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Section2. Optical HoleBurning

PICOSECOND PHOTON ECHO AND OPTICAL HOLE BURNING STUDIES OF
CHROMOPHORES IN ORGANIC GLASSES

M. BERG ‘,C.A. WALSH2 L.R. NARASIMHAN andM.D. FAYER
Department ofChemistrv, Stanford University, Stanford, CA 94305, US.4

Therangeof relaxationratespresentin amorphoussystemsis shownto affect theresultsofoptical dephasingmeasurements.
The interpretationof theseexperimentsin termsof four-timecorrelationfunctionsis introduced.Photonechoandholeburning
resultsareshownfor resorufinin threeglasshosts:ethanol,d-ethanol,andglycerol.Theholeburningdataareshownto beaffected
by slow relaxationprocesseswhereastheechoresultsarenot. The implicationsof aslowestrelaxationratein amorphoussystems
arealsoconsidered.

1. Introduction wide distributionof energydifferencesof theTLS poten-
tial minimaandawide distributionof tunneling param-

Thestudyof theopticaldephasingof moleculesin con- eterswhich areresponsiblefor transitionsbetweenlocal
densedmatter systemscan give valuable information configurations.Thus thereis avery wide rangeof time
aboutthe dynamicsof such systems.In recentyears,a scalesassociatedwith the dynamicsof the TLS. For ex-
variety of different dephasingexperimentshave in- ample,this is manifestedin the time dependenceof the
creasedour knowledgeaboutthe interactionspresentin heatcapacitiesof glasses[5].
both crystallineandamorphoussystems[11. An isolated In additionto directphononinducedfluctuations,the
moleculein a mixedcrystal is surroundedby anordered changesin thelocal configurationofaglasscanmodulate
hostmatrix andcan interactwith the bulk modesof the thetransitionenergiesof asolutechromophore.If thesol-
lattice, theacousticandopticalphonons.In addition,the utewere not coupledto theenvironment,an absorption
solutemoleculeitself canundergomotionswhich arere- spectrumwould reveala line broadenedonly by thedcc-
ferred to aspseudo-localmodes.By contrast,molecules Ironicexcitedstatelifetime (T

1). Sincethechromophore
in aglass experiencea wide rangeof local environments is coupled to environmentthe energy levels fluctuate
becauseof the variety of structuresof the solventshells yielding abroaderlinewidth (frequencydomaindescrip-
aroundeachmolecule. tion) or alternatelya shorterdephasingtime (time do-

Thelocalstructuresassociatedwith aglassysystemare main description).However, anabsorptionspectrumof
not staticevenat very low temperatures(1.5 K). In or- a chromophorein a glass is dominatedby inhomoge-
ganic glasses,small potentialbarriersseparatedifferent neousbroadening.Inhomogeneousbroadeningis a result
local mechanicalconfigurations.Tunnelingandthermal ofthewide varietyof staticsolventconfigurationsfound
activation result in constantlychangingsolvent struc- in glasses.To extractdynamicalinformationfromthede-
tures.This is in contrastwith a crystalin whichphonon- phasingof electronicallyexcitedchromophores,it is nec-
inducedfluctuationsoccuraboutasingleequilibrium lat- essary to obtain lineshape information with
ticestructure. inhomogeneousbroadeningremoved.

Theconstantlychanginglocal structuresin aglasscause
the heatcapacitiesof glassesto bemarkedlydifferent at
low temperaturesthanthoseofcrystals[2]. Andersonand 2.Brief description of thetheory of dephasing
co-workersandPhillips independentlyproposedamodel experiments
basedon thetwo-levelsystem(TLS) to explainthesedif-
ferences[3,4]. TLS representextra degreesof freedom The optical transition energiesof chromophoresin a
characteristicoftheglassystateandtheycontributeaterm glass will beaffectedby processesin the mediumwhich
approximatelylinear in temperatureto the temperature occur on a wide variety of time scales.The time scales
dependenceof theheatcapacityof aglass.Briefly, aTLS will rangefromextremelyfastfluctuationsto muchslower
is composedof two local potentialminimaseparatedby configurationalchanges,andfinally to totally staticin-
abarrier.Changesin local glassstructurearemodelledas homogeneities.It is thereforenecessaryto carefullycon-
transitionsbetweenthetwo potentialminima.Thereis a siderthe sensitivityof variousspectroscopicobservables

to thedistributionof time scales.
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~t is the dipole momentoperatorat times 0 and 1. and~ Thereare two time scalesevidentin eq. (3). The first is
representsenvironmentalenergyperturbationsincluding r. asin thephoton echoexperiment.Thesecondis amuch
static termsdescribinginhomogeneousbroadeningand longertime. 7~,.Experimentsdescribablein termsof eq.
dynamictermsarisingfrom motionsin theglass.Theop- (3) will eliminatestatic inhomogeneousbroadening,but
tical absorptionexperimentis the Fourier transformof will be sensitiveto slow dynamicson the time scalesout
theoptical freeinductiondecay.It is sensitiveto all time to the time ‘J~.Equation (3) is the basisof describing
scalesfrom the fastestfluctuationsto the static inhorno- fluorescenceline narrowing, phosphorescenceline nar-
geneitles.In a glass,the inhomogeneousbroadeningwill rowing,accumulatedgratingechoes.andholeburningcx-
maskthedynamicalinformationof interest.Thetwo-time periments.For fluorescenceline narrowing. ‘1’,, is on the
correlationfunction is not anappropriatedescriptionfor orderof the fluorescencelifetime. For phosphorescence
line narrowingexperimentssuchasphotonechoesor hole line narrowingandaccumulatedgratingechoes,T,, is on
burning experimentswhich are actually performed in theorderof the triplet statelifetime. In a hole burning
chromophore—glasssystems. experiment.7’,, is on the time scalerequiredto perform

We haverecentlydevelopedan appropriateformula- theexperiment.i.e. write andreadthe hole,typically 100
tion for interpretingline narrowingexperimentsusedto s. Thephotonechoexperimentis thelimit ofall four-time
studyglassysystems[7]. Usingthe formalismof Muka- correlationfunctionexperimentsin which7’.. goesto zero.
mel [8] andMukamelandLoring [9], we havebeenable Thereforetheechoexperiment,in a sYstemsuchasaglass
to derivethecorrectfour-timecorrelationfunctionswhich in which thereexistsa wide distribution of time scales,
properly describethe line narrowingexperiments.The will yield the narrowestspectroscopicline. It is sensitive
correlationfunction for the photon echoexperimentis to only the fastestdynamicson thetime scaleof r.
[10.11] Theimportant point is that eachof the four-timecor-

relationfunctionexperimentsis sensitiveto dynamicson
<p*( 2r)jt( r)~i( T)p*( 0)> a differenttime scale.Sinceglasssystemsexhibit a wide

distributionoftime scalesfor dynamicsandthereforeop-

[j’ A(t’) dt’ — f 1(1) dt’] ,,. (2) flcal dephasing.a combinationof the echoexperiment.whichmeasuresthe homogeneousdephasing.andexper-
imentssuchasholeburning, in which7’,, is notzero,which

In this experiment,a pulseof light resonantwith theop- measurehomogeneousdephasingandslowerspectraldit’-
tical transitionof thechromophoreexcitesthe sampleat fusion processes,can provide a detailedpicture of the
time 1=0. A secondpulseexcitesthesampleat time t t. multitime scaledynamicsin glasses.
The echo,a coherentpulseof light, emergesfrom the
sampleat t=2r andits intensity is measuredas a func-
tion of the pulseseparation.r. Considera situation in 3. Experimentalresultsanddiscussion
which there is only static inhomogeneity.The integral
from 0 to r will be identical to the integral from t to 2r,

We report the resultsof temperature-dependenlholeand thetwo termswill cancel.In this manner.the echo
burning andphoton echoexperimentson resorufin in

pulse sequenceremovesstaticinhomogeneityfrom the ethanol,d-ethanol,andglycerol glasses.Thedetailsof the
optical dephasingmeasurement.However, in a real sys-

picosecondlasersystemusedfor theechoexperimentsand
tem. therewill also be randomfluctuationsin energy in the narrow-banddye laserusedfor the hole burningcx-
addition to thestaticinhomogeneity.The randomflue-
tuationswill not beidenticalin the intervals0 to r andr perimentshavebeendescribedextensivelyelsewhere[13].

Solutionsof resorufin in the various solvents(all wereto Tv. Thereforethetermswill not exactlycancelandwill
2x 10~M) were placed in 1 mm spectroscopiccu-

measurethe opticaldephasinginduced by randomflue- ~ettesandwereimmersedin eithera liquid helium crvos-
tuationson thetime scaleoft.

tat or a variable temperature flow crvostat. TheIt wasalsoprovenin ref. [7] that thecorrelationfunc-
temperaturewas varied between1.5 and 11 K for the

lion whichdescribeshole burningandothersuchexperi- ethanolandd-ethanolsamplesandbetween1.1 and25.5
ments,is thesameas thatwhichdescribesthestimulated

K for the glycerolsamples,Temperatureregulation was
photon echo. In fact hole burning is the Fourier trans- betterthan0.05 K. Theexperimentswereperformedwell
form of the stimulated echowhich is a three-pulseSe-

to thered of theabsorptionmaximain all samplesin or-
quenceoriginally developedin magneticresonanceto derto eliminatecontributionsfrom vibronicstatesof ye-
measurespectraldiffusion [12]. Its correlationfunction sorufin. The echodecaysandholewidths were found to
iS beindependentof wavelength.Theechoexperimentswere

</L*(2r+ T,,)fL(T+T,,I~u(r)/L*(0)>~ testedfor opticaldensity,concentration,sampleheating.
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andpower-dependenteffects[7,13]. Theechodatawere A)
collectedin amannerto removetheeffectofholeburning
during the echo decay measurements.The procedures 0’

havebeendescribedin detail previously[7,13,14]. In all — - \
casestheechoresultswereconsistentandfreeofartifacts.
Thehole burningexperimentswerecarefully performed
to avoidbroadeningof theholesby excessivepower,burn
time or hole depth. In the resorufin ethanol glass dis-
cussedbelow,holewidthsagreedperfectlywith thosefrom
anotherlaboratory[15,16].

It is well known that ethanolcan form two different
glass-like phasesdependingon the cooling rate of the
sample[17]. A coolingrateof <0.5 K/s hasbeenshown ~ I I I I

to produceaglassyplastic-crystalphasewhereasarateof —4 -2 0 +2 +4

1 KIs producesa truly amorphousphase.In all cases, FREQUENCY OFFSET (0Hz)

thecoolingrateof the samplesexceeded1 K/s. A variety
ofcooling ratesconsiderablyfasterthan 1 K/s gaveiden- B)
tical results.Theechoandholeburningexperimentswere 000 T I. 5 K
performedon samplescooled in an identical manner.
Hencethe resultspresentedarecharaceristicof the true
glassphaseof ethanol,andthereis no possibilitythatthey
wereperformedon theplasticcrystalphase. T

2 /4 0. 83 ns
Glycerol is veryhygroscopicandwatercontentcanaf- ,~ 00 T x 6. 5 n s

feetparameterssuchastheTLS structure.Therefore,ex-
perimentsperformedon samplesnotidenticallyprepared
cannotbemeaningfullycompared.All of thephoton echo ‘

andhole burningdatapresentedherewere obtainedon
identicalsamples.In orderto isolatepuredephasingfrom 0
lifetimeeffects, thefluorescencelifetimesof thechromo-
phoreweremeasuredin eachsolvent.Greatcarewastaken -

to avoid reabsorptionandother experimentalproblems -

whichcanproduceinaccuratelifetimes [7]. -

Atypicalholeandechodecayareshownin fig. 1.All of I - I I

theholeswereLorentzianandall of theechodecayswere o I 2 3 4 5 6

exponential.Notethat the echodecayis singleexponen- PULSE SEPARATION (nil

tial overmanyfactorsof e. Thetemperaturedependences Fig. I. (A) Spectrumofhole burnedin theresorufin/glycerolsys-
oftheechoandholeburningexperimentsfor resorufinin ternat 1.7 K. A Lorenizianfit to theexperimentalhole shapeis
ethanolglassareshownin fig. 2. Hole burningdataon indicatedby thesolid black circles. An attempt to fit the hole
this samesystem takenin anotherlaboratoryarealso with aGaussianis also shown (x). Similar resultswerefound
shown[15,16]. At thetemperaturesin whichholeswere for all hole depthsin all samples,(B) A semilogplot of thepho-
measuredin both laboratories,thedataareidentical.The ton echosignalin resorufinin glycerolglassat 1.5 K asafunction
temperaturedependencesof the echoandholeburning of pulseseparation,Thedecayis exponentialover6.2 lifetimes.

Similarresultswerefound in all samples.datafor resorufin in glycerolareshownin fig. 3(a).
The mostimportant featureof figs. 2 and3(a) is that

theechoexperimentmeasuresadephasingtime whichis Sincetheholeburningexperimentsoperateonatime scale
slowerthanthedephasingtimesfromholeburningexper- abouttwelve ordersof magnitudelongerthan the echo
imentsfor T< 10 K. In ethanol,theholeburningdephas- experiments,theholesarebroadenedby veryslowconfig-
ing time is approximatelya factor of 4 fasterthan the urationalchangesin the glass,whichappearstaticto and
homogeneousdephasingtime at 1.5 K. As discussedin arerephasedby the echoexperiment.Theobserveddif-
connectionwith the properfour-time correlationfunc- ferencesbetweenhole burningandechoexperimentsdo
tion descriptionsof theseexperiments,this is to be ex- not imply that eitherexperimentis in error. Ratherthe
pected. The echo is sensitive to the homogeneous differencesaredueto thebroaddistributionof time scales
dephasingof the chromophore—glasssystem.The hole for dynamicsin glassesandtheinherentdifferencesin the
burningexperiment,beingessentiallythe Fouriertrans- correlationfunctionsmeasuredby eachexperiment.The
form of a stimulatedechoexperiment,is sensitiveto ho- agreementbetweenthetwo experimentsfor T> 10 K does
mogeneousdephasingand spectraldiffusion, i.e. slow not imply that spectraldiffusion hasstopped.It is dueto
dynamicswhichoccuron time scalesout to the time T~. theonsetof pseudolocalmodedephasing.This is an acti-
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Fig. 2. Log—log plot of temperaturedependentholeburningUc- H
phasingtimes 12/r(FWHM (1 (~)comparedto photonechode-

0.01——-- ~T’TTT’ ~
phasingtimesIS) for resorufinin ethanolglass.The holeburning I 3 ~ 10

dataof Van den Bergand Völkcr [15.161 arealso shown ( A I.
The fluorescencelifetime contributionsha\ebeenremovedfrom

all measurements.The hole burning and photon echo measure- J l.~
ments give different results at low temperaturewhere spectral -

EtO( (
diffusion dominatestheholewidth. The solid lines arethe best ——

fits of ourdatato eqs. (4) and (5). The dashedline resultsfrom
slight adjustmentof spectraldiffusion parametersfor the best 3)

agreementwith the low temperaturedata of Van den Berg and
I U U ~Vblker.

S

‘I-

vatedprocessandhasa muchsteepertemperaturedepen- -. 0

dencethan the slow spectraldiffusion and dominates 0

dephasingat high temperatures.
Figure 3(b) shows a comparison of echo and hole

Iburningresultsobtainedfor ethanolandd-ethanol(-OH II) ).I -

4groupreplacedby -OD) glasses.Againdifferent dephas-
(I.

ing times aremeasuredwith echoand hole burningcx- ‘~ •
perimentsat low temperature,but thetwo measurements
coalesceat high temperatures,The deuterattonof thehy- i)i,

droxyl protonslowedthe holeburning ratedramatically - Y

but it did not affect thedephasingdynamics[7].

The formal theoretical evaluation of the correlation 1I -. T1 I 1

functions briefly describedin sect.2 yields a simple pro- I
cedurefor combining echoand hole burningdata to ob- -

tam a separation of information on fast and slow (K

dynamical processesin glasses.The formal treatment Fig. 3. 1 A) Log—log plot of photon echo ( I and hole burning
showsthat subtractingthehomogeneouslinewidth deter- (U) dcphasingtimesfor resoruf’in in glycerol. Solid linesare the

mined by theechoexperimentfrom thelinewidth deter- best fits to eqs. (4) and IS). Although slow spectraldiffusion

mined from holeburningexperimentson thesamesample causesthe hole burning and photonecho measurementsto give
at thesametemperatureprovidesa direct measureof the different dcphasingtimesat low temperaturesas in resorufin/e-

spectraldiffusion. We call this differencein widths FR). ttianol (seefig. 2). thetwo measurementscoalesceat tugh 1cm-

wheretheSD standsfor spectraldiffusion. The tempera- peralureswhere pseudolocalmodedephasingdominates.(B)
Effect ofdeuterationofthe glassmatrix on photonechoandhole

ture dependencesofthe measurementsof “Si) in ethanol burningdephasingtimes. The temperature-dependentpure dc-andglycerol areshownin fig. ~ phasingtimes are shown on a log—log plot. S. photon echo.

The total temperaturedependenceof the echo decays ethanol:~. photonecho.cf-ethanol:A, holeburning,ethanol:ri,
is determinedby the homogeneousdephasingfrom TLS holeburning,cl-ethanol.Thereare no dif’ferences betweenthe
dynamics,pseudo-localmodedephasingand the excited deuteratedand protonatedglasseswhich are larger thanthe cv-

state lifetime contribution. Excluding the excited state perimentalerror.
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I0~ / scription of optical dephasingexperimentsin glasses

ETHANOL /4’ brieflyoutlinedin this paper.

PSDaT )./“

4. Conclusions

Dephasingprocessesin glassesoccuronawide rangeof
F.. = ~$“ time scales.We havepresentedtemperature-dependent

- ,,_—~ GLYCEROL photon echoandhole burningdataon threeamorphous
- ~ r

5~T systems.The photon echoexperimentswere shown to
- ,_.-.“~ measurethe homogeneousdephasingtime of the solute

in theglasswhereasthe holeburningdataincludeaddi-
0. I ‘ I II I tional contributionsfrom slow spectraldiffusion. The

I 2 5 0 20 materialdiscussedbrieflyabovedemonstratesthatexper-
T (K) iments on a variety of time scalescangive a more corn-

Fig. 4. Log—log plot of thetemperaturedependenceof thespec- pletepictureofglassdynamicsthancananyonetechnique.
tral diffusion linewidth F51)definedasthedifferenceof thepho- Thetheoreticaldescriptionsof glasseswhichaccountfor
ton echo and hole burning linewidths. Data are shown for thegradualtemperaturedependencesassociatedwith TLS
resorufinin two glasses:S. ethanol,and•, glycerol.Both setsof dephasingarebasedon the existenceof awide rangeof
dataarewell fit by apowerlaw T~1~ T’

1. time scalesfor theratesof dynamicsoftheTLS.This same
rangeof time scalesmakesexperimentsoperatingon dif-

lifetime decaycontribution, theechodephasingrateasa ferenttime scalesinherentlydifferent. Theoriesof TLS-
functionoftemperatureis givenby [7,13] induceddephasinghavegenerallytakentheratesof pro-

lIT — 7’~+ — It/El cessesin the glass to rangefrom extremelyfast to infi-— a cc nitely slow. This pictureimpliesthat the longerthe time

wherethefirst termis thehomogeneousdephasingcaused scaleof an experiment,the wider the optical linewidth
by the TLS dynamicsandthe secondterm comesfrom thatwill bemeasured,It is important to point outthat in
pseudo-localmodedephasing.Thedephasingratemeas- realglasssystemstheremaybeaslowestdynamicalrate.
uredby holeburningis givenby (excludingthe lifetime Experimentsperformedon time scaleslong comparedto
contribution) the inverseof this slowestrate andthen on increasingly

long time scaleswill showno additionalbroadening.For
l/T

0~= aT’
1 + bT°+ ce~~H-, (5) experimentsto be sensitiveto thedistributionof ratesin

glasses,the experimentaltime must vary in a rangeof
wherethefirst termis theTLS inducedhomogeneousde- timesassociatedwith therangeof theinverseof therates.
phasing,thesecondterm is theTLS inducedspectraldif- All opticalexperimentsperformedto datearedescrib-
fusion, and the third term is the pseudo-localmode ablein termsof appropriatefour-time correlationfunc-
dephasing.The secondterm in eq. (5) is responsiblefor tions. Attempts to describethe experimentsin termsof
theextrawidth measuredin holeburningexperimentsand two-time correlationfunctionsmaskthe importantdis-
is plotted from the experimentsas afunction of temper- tinctions among experiments.Combiningecho experi-
aturein fig. 4. mentswhich provide a measureof the fast fluctuations

Thepseudo-localmodeactivationenergyof resorufin, with slowertime scaleexperiments,suchasholeburning,
JE, is 35 cm in both ethanolandglycerolglasses.The which are sensitiveto the slow dynamicsof structural
cr’s are1.6 and 1.2 in ethanolandglycerol, respectively, rearrangementsin addition to fast fluctuations,will pro-
The/i’s are 1.25 and0.80in ethanolandglycerol, respec- vide detailed insights into the dynamicsin amorphous
lively. Plotsof eqs. (4) and (5) using theseparameters systems.
areshownin figs. 2 and3a.Theseparametersfor ethanol
were determinedfrom our echo andholeburning mea-
surements.The solid line throughthehole burningdata
in fig. 2 usedtheseparameters.Additional low-tempera- Acknowledgements
ture holeburningdata[16] werenot usedin theoriginal
fits. Thedashedline through thedatais the best fit in- This work was supportedby the National Science
eludingthe additional low-temperaturedata.All the pa- Foundation,Division of MaterialsResearch(#DMR84-
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