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LOW TEMPERATURE PHYSICS VOLUME 29, NUMBER 9-10 SEPTEMBER-OCTOBER 2003

SPECTROSCOPY IN CRYOCRYSTALS AND MATRICES

Time-resolved CARS measurements of the vibrational decoherence of | , isolated
in an Ar matrix

M. Karavitis, D. Segale, Z. Bihary, M. Pettersson, and V. A. Apkarian*

Department of Chemistry, University of California Irvine, CA 92697-2025, USA
Fiz. Nizk. Temp.29, 1071-1080September—October 2003

Time-resolved coherent anti-Stokes Raman scattering is applied to prepare and interrogate
vibrational coherences on the ground electronic surface of molecular iodine isolated in Ar matrices.
The coherence decay time shows a linear dependence on vibrational quantum numbers for
v=3-15. The temperature dependence of decoherence rates is negligibke Toin

the experimental rangé=18-32 K. For av =13, 14 superposition, the temperature dependence
indicates dephasing by a 66 chpseudo-local phonon, just outside the Debye edge of the

solid. The accuracy of the data is limited due to two-photon induced dissociation of the molecule,
a process which is characterized using polarized fields. TFh@ limit of dephasing is

discussed. ©2003 American Institute of Physic§DOI: 10.1063/1.1614200

1. INTRODUCTION 2. EXPERIMENTAL

In a recent paper we reported time-resolved coherent A detailed description of the experimental method can be
anti-Stokes Raman scatterif@RCARS measurements on found in our earlier report.Succinctly, the forward BOX-
|, isolated in an Ar matriX.A detailed analysis of the process CARS geometry is adopted, using three noncollinear laser
was presented, based on data limited to wave packets prpulses at two different colofsThe pulses are obtained from
pared neaw =4, and limited toT=32 K. We have since a regeneratively amplified Ti:sapphire laser, which pumps
succeeded in making measurements on packets preparedtab three-pass optical parametric amplifi€@A). The OPA
vibrations as high as =14, and as a function of tempera- outputs are up-converted by sum frequency generation, and
ture, for T=17-33 K. TRCARS measurements are well compressed using prism pairs to provide independently tun-
suited for the preparation of vibrational coherences and thable~ 70 fs pulses in the range 480 nm to 2000 nm. Using a
detailed analysis of their dephasifitjThe characterization neutral density filter, the intensities of the lasers are sepa-
of vibrational decoherence in this model system: a diatomicately attenuated to less thanu@/pulse. The three horizon-
impurity, in an atomic solid, with weak and relatively well tally polarized input beams are brought into focus on the
understood coupling between molecule and laftiée,our  sample through a single achromat. A pinhole is used to spa-
aim. Of particular interest is the understanding of decohertially filter the anti-StokegAS) output beam. Spectral filter-
ence in theT—0 limit.® ing is provided by a combination of a bandpass filter and

Studies of vibrational relaxation and dephasing dynam-1/4-m monochromator, adjusted to pass the entire band of the
ics in cryogenic matrices are limited for the most part toAS radiation. The signal is detected using a photomultiplier.
infrared active diatomics, such as CO, in which radiativeTypically, 300 averages are taken at each time delay. Data
relaxation or dipolar intermolecular energy transfer remainsvere also collected with a laser system consisting of two
as the residual source of dephasing inThe 0 limit.® These  home-built noncollinear optical parametric amplifiers, ca-
mechanisms are not available to a homonuclear diatomiqable of generating 25 fs pulses at the sample.
which must be prepared via Raman pumping. Raman line  The matrices are deposited at 32 K, using a pulsed valve
shapes, in principle, yield overall dephasing rates; howeveGeneral Valve, Series 99rom a 5-liter glass bulb, onto a
practical considerations do not allow studies with the re-200-um thick sapphire substrate. The substrate is cooled us-
quired resolutiod. TRCARS measurements allow the prepa-ing a closed-cycle cryostat, which in these experiments could
ration of vibrational coherences with control and allow aonly reach a base temperature of 17 K. The cryostat is
detailed time domain interrogation of their evolution. mounted on alx—y—z translation stage. The deposition con-

Argon matrices doped with molecular iodine prove to beditions are adjusted to obtain a glassy film of high optical
difficult to scrutinize, because the signal permanently dequality. A back pressure of-200 Torr and long pulses of
grades during the course of measurement. We establish thatl s, consistently yield films of sufficient quality for the
the degradation is due to permanent dissociation of the molmeasurements.
ecule through multiphoton excitation, a process unavoidable Using a scanning pinhole, the spot size at the overlap of
at the field strengths required for the four-wave mixing mea+the three laser beams is measured to have a typical diameter
surements. Despite this limitation, important principles areof FWHM=35 um. This is comparable to the grain size of
established. crystallites, as such the measurements can be expected to be

1063-777X/2003/29(9-10)/8/$24.00 814 © 2003 American Institute of Physics
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confined to single, oriented, crystalline domains. This con-
sideration is also key to our success in carrying out
temperature-dependent measurements, despite the fact that
the thermal shock of cooling leads to shattering of the solid.
In the shattered solids, a careful search usually allows us to
find a scatter-free domain to carry out the measurements. At
a given spot, the signal undergoes radiation-induced perma-
nent decay. The signal recovers upon moving to a fresh spot.
Inspection of the irradiated volume under magnification es-
tablishes that the decay is not due to physical damage of the
sample. Since the TRCARS experiments are carried out with . . . . n(1),
all three input beams horizontally polarized, irradiation- 0 10 20 B30 40 50 60 70
induced reorientation of the molecular axis could lead to Time , min

signal decay. To test this hypothesis, we insert a half-wave

; ; At FFIG. 2. Decay of § fluoresence as a function of pump intensity. Experimen-
plate in one of the pump beams to rotate its polarlzatlon bBfal conditions are identical to those described in Fig. 1. Differing intensities

990- After PaSSin_g the two pump beams through a CroSSare produced by means of a variable neutral density filter with a continuous
oriented pair of linear polarizers, we overlap the beams inange of optical densities between 0.02 and 3 arb. units. The inset shows a

space and time by optimizing the CARS signal from thelog/log plot of the decay rate versus the pump intensity. The result is a
sapphire substrate. We then translate the sample to the foctsé\jg_lgEgtlgnnea(i)fszlr(:);;i’rt]\-/vo, indicating that the dissociative excitation is via
plane and verify that the two-photon induced molecular fluo-

rescence at 1340 nm is proportional to the square of the sum

of intensities of the beams. The sample is then irradiated on

the same spot alternatively with the horizontally and verti-

cally polarized pump beams, by blocking and unblockingdently, irradiation leads to dissociation of molecules oriented
beams while monitoring two-photon induced fluorescenceéboth parallel and perpendicular to the polarization of the la-

I =40 GW/cm?

| =200 GW/cm?2

In(t)

I =500 GW/cm?

Log intensity, arb. units

1 i

previously assigned td* I* —I*| emission® ser. After irradiation with the horizontal polarization, when
we return back to the vertical polarization we observe a small
3. RESULTS AND ANALYSIS increase above the limit reached in the first irradiation pe-

riod. We may conclude that a small fraction of the molecules
reorient, or that a small fraction of the previously dissociated
The decay of the laser-induced molecular emission witmolecules recombine. The same decay behavior is obtained
irradiation time is shown in Fig. 1, for a sequence of irradia-when monitoring various molecular emissions: the ion-pair
tion periods alternating between vertically and horizontallyemission at 380 ni®~*?the I*I* emission in the near-IR,
polarized beams. The intensities of the two beams were agind theA/A’ — X emission near 1400 nit:*4 Since all mo-

justed to provide equal signal from each beam when irraditecular emissions decay in time, we may safely conclude that
ating a fresh spot. The decay curve for a given polarization i$he molecule dissociates.
nonexponential. Upon switching from vertical to horizontal  The decay curves at three different irradiation intensities
irradiation of the same spot, the fluorescence intensity Jumpgre shown in Fig. 2. The curves are not exponential and are
up; however, it starts below the pre-irradiation level. Evi- nq¢ expected to be. For molecules rigidly held by the matrix,
such that their orientations do not scramble during irradia-
tion, photodissociation with polarized light leads to
orientation-dependent population decay. The kinetics and ob-
servable signal will be controlled by the tensor of molecular
transition matrix elements involved in the dissociative tran-
sition and probe transitions. This occurs in studies of satura-
tion of photo-selection or induced dichroism, and many of
L the common cases that arise have been reviewed in the

3.1. Photodissociation

4%

Fluorescense intensity

literature!® For the present purposes we note that the signal
can be approximated by a double exponential, with decay
H constants at a given intensity that differ by a factor of 10.
}\_u Both decay constants scale as the second power of the inten-

\Y
L — sity, as illustrated for the fast component in the inset to Fig.
0 10 20 30 40 50 2. This suggests that the dissociation is due to two-photon
Time , min excitation, with the two decay rates assigned to photo-
FIG. 1. Photoinduced dissociation of molecular iodine, monitored usingdlssom‘?‘t'on of mo'QCUIeS Or.'er.]ted .parallel and pgrpeqdlgular
two-photon fluoresence at 1340 nm. The experimental arrangement &0 the linearly polarized radiation field. Thus, for irradiation
shown. Two cross-polarized laser beamd €50 fs near transform-limited  with x-polarized light, denoting the two-photon excitation

pulses\ =555 nm, 1 k_Hz' repe_ztmon rajare glmed a_t the same spot in the cross sections asﬁZ) and 0_&2) and associating a quantum
sample. The sample is irradiated successively with the verfdaland

haorizontal(H) polarized heams over the durations indicated hv the double-yield Q for dissociation upon excitation, the observable Sig-
sided arrows. nal may be approximated as:
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No D1 2per te, Min
N(t) =5 [y exp(— o1 Qt") 0 25 50 75 100 125 150 175 20

Forward Scan | Reverse Scan
(S (ONF(te)

+2¢, exp— o P12Qt")], where t’=ftAt (1)

in which ¢, and ¢, are the sensitivities of LIF detection of
the parallel and perpendicular populatiohss the laser flu-
ence in photonem 2s™1, At is the laser pulse widtH, is
the laser repetition ratél kHz), andt is the duration of the
irradiation.

The lower limit for the two-photon excitation cross sec-
tion that leads to dissociation can be obtained by assuming
Q=1, in which case the fits yield{=2x10"°! cms and ; . ! . .
0P=2x10"52 cnif's. The largest error in the determinaton ~ 0 4 8 12 16 20 24 28 32
of these limiting values is the uncertainty associated with the t.ps
measured size of the laser spot. FIG. 3. Forward and reverse scans of the TRCARS signal. Overlapping

The upper limit of the two-photon excitation cross sec-~25 fs pump and Stokes pulsést A =529 and 575 niare used to gen-
tion can be obtained under the assumption that beside tirsate a wave packet on tiestate centered on=4, 5. The lower absissa is
linear B— X absorption, this process dominates the attenual® délay time between the Stokes and probe pulses, while the upper absissa
. . . . . ._Is the data acquisition time. Around 10 percent of the original signal is
tion of the pump laser, in which case the transmitted INteNSityecovered over the entire scan. An exponential corrediiprhas been in-

| reduces to: troduced in the final signa(t) to take into account the sample degradation
5 over the course of the experimental tintg)(
I=1g/(1+2Na@14l) 2

1 1 1

in which N=4x10' cm 2 is the dopant number density,
andl ~50 um is the sample thickness. From the curvature o
the transmission, for pump intensities limited to ¥ pulse,
we measurer®=10"%8 cm's. The sample thickness is the
greatest uncertainty in this determination. lcard D) |2 Re<¢(0)(t32)|¢§(21[k2(t32)>|2_ (5)

3. Thus, by defining=ts,, it is made clear that the experi-
ment measures the time correlation between the Raman
packet and the zeroth-order initial state:

The decay of this correlation defines the vibrational de-
coherencdpermanent dephasing

With laser intensities limited te<100 nJ per pulse, the

The TRCARS measurements are designed to interrogateample degradation time stretches sufficiently to allow mean-
the vibrational coherence on the ground electronic state ahgful measurements. From a given spot, we record wave-
matrix-isolated iodine. The experiments measure a singléorms in pairs. After scanning a particular delay between

3.2. Time-resolved CARS

component of the third-order polarization: pulses, we retrace the scan. An example is shown in Fig. 3.
03 O[] (3) In this case, upon retracing, the signal recovers to 10% of its
Pl Zk, k(D = (P (O 2 i, k(D) €. (3 original amplitude over the data acquisition time of 20 min-

utes. This information is used to correct for signal degrada-
tion. In the TRCARS measurements, all three input beams
are polarized parallel to each other, and therefore the quadri-
% linear signal is from the population oriented along the polar-
lcardt)= f_wdt43| P®(tyr,ta2,t49)]? (4)  ization axis, N,(t). As long as the decay of this sub-
ensemble is not too extensive, it is possible to approximate it
which depends on the timing between the sequence of thresss an exponential. Accordingly, the signal, which is propor-
pulsest,, is the interval between pump and dunbg, is the  tional to Nﬁ(t), is corrected for exponential degradation with
interval between dump and probe, atd is the radiation measurement time. The reconstruction of the signal is shown
interval after arrival of the probe pulse. In all of the measure-n Fig. 3.
ments to be reported, the pump and dump pulses are station- In Fig. 4 we show the signal from a sample deposited at
ary and nearly coincident in time. Their delgy is adjusted 35 K and recorded at 17 K. Both forward and corrected
for optimum signal. Due to fast electronic dephasing, onlybackward scans are shown. The good comparison between
prompt radiation after arrival of the probe pulse contributeshe two scans is a measure of the adequacy of the correction:
to the signal,t,3<30 fs. This time interval is fixed by the the distortion of the signal due to nonexponential degrada-
first arrival of ¢® to the inner turning point of the excited tion is minor. The Fourier transforms of the two time files,
electronic surface, where the energy conservation conditiowhich are also shown, are in good agreement. Thus, infor-
was= w1 — W+ w3 can be met. Consistent with this, the AS mation regarding the complex amplitudes of the vibrational
spectrum is verified to be structureless. We adjust the spesuperposition and their beat frequencies is rather reliable,
tral bandpass of the detection to accept the entire AS speevhile dephasing times are subject to the uncertainty intro-
trum. The signal is then recorded as a function tef, duced by the correction for signal degradation. This data set
namely, as a function of delay between the preparation of thevas obtained using the short pulse NOPA setup, with pulse

Raman packetqo[;zl)_kz and the arrival of the probe pulise at widths of ~25 fs. The observation of the fundamental beat,

by detecting the AS radiation propagating in the—k,
+ k4 direction! We detect the total AS radiation:
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FIG. 5. Dependence of dephasing on vibrational quantum number. The four
FIG. 4. Corrected CARS signal obtained using pulses described in Fig. 3dephasing rates shown in the figure correspond to the following superposi-
The insets are the Fourier transforms of the corresponding time files. Théons:(3,4,9, (5,6,7,9, (10,11,12 and(13,14. Due to the short lifetimes of
fundamental beat 200 cmi * along with two overtones is a clear indication these superpositions relative to the anharmonicity, the individual dephasing
of a four-state superposition. The Stokes shift, centered at 1475,cm rates could not be decoupled from each other; therefore, only the mean
would support a wave packet centered around a 7, 8 superposition; howevetephasing rates are used. Error bars onuthexis span the superposition,
a nonlinear least-squares analysis of this signal using®&gields frequen-  while error bars on the, axis correspond to the standard deviation of the
cies corresponding to a 5, 6, 7, 8 superposition. This is not unreasonablenean dephasing rates obtained from a nonlinear least-squares fit to the data.
considering that the FWHM of the pulses used in these experiments is
greater than 800 cnt.

decoupled with confidence. The dependence is linear, with
1/y varying from 16 ps to 2.7 ps foor=3 to v=13. A
representative set of waveforms from which the dephasing

Cm . . . rates were extracted is shown in Fig. 6. Based on the Stokes
Av =3, indicates that a superposition of four vibrational lev-__". .
shifts used,wpymp— @gump, the assignment of the prepared

els is prepared. Given the Stokes shift of 1500 crhetween yibrations can be made with little ambiguity. The analysis

ump and dump pulses, the superposition is centered near . L . .
S:7p Additional?y pa br0<:id sidebgng to the red of the mO_prowdes a rather accurate determination of vibrational fre-

lecular lines can be sedidentified by asterisks in Fig.)4 quencies and anharmonicities, as shown in Fig. 7. The ex-

The fundamental beat of 180 crhidentifies this sideband as tracted harmonic frequency and anharmonicity an

_ -1 _ —1
the dimer® It is noteworthy that the dimer band is sharper =(214.050.17) cm'*, weX.=(0.63820.009) cm °. These

. oo . Yalues are in good agreement with the RR measurements in
during the backward scan, indicating annealing of the spot _ . 7 > .
solid Ar” and are revised somewhat from our earlier report.

during the course of the measurement. The molecular IineRI - . L
. . . ote that the superposition with the lowest vibrations, as-
do not show a discernible annealing effect. In samples de-

posited aff<32 K, the dimer is not observed signed tov =3, 4, 5 in Fig. 6, lives long enough to show a
. ' : - . weak node nedr=13 ps, which arises from the anharmonic
Ignoring time convolution of the probe window with the

evolving coherence and acknowledging that sum beats are

outside the time resolution of the measurement, the signal is v=13. 14
analyzed as a sum of decaying sinusoids: WWMM \

Av=1 at 205.5 cm?, and two overtone beatdv =2 and

S(t)=2, c2e i+ X, c ¢, Cog(w,— w, )t v=11,12,13
v v #v
SO D) CRECARC 6) v=5,6,7,8
in which vy, ¢, and ¢ represent the overall dephasing rate, Wuwuwwuwwuwwwww . . .
amplitude, and phase of a given vibrational state of the pre- 0 5 10 15

pared superposition. Using the Fourier analysis for initial v=3,4,5

estimates, the time files are fit through a nonlinear regression Wm“m“"‘"
to Eqg.(6). Although an excellent reproduction of the signal is L L . L
retrieved, due to the relatively short time file, the individual t, ps
decay constants of the constituent states are not separately

determined. An equally acceptable fit of the time file is ob-FIG. 6. Experimental waveforms corresponding to vibrational levels rang-

tained by setting all decay constants to be the samg 1/ing from v=3 to v=14. These signals have their zero-frequency compo-
! ents subtracted out in order to make meaningful comparisons. Some im-

=4.2 ps in this particular case. In this regard,_ the use 0gortant features of these signals include the nodal patterns exhibited by the
longer pulsegnarrower bandwidthfor the preparation of the 3, 4, 5 and the 13, 14 superpositions. The node in the 3, 4, 5 superposition,
Raman packet is preferable, since this allows a better dis=13 ps, corresponds to a rephasing time associated with twice the anhar-

crimination of they dependence 0’5’ The extracted values monicity, indicating that at least four states must be contributing to this
P ' signal even though only three were resolvable. The slow modulation of the

of y are collected in Fig. 5, in which the horizontal error barssigna| with a period of 25 ps in the= 13, 14 supernosition is too short to be
highiight the fact that individual dephasing rates cannot beassociated with anharmonicity.
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4. DISCUSSION

In molecular systems, with many internal degrees of
freedom, the preparation and interrogation of particular co-
herences will be limited by competition among different
channels. The dense electronic manifold of iodine leads to
multiple electronic excitation channels at the intensities re-
quired to drive nonlinear processes. The time dependence of
the four-wave signal is impervious to background excitation
channels, except for the photodissociation of the molecule.
Since the photodissociation process is two-photon driven,
while the four-wave mixing process is maintained in the
FIG. 7. Birge—Sponer plot for gas-phasedashed ling and |, in solid Ar, quadr”ine.ar regime, it Ca”f‘Ot be preventc_ed througlh intensity
obtained in the present TRCARS measureméiiited circles. The circles ~ CONtrol. Since the electronic resonances involved in both the
represent the experimental data points. The fundamental frequency and titRCARS and multi-photon excitation involve repulsive
first anharmo_nic_ity are ;Iightly modified from the gas phase values and inyglls of potentials, they are broad, and color offers little
;g;ﬁement within experimental error to those obtained from resonance R%’electivity over the branching. Indeed, dissociation occurs at

all colors used in the TRCARS experiments. Let us put the
measured cross sections in perspective. BheX excitation
cross section isrgy=10"8 cn? (|ugy|?=1.02 ¥ at 550
nm).” The cross section associated with the bilinear stimu-
beat betweem ,3— wgs=4weXe, indicating that the superpo- lated Raman process for preparing the vibrational coherence
sition containw =6 as well. The node between neighboringin the X state can be estimated a&Z=oygopyxA7=2
beats occurs dt=c/2wX.= 26 ps, by which time the signal x 10 °C cm*s, whereA 7~ 20 fs is the residence time of the
is quite weak. B-state packet in the Franck—Condon window. The measured

Within the accuracy of the measurements, for packetswo-photon induced dissociation cross sectionr{§Q=2
prepared below =10, the decoherence rates are insensitivexX 10~ %' cms, only an order of magnitude smaller. There-
to temperature in the experimental rangeToft 17—32 K.  fore, for a given number density of molecules transferred to
Temperature has a measurable effect orvthel 3,14 packet. the Raman packet, a tenth undergo permanent dissociation.
This is illustrated in Fig. 8, in which the time files are shown The reduction of intensities to minimize the fraction of mol-
along with the spectra of the fundamental beat. The spectr@cules that dissociate during the course of measurement is
reveal sidebands at 10 crhflanking the main peak. This in limited by practical signal-to-noise considerations. At inten-
the time profile leads to the 3 ps modulatitsee the 17 K Sities of 100 nJ/pulse (2dphotons/crfs), 10 ppm of the
signal in Fig. 8, which cannot be confused with the anhar- molecules are transferred to the Raman packet, and the third-
monicity beat. The spectrum clearly shows that the linerder polarization consists of 10* molecules, leading to
broaden with temperature, so that in the 33 K spectrum the"1 CARS photon detected per pulse.
sidebands have completely coalesced with the central peak. The permanent photodissociation of iodine in solid argon
The dephasing times extracted from transients through thi Of interest, especially since this system has been previ-
least squares regression arey/4 ps, 3.6 ps, and 2.9 ps at 0usly studied as a prototype for the perfect cage effeat.
T=17, 25, and 33 K, respectively. For the lower vibrations,deta'led analysis of the process will be taken up elsewhere.

in the same temperature range, Thdependence is less than Here, we suffice by recognizing that permanent dissociation,
10%. as opposed to molecular reorientation, takes place during the

measurements. The polarization dependent measurement
clearly shows that early dissociation will result in orienta-
tional anisotropy and therefore dichroism in the solid.

The neglect of this consideration can have significant
consequences on the interpretation of photo-selection, or
photo-bleaching experiments such as have been reported
recently'? Upon extended irradiation, the entire population is
depleted. Although this would occur even if the molecule
only possessed a single transition dipole, careful analysis of
the decay establishes that the process is bimodal: both per-
pendicular and parallel molecular orientations undergo two-
photon dissociation with relative yields of?/¢{?)=10. As-
suming quantum yields independent of orientation, the ratio
must be determined by the relative excitation cross sections.
cm There are two electronic staté¥(0,) andB’(1,), that serve
1T T as intermediates for resonant two-photon excitation in the
f’ p4s 567 spectral range of interest. TiBz— X transition dipole is par-

’ allel to the molecular axisX{Q=0), while that of theB’
FIG. 8. Decoherence rates for different temperatures. — X transition is perpendicular to the molecular axis(}

A® i1y

196L,

Intensity, arb. units

o
2]
M-
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==+1); moreover, at the measured wavelength of 550 nm theentral peak betweefi=15 and 35 K, was predicted there,
relative absorption cross sections of these transitions haveas is observed here. This is the origin of the 2.5 ps modula-
ratio of 9:117 This nicely rationalizes the observed orienta- tion of the time-domain signal. The assumed vacancy con-
tion dependence of the dissociation curves, with the addedentration in the model was 1.4%. Since the depth of modu-
implication that the two-photon cross sections are principallylation of the signal is also in quantitative agreement with the
determined by the initial resonance. model, we must conclude that the defect concentration is
Our main interest in the present work is the descriptioncomparable in the experiment. Small sidebands, which ap-
of vibrational dephasing in the low-temperature limit. The pear as pedestals in the Fourier spe¢tee the spectra in
observable vibrational coherence will decay due to dissipaFig. 4) are often observed with varying amplitude, consistent
tion and pure dephasing due to homogeneous and inhomog@ith the expectation that defect concentrations may vary
neous contributions. In addition, there can be a contributionvith preparation and with the selected spot in a given film.
due to the preparation. We consider the signatures of each éfithough the films are polycrystalline, the measurement is
these processes, focusing only on the most robust features @&ITied out in selected-50 um spots that may also contain
the data. Our prior theoretical analysis of théAr system  grain boundaries and, hence, unusual densities of defects.
with the use of a vibrational self-consistent fi€\dSCF) for The observation of dephasing rates linear in vibrational
the analysis of anharmonic modes, their couplings, and thguantum number is consistent with the fact that the coupling
expected effect on TRCARS observables serves as a backetween the molecular vibrations and lattice phonons is
drop for this discussiof. weak. Then spectral shifts and dephasing rates will be medi-
In electronically resonant CARS the preparation of thedted through the lowest-order anharmonic couplings to the

Raman packet entails evolution on the electronically excited@ttic® modes, namely, the linear teemq, and the quadratic
state. Although this evolution is limited in time to the arrival ©€'MSAkc dkdk (whereqy represents the normal coordinate

of the packet into the Stokes window, 10—30 fs, depending?f modek). The VSCF calculations considered the quadratic

on the Stokes shift, it will nevertheless impart momentum toCCUPIiNG termsBy by evaluating the energy differences for

lattice coordinates that are coupled through the electronif',he,rnc’lelwlf"1r V|bradt|0ns W't_h Tm?_ W'tho;t thedoccupatl_on of
transition (electron—phonon coupling Feedback following abg|ven dafttlce mode. A strlcl:ty (ljnea; thep:ar:t_ence me”
this impulsive drive should occur on the time scale of theQPSErVEa Tora given hormal mode of the 1atlice, as well as
characteristic local phonon periods, 0.55ps>2 ps. Careful for the mean over all modes. It is therefore safe to assume

inspection of the envelopes of the time profiles of the signal§hat the same holds for t_he nondiagonal couplingg - I_n .
: . . ._essence, the observed linear dependence of dephasing with
reveals such modulations at early times. To uniquely assig

and characterize the effect of impulsive momentum kicks, vibrational quantum numbers is consistent with expectations

. . . ased on the interaction potential between iodine and argon.
more systematic set of accurate measurements is desirable. . . .2
. . . Homogeneous dynamical dephasing, both dissipation
Two important inhomogeneous sources of dephasin

were considered explicitly in Ref. 4. The first of these rec-ql/.Tl) and pure deph:_ismg (1), oceurs through the scat-

) - - ) tering of phonons. Given the Debye limit of solid Ar of
ognizes that at finite temperature, the initial stat€)=|v 6 1 dissipati f f molecular vibrati f
—04n(T)}) consists of the chromophore =0, and a 5cm -, dissipation o aquantum of molecular vi ration o

L ' 200 cm * must be accompanied by the creation of at least

thermal distribution of phonon occupation numbers On three phonons. Pure dephasing occurs through the quasi-

fche preparation time scale, save for the rT‘O’.“e”.t“m. kICk%Iastic scattering of phonons on the impurity and is most
imparted to selected modes, the phonon distribution is fro-

L T o . commonly diagnosed through temperature dependence
zen. Due to the statistical dlstrlbutlon of initial phases in thestudiesl.g'ZOCIearly, in the limitT—0 a finite dephasing rate
coupled modes, the system will dephase even if the phonor}.ﬁuSt be reached. So, quite generally, we may expect:
are harmonic. This will contribute a temperature-dependent ' ’ '
inhomogeneous mechanism for dephasing, which is linear in
vibrational quantum number due to the linear dependence of
the anharmonic coupling on. Although we see a linear ) ) o .
dependence of dephasing rates wnthe only measurable For pure d.ephas_lng, two |mportaqt limits are W|d_ely accepted
temperature dependence occursvat13,14. A vibration- for ¥(T) in solids. The scattering of acoustic phonons,
specific temperature dependence is not consistent for thirough a generalized linear coupling, , leads to a
mechanism, suggesting that this contribution is small. A sec(T/TD)9 ZPZezpendengé, assuming a Debye density of
ond important inhomogeneous contribution can be expecteﬁtatesl- “*“For solid Ar this would predict a 200-fold in-
from lattice defects. The explicit model considered was thaf€ase iny(T) for the experimental range Gf=17-35K.

of vacancy point defects. Due to the anharmonic coupling' "€ @bsence of such a dramatic effect would imply that

between chromophore and vacancies, this mechanism alsp?(T) in the measured temperature range, i.e., dephasing

leads to dephasing rates linear in vibrational quantum numdUe to scattering of acoustic phonons is negligible. Alterna-

ber. Moreover, due to the bimodal distribution of vacancy-t?vely’ the process may be driven through couplling tq a par
induced frequency shifts, the model predicts sidebands in thicular coordinate, a pseudo-local modeLM), in which

spectrum and accordingly, modulation on the envelope of th§2S€ an exponential temperature dependence giv;(gaﬁ)y the
signal. The predicted observable TRCARS signal fop a Probability of occupation of the mode is to be expectett

=10,11 packet(Fig. 7 of Ref. 4 is in surprisingly good
agreement with they=13,14 packet observed in Fig. 8.
Sidebands separated by 12 ¢ which coalesce with the

y=7v0+ ¥(T), where yo=y(T—0). (7)

1
v= ;'v"o"i' jz'“‘ EEX;:( 'St EP\_ I’kET> g (9)
T
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0.4f cal limit to be an overestimate for the rate. It would seem to
us that a spontaneous three-phonon process is less likely than
T 03} pure dephasing at absolute zero, if it is recognized that in a
o strictly quantum world spontaneous processes are driven by
=09l quantum zero-point fluctuatio’8 If we allow for zero-point
fluctuations in phonon modes, in the form of creation—
0.1t annihilation events, then a natural mechanism for pure
dephasing 80 K would seem more plausible than dissipation

e driven by multiphonon fluctuations. We intend a more quan-
0 5 10 15 20 25 30 35 40 titative analysis of this distinction, since the issue is of rel-
T.K evance when control of decoherence is contemplated.

FIG. 9. The temperature dependence of measured dephasingfiikes
circles and the curve for dephasing via a pseudo-local mode at the Debye
edge[see Eq(8)].

5. CONCLUSIONS

The limited data, thél-dependent rates for the=13,

14 packet, fit this scheme, as shown in Fig. 9. The param- Through TRCARS experiments, we have been able to
eters for the curve arey,=0.237 ps?t, r=0.25 ps, Ep, prepare and interrogate vibrational packets at vibrations as
=98 K (or wp, =68 cm ). The implied pseudo-local mode high asv =14 in the model system of matrix-isolated mo-
is just outside the Debye eddep (Ar) =93 K. The introduc- lecular iodine. This, to our knowledge, may be the first sys-
tion of the impurity does generate such localized modestematic study of its kind. The creation of vibrational coher-
modes which are intimately coupled to the molecllle.this  ences of large amplitud@p tov = 14), which is requisite for
model, 7 is interpreted as the local mode lifetinthe time it  meaningful coherent control in condensed media, has been
takes for the local mode to decay into acoustic phopths demonstrated.

Evidently, the mode decays in half a period of its motion, The coherences are long-lived, more than 100 vibra-
which may be regarded as the fast-exchange limit where Edional periods abt = 14, much longer than necessary for most
(8) is applicable. control targets of a chemical nature. These time-domain ex-

The absence of a measurable temperature dependengeriments have a higher spectral resolution than has been
for the lower vibrations, and below=17 K in the case of possible in frequency-domain measurements. More impor-
v=13, 14, implies that we are in a regime whergdomi-  tantly, the direct time-domain measurements allow detailed
nates. This limit may be determined by inhomogeneousnsights in the dephasing processes. Nevertheless, here we
broadening due to lattice defects. have focused on the more robust features of the data.

While difficult to ascertain this possibility, inhomoge- The coherence decay time decreases from 16 pswear
neous effects can in principle be eliminated through degen=3 to 2.5 ps neav =13, showing a nearly linear depen-
erate four-wave mixing measurementphoton echp®  dence on vibrational quantum number.

Given the elimination of inhomogeneous contributions, itis  The decoherence rates are a weak function of tempera-
interesting to speculate as to what mechanism would contrdlre for vibrations below =10, indicating that the process
the residual dephasing, or Raman linewidth. The commoiis controlled by tle 0 K limit. We speculate on the nature of
assumption is thaty, will be determined by dissipation, dephasing in this limit, with the conjecture that it will be
since this appears to be a spontaneous process, in contrastiaven by quantum zero-point fluctuations of the phonons.
dephasing, which is usually defined to be stimulated via the A thermal contribution to dephasing is observed for
scattering of thermal phonons. We can expect classical m@ackets prepared at=13, 14. The dependence is exponen-
lecular dynamics to provide a useful estimate for vibrationaltial, consistent with dephasing by a pseudo-local mode just
relaxation, given the fairly well understood potentials of thisoutside the Debye edge of pure Ar. This mode decays into
system. To this end, we have carried out simulations usingcoustic phonons in a half-period of the motion.

reasonable potentials: Morse for I-I; Lennard-Jones for Inhomogeneous dephasing due to vacancy point defects
Ar—Ar and I-Ar. In a simulation box of 250 Ar atoms and a has been identified by the quantitative agreement of the ob-
single L molecule isolated in a divacancy, we calculate theservable signal with an earlier theoretical prediction.

rate of energy loss from trajectories propagated for 100 ps. The above conclusions are derived from limited experi-
At the classical temperature of 20 K, we estimate a vibra-mental scrutiny, because the signal degrades during the mea-
tional relaxation time of 200 ps fav=5 and 70 ps fow surements. The origin of this decay is shown to be due to
=15. Thus the classical estimates indicate rates of relaxatiotwo-photon induced photodissociation.

more than one order of magnitude smaller than what is ob- A more complete analysis of the breaking of the Ar cage
served experimentally foy,. These results may well depend and the kinetics and dynamics of the process will be taken up
on the details of the assumed potentials, a systematic analgisewhere. Under the same irradiation conditions, photodis-
sis of which has not been done. Pump—probe experimentociation rates are much smaller in solid Kr; as such, they
which follow population dynamics, should provide a more provide a more useful medium for systematic measurements.
definitive assessment of dissipation rates. We find the calcuA/e have initiated such measurements.

lated long 1T, times sensible. Moreover, since the relax- This research was made possible through a grant from
ation is a rultiphonon process, one wouid expect the classthe USAFOSRF49620-01-1-044R
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