum gives
five beats with the same frequency but different initial
phases. Changing the value oin the experiment changes
the initial phases of each term, giving a different overall
phase and amplitude g as each term interferes with the
others. The behavior of bothg andw, astis changed is the
same in the case where there is large spectral overlap be-
tween the 0—-1, 1-2, and combination bands. However, the
behavior of the two beats is different when the various spec-
troscopic lines are well resolved. Unlike the combination
band pseudo-QB, WhereEiAiQDizA,Vae*i‘”lkaT in the well-
resolved spectroscopic line case, when the 0-1 line is well
separated from other lines, E@®1b) reduces to

These are the expressions for the beat frequencies expected
at a particular detection frequency. Howevé&is a function
of the detection frequency . Therefore, aq is varied, s
varies, which changes the values of the beat frequencies in
Eq. (A3). All three of these terms come from diagrams that end with
For the beats in thd,-dependent scan, the situation is the same final state as in diagram lla. As such, they can
more straightforward. The beat frequencies of the pseuddnfluence the phase and amplitude of the QB on the 0-1 line,
QB’s in Egs.(2a) and(2c) are equal to the coherence fre- even when there is no spectral overlap. Despite the fact that
guencies of the second density matrix elements in the type-Eq. (B1a) is a true QB when there is no spectral overlap

S AD = (At Ap)e 90t Ape 9o, (B2)
I
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between the 0—1 and other lines, the valuerafan still andA states, and the maximum depth of the beat changes as
affect the amplitude of the beat. Substituting EB2) into  a function ofr and at the frequency difference between $he
Eq. (Bla) gives and A states. Whether the combination band beat is a
o o pseudo-QB or a true QB can be tested by seeing if the modu-
wg=D s~ (At Ap)e '“os™—Ape ' “oaT lation depth of the beat is independentrofn the case of the
Cu o o beat on the 0-1 line, whether the pseudo-QB is a true QB
=A,e 'oaTe10saTw— (A + A e 1@osT— A e @oa” can be tested by comparing the frequency of the beat with

o o 0 the frequency of the change in maximum modulation depth
=e 100AT(Aye UsATw— (Al + Ap)e ! (“osT o)™~ Ay as a function ofr. If the two frequencies are not the same,
(B3) then the beat on the 0-1 line has ADB contributions. Equa-
tion (B3) shows that one must be careful when using the QB
As can be seen in EdB3), the frequency of the beat in a amplitude to extract coupling information, because the beat
T,~-dependent scan is the frequency difference betweeB thedepth is sensitive to the value efused in the experiment.
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