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Adiabatic quantum approach to optical line shapes in the condensed phase
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It is shown that absorption line shapes in the condensed phase can be well described with an adiabatic
quantum model. This model reproduces the results of other line-shape models and includes spectral-diffusion
and motional-narrowing effects. The motional narrowing is described in a purely quantum-mechanical manner
and is found to result from the delocalized character of the wave functions of the low-frequency modes to
which the optically active mode is coupled. In many line-shape models it is assumed that an increase in the rate
of spectral diffusion automatically leads to motional narrowing of the absorption line. However, this assump-
tion is no longer correct if the low-frequency motion is affected by a change in the quantum state of the
high-frequency mode. It is demonstrated that this quantum effect can easily be accounted for in the adiabatic
guantum model and that this effect leads to different dependencies of motional narrowing and spectral diffu-
sion on the low-frequency motiohS0163-18209)01134-7

[. INTRODUCTION ways contain a spectral distribution function and a character-
istic spectral modulation process, often characterized by a
In the condensed phase, absorption lines of higheoupling or a correlation time constant for the frequency of
frequency modes are predominantly broadened as a result tife oscillator. In some models, like the exchange mdd2|,
the interactions with low-frequency degrees of freedomthe spectral distribution peaks at a few well-defined
These interactions do not lead to an energy transfer to thisequencie¥ 2 whereas in other models the spectral distri-
low-frequency modes but to @tochastit modulation of the  bution is assumed to be Gausstdn'® In the so-called
transition frequency of the high-frequency mode. HenceGauss-Markov stochastic modulation model the fluctuations
these interactions are denoted as quasielastic interactiorferm a Gaussian process and the autocorrelation function of
The broadening that results from these interactions is oftethe detuning decays exponentiallylarkov approximatioh
referred to as pure dephasing. Pure dephasing has been studth time constantr.. When 7. decreases, which corre-
ied and described for many different physical systems and isponds to an increased rate of spectral modulation, the linear
often modeled with semiclassical approaches in which th@bsorption spectrum evolves from a broad Gaussian to a
low-frequency mode is explicitly described in a classicalmuch narrower Lorentzian. This model has been widely ap-
manner:~ In these models the frequency fluctuations of theplied to describe the line shapes obtained in different optical
high-frequency mode are calculated in a molecular-dynamicspectroscopic experiment.?°
simulations using a potential-energy term that accounts for In modeling the absorption line shape it is often assumed
the interaction between the high- and low-frequencythat the excitation of the high-frequency mode does not af-
modes*® With increasing temperature the amplitudes offect the low-frequency motion. The independence of the low-
most modes will increase, leading to a stronger frequenc§requency motion on the quantum state of the high-frequency
modulation. As a result, a broadening of the absorption linenode is referred to as zero back reacti@BR). Almost all
shape with temperature is expected. However, in the laténe-shape models and molecular-dynamics simulations of
1940s it was found in nuclear-magnetic-resonafid®R)  the optical line shape assume ZBR. This assumption was
studies that for some inhomogeneous systems the line shapgen used in some recent advanced molecular-dynamics
actually becamaarrowerwith increasing temperatufd. To  simulations in which the low-frequency motion leads to
understand this narrowing it is important to realize that thestrong nonadiabatic changes of the quantum state of the
absorption line shape is not only determined by the fre-high-frequency mod&~2% An important consequence of as-
quency distribution that results from the quasielastic interacsuming ZBR is that an increase of the rate of frequency
tions with the low-frequency degrees of freedom, but also byfluctuation always leads to a motional narrowing effect. In
the dynamicsof the frequency modulation. This dynamics the limit that the frequency fluctuation becomes infinitely
can result both from an exchange of the excitation betweefast, the linewidth becomes equal to zero.
different sites or from a change in the surroundings of the There are also line-shape models that do not assume ZBR.
excited oscillator. The frequency fluctuations will lead to anln, for instance, the Brownian oscillator model it is assumed
averaging of the oscillator frequencies over the spectral disthat the excitation of the high-frequency mode results in a
tribution so that all oscillators effectively acquire the centralchange of the equilibrium position of the harmonic low-
frequency of this distribution. As a result, the observed abfrequency motiort*~?® Also in some recent classical
sorption line will become narrower than the spectral distri-molecular-dynamics simulatioffs’®the change of the inter-
bution. This effect is denoted as motional narrowing. molecular interactions due to the excitation of the high-
Several line-shape models were developed that accoufitequency mode is incorporated. Hence in this treatment the
for the effect of motional narrowintj:*®> These models al- low-frequency motion is allowed to be different for the
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ground and excited state of the high-frequency mode. Amwritten as ¢({R};{1}) #({l}) (Born-Oppenheimer approxi-

important consequence of not assuming ZBR is that an inmation). The function#({R};{l}) represents the wave func-

crease in the rate of the frequency fluctuations may only leatlon in the high-frequency coordinates that depends para-

to a partial narrowing of the absorption line or even no nar-metrically on the low-frequency coordinatfl$. This type of

rowing at all, depending on the precise character of the lowadiabatic treatment is well known and can be found in many

frequency motion in the ground and excited state of the hightextbooks>? The adiabatic treatment forms a good approxi-

frequency mode. For instance, in case the low-frequencynation if the termsV,¢({R};{l}) and VZ,y({R};{I}) are

modes in the ground and excited state of the high-frequencyiegligible, that is when the character of the high-frequency

mode are formed by two displaced harmonic oscillators, afvave functionsy({R};{l}) do not strongly change as a func-

increase of the oscillation frequency of the low-frequencytion of the low-frequency coordinate

mode will lead to a more rapid spectral modulation but has |n the following, only a single high-frequency coordinate

no effect at all on the absorption linewidth. Rand a single low-frequency coordinateill be considered.
The intermediate situation of partial narrowing is ratherfFor each high-energy staig(R;) there exists a manifold of

difficult to model since it requires a distinction between fre-functions ¢;,(1) that are the solutions of the following

quency fluctuations that lead to an averaging over the spegimple one-dimensional Schiimger equation:

tral distribution and thus to a narrowing effect and frequency

fluctuations that do not lead to a narrowing of the absorption K2 52

line. In this paper we will show that such a distinction and (m —2+V,(I)+Ei(l) dia()=Eiadia(l). (2.2

thus a correct description of partial motional narrowing can 4l

easily be obtained when both the high-frequency mode ang o siate of the system is given By .Ciathi(R:1) dia(l).

the low-frequency mode are quantum mechanically dehg (ime dependencémodulation of the transition fre-
scribed using an adiabatic model. This model has been Sugy,ency results from the fact that many low-frequency states
cesfully used to describe the broadening of the O-H stretch(—ﬁia(l) of different energy will be thermally occupied leading

i i i 12031
ing vibration due to hydrogen bondifd.*" However, quantum interference effects. The phase relation between
”?O“O”a' narrowing and spectral d|ffu5|'on have never been 1a Will affect the quantum interference of the transitions
discussed before in the context of this model. It will befrom the ¢, states to a particula,, state and thus the

H 1 H a a
shown that the adlaba_lt|c quantum mod_el includes _bOth th_e§ ansfer of population to this state. The initial phase relation
effects and can be quite generally applied to describe opticalt ach oscillator in the system will be different and thus

line s_hapes n the con_densed phase. . . each single oscillator will have a different time-dependent
This paper is Qrganlzed as follows. In Sec. |l Fhe ad'.‘”‘bat'?absorption spectrum. In the following, we will only address

quantum model IS presented. The results O_bta!”eq with thi e ensemble- and time-averaged linear absorption spectrum,

model for two different types of spectral dlstr|but|o_ns ar€p 1t the treatment can easily be extended to describe nonlin-

presented in Sec. Ill. In Sec. IV these. results are discusse r optical experiments like spectral-hole burning and

and compared to the results of .other line-shape models. thoton-echo spectroscopy in which the time dependence of

nally, Sec. V brings the conclusions. the absorption spectrum of an individual oscillator can be

measured.

[l. THEORETICAL MODEL The absorption line is given by an electric-dipole transi-
éion between the occupied/1X,Ci,¢1, and the set
|¢22b¢2b. For the ensemble- and/or time-averaged absorp-
tion spectrum the phase relations of e, states will aver-
&ge out so that the shape of this line is only determined by
the thermal occupation of these states and the cross sections
of the transitions from these states to the manifold¢ef,

We consider a set of high-energy degrees of freedom lik
electronic excitations, molecular vibrations, and optica
phonons with coordinategR} and a manifold of low-
frequency states like acoustic phonons and translational d
grees of freedom with coordinatgd}. The Schrdinger
equation of this system has the following form:

states:
2 hz 2 2 ﬁz 2
r R Z_mRVR+ T 2—le|+Vh({R})+V|({I}) W%Z’) |C1al?[{ 22| Rl th1 1) |2
+vh.({R},{l}>]‘P<{R},{|}>=E‘I’<{R}'{'}>' =Ry 22, [Cral’(gel $1)7. (23
a,b

@1 It follows from this expression that the broadening is given

with mg andm, the mass of the quasiparticles in the coordi-by the matrix element$e,,| $1,), representing the projec-
natesR andl, respectively. tion of each stateb,, on the complete sdtp,,}. The shape

This Schralinger equation can be simplified using anand width of the distribution of transition frequencies thus
adiabatic approach in which thiigh-frequency motion in ~ depends on the difference betweén, and ¢,,, which is
coordinates{R} can be separated from the motion of the determined by the difference between the potent&iél)
(low-frequency degrees of freedom with coordinat¢s;.  andE,(l). If these potentials strongly differ, the transitions
This is a good approximation if the motion in the high- between the manifoldsp,,} and{¢,,} are accompanied by
frequency coordinate is much faster than that in the lowthe emission or absorption of a large number of energy
frequency coordinate. Then the wave functidh can be quanta in the low-frequency coordinatds.
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vertical displacement in energy Bf andE,. In order for the
adiabatic treatment to be valid, this energy difference should
be large compared to the spacing of the low-frequency levels
and the height of the barriers in the potentigls and E,.
Since we are only interested in the shape of the spectra, the
energy difference oE; and E, is not specified but it is
assumed that this energy difference is large enough for the
adiabatic treatment to be valid.

The Schrdinger equation for the low-frequency mode
[Eq. (2.2)] is solved using the Numerov method. In a typical
calculation of the optical line shape, the lowest 250 vibra-
tional levels are calculated for both potentids and E,.

The optical linewidth starting from the levels in potenti|
is calculated using Eq2.3). These levels are assumed to be
thermally occupied following a Boltzmann distribution.

In Fig. 2 absorption spectra are presented calculated at
40 four different temperatures.tA K only the lowest states in
the potentialE; will be occupied. These states mainly have
P N N S transition probability to the two lowest stateshs that are
30 1L well localized in either one of the two wells. Hence the ab-
Y e sorption spectrum consists of two narrow peaks. If the tem-
2 ; perature is increased to 10 K, higher states will get occupied
20 Rai SIS U N S that have transition probability to more delocalized states in
E,. This will lead to a broadening of the two peaks in the
\ 4 absorption spectrum. If the temperature is further increased

Energy (em™)

Energy (cm™1)
1

L e N 2 =y R to 100 K, most of the occupied statesfn have transition

probability to delocalized states iB,. This delocalization
leads to an averaging of the energies of the two wellEof
2 1 0 1 2 and thus the absorption will now peak at the average fre-
R (10710 m) quency of the two lines at low temperature. However, the
wave functions just above the barrierf will still strongly
FIG. 1. Potential-energy curves used to calculate the absorptiofliffer from the thermally occupied wave functions iy so
line shape for a doubly peaked spectral distribution. Also shown arghat the transition will still be broad. If the temperature be-
the lowest nine vibrational wave functions calculated using a massomes very high, e.g., 1000 K, most of the thermally occu-
of 50 amu (1 ame1.66054<10° %7 kg). (a) V,=4.2°-2112;  pied states of; are well above the barrier separating the
(b) V,=4.2%—212-2.g1/[I|][1—e 2], with the potential en- two wells and have transition probability to similar states in

ergy in cnm* and the coordinatein 1071° m. E,. These high-energy states are not too strongly influenced
anymore by the asymmetry in the potential and thus become
IIl. RESULTS quite similar to the corresponding statesBn. Hence the

In this section the adiabatic model of the previous sectioff€SUlting absorption line will be narrow. The narrowing of
is used to calculate the characteristics of the motional nari'€ transition with increasing vibrational quantum number is
rowing and spectral diffusion for two model systems. illustrated in Fig. 8a). The temperature depend.ence of the

overall absorption can be obtained by summing over the
thermally occupied vibrational states. In FigbBthe overall
width of the absorption is shown as a function of tempera-

As described in the introduction, an absorption line shapeure, clearly illustrating the motional-narrowing effect. At
is determined by a spectral-distribution function and the ratéow temperatures, the linewidth shows a capricious depen-
and character of the frequency modulation within this distri-dence on temperature due to the fact that only a limited num-
bution. For some systems the spectral distribution peaks atlser of low-frequency quantum states is occupied. At high
few distinct frequencies. Examples of these can be found itemperatures, many states are occupied leading to a nearly
studies on optical phonons, molecular vibratitlflsand  classical behavior of the low-frequency mode and a smooth
proton-spin resonancegslMR).}*2 decrease of the linewidth with temperature. Also shown in

The optical line shape of a doubly peaked spectral distriFig. 3(b) is the linewidth in the inhomogeneous linibfinite
bution can be modeled using the potentiBlsandE, pre- masg. For an infinitely large mass, the kinetic energy term
sented in Fig. 1. It should be noted here that the energies ar(@?/2m,)(3%/91?) in Eq. (2.2) becomes negligible compared
shapes of these potentials are chosen arbitrarily and are ntt the potential energy and the wave function becomes com-
meant to describe a specific system. If there would be npletely localized at the position where the energy of the level
dynamics(motion) in the potentialE,; andE,, the possible equals the potential energy. In this limit the absorption line
transitions betweelt,; andE, lead to a doubly-peaked ab- will be given by the energy differences between the poten-
sorption line shape for the high-frequency mode. The fretials E, andE; over the thermally occupied range Bf. In
quency of the high-frequency mode is determined by thehis inhomogeneous limit there is no exchange between dif-

A. Peaked spectral distribution
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FIG. 2. Absorption spectra at four different temperatures calculated using the potentials of Fig. 1 using a mass of 50 amu.

ferent positionsl and thus no fluctuation of the transition batic quantum description the narrowing results from an in-
frequency. The inhomogeneous line width increases witltrease in the delocalization and the energy of the thermally
temperature because the thermally occupied range of the peccupied wave functions. Apparently the adiabatic frequency
tential E; and thus the range of energy differences vth  fluctuation that leads to motional narrowing is contained in
becomes larger. Hence it is clear that the motional narrowinghe character of the wave functions, which can be understood
shown in Fig. 8b) is not the result of a decrease in the width iy the following way. The delocalization of the wave func-
of the spectral distribution but really the result of a moretion over| represents the evolution from a particular transi-

rapid fluctuation within this distribution. It is interesting to {jgp, frequency(given by the difference betwedty andE, at
note that the absorption linewidth can never really narrow, particular value of) to another frequency. This change in

down to zero because the adiabatic description will no longey, o i+ ; :
o oo o ransition frequency is accompanied by a complementar
be valid if the motion inl becomes infinitely fast. If the d y b y P y

motion in| becomes very fast, it is no longer possible tochange In the kinetic energy ih The fact that the wave

separate the time scales of the high- and low-frequency m function has the same energy at kfheans that the sum of

tion. As a result, the ground and excited state of the high—he energy in the high-frequgncy coordinaand_the Kinetic
frequency mode are no longer decoupled which mean§"€r%Y inl ‘?'O_es hot c.hange.ln j[h|s process, as is expectgd for
that there will be population relaxation out of the excited N adiabatic mteractlon..Wlth increasing temperatu're, higher
state to the ground state. This population relaxation willEN€rgy states get occupied that have a larger kinetic eriergy
lead to a nonzero absorption linewidth, even if the motionatvhich implies that the different regions of the potentiils
narrowing would lead to a complete vanishing of the line-andE, are sampled more rapidly so that the structures of the
width. potentials are more and more averaged out in the wave func-
In the conventional description of motional narrowing for tions. As a result, the wave functions of the low-frequency

a system with a peaked spectral distributiof? the absorp- mode inE; and E, will become more similar and the ab-
tion spectrum is described with a few coupled differentialsorption line becomes narrower. The increase in similarity of
equations that each describe the time evolution of the polathe wave functions inE; and E, implies that the low-
ization at one of the discrete frequencies of the spectral didrequency motion becomes increasingly independent on the
tribution. The motional narrowing results from an increase ofquantum state of the high-frequency resonance: the low- and
the coupling of these equations with temperature. In the adiahe high-frequency mode become increasingly decoupled.
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FIG. 3. Absorption linewidth for the transition between the po-  FIG. 4. Potential-energy curves used to calculate the absorption
tentials of Fig. 1 as a function of vibrational quantum numi@@r line shape for a broad continuous spectral distribution. Also shown
and as a function of temperatuk), calculated for a mass of 50 are the lowest 11 vibrational wave functions assuming a mass of 20
amu. Also shown ir(b) is the inhomogeneous linewidth that corre- amu. (a) V;=5002%+3(sin(7.9)+cos(12.5)]; (b) V,=500?
sponds to the energy difference between the potentials over the 3([sin(3)+cos(7.8) —sin(19)], with the potential energy in
thermally occupied range of the potential of Figa)l cm ! and the coordinatein 1071 m.

In addition to motional narrowing, there will be a yibrational quantum number because the energy of the states
spectral-diffusion process that results from the quantum injs within the range of the modulation of the potential-energy
terference of the occupied stateskp. This interference re-  cyrves. At higher energies, the linewidth is observed to de-
sults in an ongoing change of the upper stateBdrthat are  rease with increasing vibrational guantum number. With in-
optically coupled to the occupied states E. However,  craasing temperature the occupation of these higher energy
since there is no phase relation between the upper states e that have narrower linewidths will increase which re-

512’ th'? quaptumf mterferer:cce doest I(;,\ad to t?mt{ﬁns:]er of sults in a narrowing of the absorption linewidth with tem-
e polarization from one frequency to ano phase perature, as shown in Fig(15.

_conservanonfo_r the polarl_zanon. As a re?““’ the quantum =, Fig. 6 the width of the absorption is presented as a
interference will not contribute to the motional narrowing. . . .
function of temperature for different displacements of the
position of the minimum oE, with respect to that oE;. It
B. Broad, structureless spectral distribution is clear from this figure that the motional-narrowing effect

For many systems, the spectral distribution is not peakedcreases with increasing displacement. For large displace-
at a few well-defined frequencies but is broad and structureMents the linewidth even increases with temperature. This
less. Such a spectral distribution can be obtained using pddcrease of the linewidth with temperature results from two
tentials with different oscillatory modulations, as illustrated €ffects. In the first place, for a nonzero displacement, the
in Fig. 4. In Fig. 5 the absorption line shape that results fromSpectral range of transition frequencies frém to E, will
these potentials is presented as a function of vibrationa$trongly increase with increasing degree of excitation in the
quantum number and as a function of temperature. In FigpotentialE,. At large displacements and high temperatures
5(a) it is seen that at low vibrational quantum numbers thethe spectral width due to the displacement will dominate
width of the absorption line strongly changes as a function obver the spectral width that results from the difference in the
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40 transition between two displacgdnmodulateyl parabola®
(a) Second, if the potential§,; andE, are displaced, there can
m = 50 amu be no complete motional-narrowing effect since there can be
30 no averaging out of a difference in equilibrium position.

Hence, even at very high degrees of excitation, the wave
functions inE; will remain different from those irE,. This

20 means that in case of a displacement there will always be a
residual linewidth, even if the rate of spectral diffusion
would be infinitely fast, e.g., when the mass of the quasipar-
10 ticle in | becomes equal to zero. This residual linewidth is
determined by the displacement of the potentials. Appar-
ently, there can only be a complete motional-narrowing ef-
0 60 %0 120 150 fect if the overall shapes of the potentials; and E, are
exactly thesame Hence in a quantum-mechanical picture, in
which the motion inl can differ for different quantum states
of the high-frequency mode, an increase in the rate of spec-
tral diffusion does not necessarily lead to motional narrow-

Width (cm™)

Quantum number

O ing.
® T
36 .-~ purely inhomogeneous
IV. DISCUSSION
nt [/ In many line-shape models like the exchange motfel

/ and the Gauss-Markov model there is only one fluctuation
process that governs both the spectral diffusion of the opti-
mum frequency at which an oscillator can be excited, and the
transfer of the optically induced polarization from one fre-
quency to another with phase and amplitude conservation.
This conservation of phase and amplitude of the polarization
200' % 00 =0 o5 =00 in going frpm one freqpency to another is essential' for get-
ting a motional narrowing effect since only then an increase
Temperature (K) in the rate of the frequency fluctuations will make the rate of
phase accumulation of the polarization increasingly similar
FIG. 5. Absorption linewidth of the transition between the po- tq the average frequency of the frequency distribution. If
tentials of Fig. 4 as a function of vibrational quantum numMr  there s no conservation of phase and amplitude, an increase
and as a function of temperatuf), calculated for a mass of 50 i, the rate of the frequency fluctuations will lead to a more
amu. Also shown ir(b) is the inhomogeneous linewidth that corre- rapid decay of the polarization and thus to a broadening in-
sponds to the energy difference between the potentials over thge .y of 4 narrowing effect. Also in the semiclassical line-
thermally occupied range of the potential of Figax shape models, in which the frequency fluctuations are explic-
modulation of tkll/g: potentials. In this limit the linewidth has ag:?/nulg'?ilgrl:‘,l‘%uietdis gxgsurpni%nfhaf f[heafrergg Ieencclyafrludc)zﬂgzir:)lﬁz
[cothu/2kT) ] . dgpendence on 'Femperat_tﬂmth fiwy the leading to motional narrowing have exactly the same dynam-
frequency spacing in the.harmonlc potenfialss has bgen ics as the spectral diffusion. This means that in all these
found previously in other line-shape models that describe thﬂescriptions (exchange, Gauss-Markov and semiclassical
modelg the absorption linewidth will become equal to zero

28
motionally narrowed

24

Absorption line width (cm™)

45 .05 mm if the spectral diffusion becomes infinitely fast.

In the previous section it was shown that in the adiabatic
quantum model the spectral diffusion and motional narrow-
ing have different origins. Spectral diffusion results from the
quantum interference of the occupied low-frequency states
whereas motional narrowing is contained in the delocaliza-
tion of the wave functions of these states. This delocalization
can have a different dependence on the degree of excitation
(temperaturg of the low-frequency mode than the spectral-
diffusion process. As a result, an increase in the rate of spec-
tral diffusion does not automatically imply that the amount
of motional narrowing will increase. It was shown that a
0 500 1000 1500 2000 2500 complete narrowing only occurs if the potentiéds andE,
have exactly the same overall shape. This means that for a
complete narrowing the low-frequency motion shootit be

FIG. 6. Absorption linewidth as a function of temperature for affected by the excitation of the high-frequency mddero
six different displacements of the minima of the potentials of Fig. 4.back reactionZBR)], as is assumed to be the case in most

40

35
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20
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line-shape models. Often the assumption of ZBR is based onamic Stokes shift. As in the exchange model and the semi-
the argument that the low-frequency mode behaves classtlassical approaches, it is assumed in this model that the
cally. However, the fact that the motion of the low-frequencylow-frequency motion isot affected by the excitation of the
mode behaves classically does not exclude the possibilithigh-frequency modd€ZBR) and thus predicts a complete
that this motion changes upon excitation of the high-narrowing of the absorption line if the spectral diffusion be-
frequency mode. The assumption of ZBR will in fact only be comes infinitely fast. However, this assumption is rather
correct if the low-frequency motion is dominated by otherstrange since in view of the coupling used in this model, the
interactions than the interaction with the high-frequencyexcitation of the high-frequency mode in fact should lead to
mode or if the degree of excitation in the high-frequencya change in the equilibrium position of the damped harmonic
mode is very high. In the latter case it can be expected thdow-frequency motion.
the range of and the low-frequency motion will hardly be The Gauss-Markov, the exchange and the semiclassical
affected by putting in another quantum in the high-frequencymodels on one hand and the Brownian oscillator model on
mode. It should be realized here that this means that not onlfhe other hand represent two extremes with respect to mo-
the low-frequency mode but also the high-frequency modejonal narrowing. In terms of the adiabatic quantum model,
should be in a classical limit. However, in most spectro-the former models represent systems for which the potentials
scopic studies the number of quanta in the high-frequencg  andE, have different modulations but exactly the same
mode will be small and thus it can be expected that in manyyyerall shape. In contrast, the Brownian oscillator represents
cases the low-frequency motion strongly depends on thg system for which the modulation of the potentials is the
quantum state of the high-frequency mode, even if the lowsame but the overall shape of the potential differs. It is clear
frequency mode itself behaves classically. If this is the casehat the adiabatic quantum model can reproduce both ex-
the low-frequency motion in the ground and excited state Ofreme cases but also the intermediate situation where an in-
the high-frequency mode should be described independentiyease in the rate of spectral diffusion leads tuaatial nar-
in order to obtain a correct description of the optical linergwing of the absorption line. In this case both the
shape. Such an independent description is provided by th@odulations and the overall shapes of the potenfialsnd
adiabatic model, irrespective whether the low-frequency mog, giffer. Up to now motional narrowing and spectral diffu-
tion is of quantum, classical, or intermediate character. = sjon have not been discussed in the context of the adiabatic
The (multimode Brownian oscillator modéf~*°is one of  quantum model. This is probably due to the fact that up to
the few line-shape models that does not assume ZBR. In thigow this model has only been used in the specific case where
model the potentials of the low-frequency mode are formedne potentials of the low-frequency mode are displaced pa-
by displaced parabola and thelassical harmonic low-  rapola without any modulatiof?:®° For this specific choice
frequency motion is damped due to stochastic interactiongt potentials there will be no motional-narrowing effect.
with a bath. Since the parabola in the ground and excited | jnear absorption spectra in the condensed phase are of-
state have exactly the same shape, this model can neithgt very broad and structureless and thus form a very poor
account for a change of frequency of the low-frequency oSprgpe for the microscopic dynamics. Fortunately, nonlinear
cillator upon excitation nor for anharmonic effects in the gptical techniques like spectral-hole burning and photon-
low-frequency motion. In the adiabatic quantum model it iSecho spectroscopy give much more information on the mi-
easy to use parabola with different curvatures for the groungroscopic dynamics since these techniques are far more sen-
and excited state and to include anharmonic effects. An evesgive to the differences in the time scales and spectral ranges
more important difference with the adiabatic quantum modebs the spectral-diffusion and motional-narrowing processes.
is that it is assumed in the Brownian oscillator that the sto-These techniques are also capable of distinguishing the
chastic interactions with the bath dwt contribute to the  motional-narrowing and spectral-diffusion effects. A great
width of the spectral distribution and only affect the motion 5gyantage of the adiabatic quantum model is that it provides
in the low-frequency coordinate. Due to this assumption, ayn  independent microscopic description of motional-
increase in temperature does not lead to an increase in thgyrrowing and spectral-diffusion effects. Hence it is expected
rate of the frequency fluctuations in the Brownian oscillatorinat especially for the modeling of these nonlinear experi-
model and thus there can be no motional narrowing of thgnents the adiabatic quantum model will have significant ad-

absorption line with temperature in this model. In fact, in thevantages over conventional approaches like the Gauss-
Brownian oscillator model an increase in temperature will\jarkov and the Brownian oscillator model.

lead to a broadening of the line since the width of the spec-
tral distribution increases following [&oth(w/2k T)]*2 de-
pendence on temperature. In contrast, in the adiabatic quan-
tum model the stochastic interactions can contribute to the
broadening of the absorption. This contribution is repre- We presented an adiabatic quantum description for the
sented by the difference in modulation of the potenttgJs broadening of optical line shapes that results from the quasi-
andE,. An increase in temperature leads to a motional narelastic interactions with lower frequency modes. In this
rowing of the contribution of this difference in modulation model the microscopic origins of motional narrowing and
leaving only the line broadening that results from the dis-spectral diffusion are different. Spectral diffusion results
placement of the potentials. As a result, the absorption lindrom the quantum interference of the wave function of the
can show a partial narrowing effect, as is shown in Fig. 6. low-frequency mode. This quantum interference leads to a
The model of Robertson and YarwoBds quite similar to  modulation of the optimum transition frequency without
the Brownian oscillator model but does not include the dy-phase conservation for the polarization. Hence this process
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does not contribute to the motional narrowing. Instead, thehe low-frequency mode itself behaves classically. Such a
motional narrowing results from the delocalized character othange can easily be accounted for in the adiabatic quantum
the wave functions of the low-frequency mode. Due to thismodel by using different potentials for the low-frequency
delocalization, the differences in the shape and modulatiomotion in the ground and excited state of the high-frequency
of the potentials that describe the low-frequency motion inmode.
the ground and excited state of the high-frequency mode are In conclusion, the adiabatic quantum model forms a quite
averaged out, which leads to a narrowing of the absorptioigeneral approach to the description of optical line shapes in
line shape. It is shown that the calculation of the wave functhe condensed phase. This model can reproduce the results of
tions of the low-frequency mode presents a simple anather line-shape models and in addition can account for situ-
straightforward method to account for motional narrowingations in which an increase of the rate of spectral diffusion
effects, that can be used for all possible shapes of the poteteads to a partial motional-narrowing effect. It is expected
tials of the low-frequency mode. that the adiabatic quantum model will be of particular use in
In case the potentials have the same overall shape for thbe modeling of nonlinear experiments that sensitively probe
ground and excited state of the high-frequency mode, théhe different characteristics of motional narrowing and spec-
adiabatic quantum model will give the same results as linetral diffusion.
shape models in which it is assumed that the frequency fluc-
tuations that lead to motional narrowing have exactly the
same dynamics as the spectral diffusion of the optimum tran-
sition frequency. However, this assumption is only correct if The author wishes to thank Bela Mulder and Daan Fren-
the excitation of the high-frequency mode does not lead to &el for stimulating discussions. The research presented in
change in the overall shape of the potential that governs ththis paper is part of the research program of the Stichting
low-frequency motion[assumption of zero back reaction Fundamenteel Onderzoek der Mateffundation for Fun-
(ZBR)]. In many spectroscopic studies the degree of excitadamental Research on Mafteaind was made possible by
tion in the high-frequency mode will be low which makes it financial support from the Nederlandse Organisatie voor
in fact quite likely that the excitation of the high-frequency Wetenschappelijk OnderzodRletherlands Organization for
mode leads to a change in the low-frequency motion, even ithe Advancement of Reseaijch
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