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FREQUENCY-SELECTIVE TIME-RESOLVED PHONON SPECTROSCOPYUSING
FLUORESCENCE LINE NARROWING

M.J. VAN DORT, J.I. DIJKHUIS andH.W. DE WIJN
FvsjschLahoratoriurn, RijksuniversiteiiUtrecht, P.O. Box, 80000, 3508 TA Utrecht, TheNetherlands

We report on a new method,basedon fluorescenceline narrowing,for studyingnonequilibriumacousticphononsin a fre-
quency-selectiveway. High-resolutionphonondetectionis achievedby exciting rubydirectly into a homogeneouspacketof the
E(cE) metastablestate,and analyzingthe enhancedR

2 luminescencefollowing absorptionof phononsin the transition from
E(

2E) to 2A(2E). In the presentexperiment,a flat spectrumof phononsis injected with heat pulsesof 100 ns duration.The
phonon spectrumobservedinitially exhibitsa dip, reflectingtheabsorptionof resonantphonons.Followingtheheat pulse,the
phononsescapewith a rateincreasingwith thedistancefrom resonance.The experimentssuggestconversionof ballistic phonons
aswell asof bottleneckedphononsin thewings into resonantones.

Theaim ofthis paperis to demonstratethepotentialof
fluorescenceline narrowing (FLN) in measuringnon- 2A12E) — g(v)
equilibrium phononoccupationsasafunctionof time and
of spectralfrequency.Spectraldisplacementof phonons phonon —

by scatteringfrom centershasbeenan important and
longstandingproblemin the field of phononspectrosco- El 2E) I
py, yet the numberof experimentsaddressingit is lim- I
ited.Most of thework donein this field hasbeencarried
out on 29 cm phononsin interactionwith the excited- I I
tutedin Al~O~(ruby). Earlyevidencefor diffusion in the
frequencydomain hasbeenprovided by a cw optical-state resonanceE(E)—2A(2E) of Cr3~dilutely substi- user R

2 cc N21v)
pumping experiment [1], in which the nonequilibrium
phononpacketresonantbetweenE(

2E) and2A(2E) at a
distance29 cm—’ abovewasseento widen with themet- 4A

2
astableconcentrationN* of excitedCr

3~.The involve- Fig. I. Principle of frequency-selectivephonondetection. The
mentofCr~pairsin spectraldisplacements,to theextent ~(E) level is homogeneouslypopulated.Partof theincoming
that the phononssuffer wipeoutbeyondresonance,has phononsareconvertedinto R~photons.
beeninferredfrom thesaturationwith N* ofthetrapping observethe temporaldevelopmentof the phononoccu-
time of bottleneckedphonons,asmonitoredvia thede- pattonovera spectralrangeof a few timesthe linewidth,cay of 2A( E), at variousconcentrationsof Cr3~ [2,31. i.e., preciselythat part of the spectrumwhichis relevant

Such communicationamongCr3~,but over frequency to the inelasticprocesses.Theprinciple of FLN is in this
rangesaslargeas0.6 cm ‘,hasfurtherbeenobserveddi- caseappliedto athree-levelscheme(fig. 1). A homoge-
rectly via the emissionof hot luminescenceoriginating neouspacketofCr3~in themetastableE(2E)stateis pre-
from stronlycoupledCr3~pairs,theenergylevelsofwhich paredby narrow-bandcw laserexcitationfrom the 4A

2
are well known [4]. andby frequency-selectivepulsed groundstate.Thermalphononsareremovedby cooling
phonongenerationin a wing of the~(

2E)—2A(2E)tran- down to below2 K. A nonequilibriumphonon injected
sition via infrared excitationof V4~dopants[51.It has from anoutsidesourceinto theopticallyexcitedzonethen
recentlybeenestablishedthatthetrappingtimeof29cm— is detected,with an efficiencygivenby the varioustran-
phononsdependson N* multipliedby thetypicaldimen- sition ratesinvolved, by the ensuingemissionof an R~
sion of the pumpedzone [3]. This hasbeenfoundto be photon.TheR

2 intensity is proportionalto thequantity
in quantitativeaccordwith a model basedon inelastic
scatteringproducedby diagonalexchangeof metastable N~(e,t)=p(v, t)g(v)N*, (1)
Cr

3~with nearbyCr3~tn the 4A
2 groundstateandsub- in whichp(v, t) is thetime-dependentoccupationnum-

sequentballistic escapein the eventthe associatedspec- berof thephononmodesof frequencyv, andg(v) is the
tral displacementcarriestheenergy sufficiently far into normalizedshapeof the 2A(

2E)—~(2E)transition with
thewings. respectto phonons.The way to extractp(v, t) from the

FLN addsto this in that it providesa directmeansto phonon-inducedluminescenceunder FLN conditions
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Fig. 2. Heat-pulse induced R luminesce,ice s. time and tre- C 5CC flOli
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I ig. .~ 55 itOh 0 ihe heiii—piilse induced R~luminescence 5.1,0w
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therefareis to divide thefrequenc\dtstr~huiion of the lii— homogeneouss’.,dth, ol 2-St Fl is 44)) NIH,.
mincsc’enceb~~( ii. The latter qtianhitv is known from
infrared absorptionspectroscopv[(3]. or may be meac- is knossnfrom previousFLN work to amount to 65 ylHz
uredhc thepresentFl_N schemein thevery specimenused ~)J . substanticilh smaller than tile width of 2 A( ~E) . but
b\ stippl~ing a flat thermal phonondistribution produced comparableto the instrumentalresolution. (The inhom—
h\ raising the temperatureto about 6 K under otherwise ogeneouswidth of Eu E) is about 3 0Hz in our sped-

the sameconditions. N’s/c find that g(v ) s well desciibed men.) The linde homogeneouswidth of E( 2E t hasbeen
by a Lorentzianwith full width athalf maximumAI’z. 44~~ accountedfar by convoluting a Lorentzian of 65 MHz
Mlii. implr ing I, = 0.7 ns. This result is in accord ‘sub ssidth ssith theinstrumentalprofile to obtain an effective

both nine-resolved[7] and far-infrared [6 J experiments, instrumentalprofile, lit the further analysisconvolutions
An exampleof thedevelopmentof the R. intensitywith of the latter with V( v, it have been adjusted,at fixed

time and spectralfreqtiencv is presentedin fig. 2. Here, time, to thedali’ suchits thosein fig 2. Here, it appeared
thc phonons are mn~ectedinto the sjecimeit. a cube of that within errors.V~(i, it couldhe representedin anal~t-
(zochralskv-grown50()ppm rubyof 4x4x4 131111 in size. ical form liv a Lorentzian to a powerof orderunits.

useofa constantanheaterofSOnm thicknessand I V 1 Itt ng.3. the‘s idth of \.(m’. I). asfoundb\ deconvolut-
rnni irea flit heitci us (Iris en t an clcctm cal pow i tO ing thc R luntmnc sccnc is ~R scntcd -is ‘s tunction of thc

5 NV dtiring tOO ns at 3 ps intervals.The E( 2E ) popula- _ _
timt 1.1 ipsed sincc s’s itching on thc hcatc lot N cc 1(1

lion is maintained by pumping with a single—frcquencs _ _ _ _
cm . i.e.. well in the regimeof phononbottlenecking. A

cw ringdye laseroperatingata powerof 20 mW. and has-
noteworthyresultis that .\ I i-. I )at longertimesbecomes

ing a bandwidth less than 1 MHz. The zoneof detection. _
narros’.erthan thehomogeneouslinewidth. I hts demon—

typically a cylinder of 30 pm diameterand200 .ini length. . _ .

St itt S quitc dirt c mis tInt thc Sp cir’iI distribution ofiocatedadjacenttheheater,is selectedby focusingthelaser
phonons h is not St t\ ccl uniform ticit i -ithcr his hccomc

beamand furtherdefinedby thereceivingoptics. [‘he R
peakedaround resonance.At short times. on the oIlier

light is analyzedwith a Fabrs—Perotinterferometertc) a .. _

hand. ‘s .lv, / ) is widened relatise to ~‘( v 1. indicating a
resoltitionof better than 101) MHz. A doublemonochmo-
nlalor is inserted in the optical path to suppress tile R , clip in the phonon spectrum.Indeed,tins is borne out in
and pair luminescence, lime resolution is provided hs moredetail by useofeq. 1 ) in fig. 4. wherethe temporal
standard photon-countingand time-to-amplittide coii- dcselopmentot thephunon spectrumis displa\edas it is
version techniques.Typically ‘(0 passesof 1—minutedu- densed f’roni the \ (i’. i ) adustedto thedata. \notto-r
ration through the spectrumare accumulatedto obtain wa\ to ic’s the result in fig. 4 is in the time domain at
data setsasin fig. 2. variousdistancesfromresonance.The trappingtime, then.

For the schemeto work best,spontaneousone-phonon us seento he largerfor phononsatresonancethan it is foi
en’iission must hethepi’edominant sourceof broadening phononsin the wings .1 his result is. of course,also con-
of 2A( cE), energ\ transt)crfrom oneE( cF I homogeneous tamedin crosssectionsat fixed detuning throughsetsof’
packet to the next must he absentwithin the radiative data pointsasin fig. 2. Figure5 providestwo of suchc-ross
lifetime ri,, and the homogeneouswidth of E( ~E) ntust sectionsin the caseof a hotileriecking roughlx 3 times
he negligible with respecttc) the width of 2A( ‘F). In the largerthan ut fig. 2.

caseofruby,thefirst two oftheseconditionsaremet [6.8]. .-\ discussionof the physical processesgoverning the
The homogeneoussvidthof E(~E)in zero magneticfield phonon trapping versusfrequencymayhebasedon raie-
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Fig. 4. Phononspectrumvs. time for N* tO m,~ asderivedwith eq. II

detuning Av~225 MHz ‘1fl1 =A~g(v)r(t)/p, 13)
:• ::~ which is in conformits with what is observedprovided

r(;’) is only weakly varsingovetthe ltnewidth. in anr’ case
::~ moreweakl~thanfor phonon lifetimes limited by spatial

diffusion by Cr”~’. The physical processesunderlying

Q(m’. t) are quite insolved. First, at the ,V* used, the
I phonon meanfree path againstscatteringfrom isolated

F Cr
3 ions.A( v) =pi’7 /iV~g(v). becomesasshort as 1 pm

>- .~ I .____J at resonance.This impliesthat otiiy phononsin the far-
out wingscan penetrateinto theexcitedzonewithin the

— - time scaleof theexperiment.‘Theseoff-resonantphonons
Z •,‘~, - cannotbeobservedwiththepresentFLN scheme(eq. I).
cc~ detuning ~, 1000 MHz Thefact thatneverthelessanon-zerophononpopulation

is observedalreadyfrom the very beginning of theheat

pulse,thus is direct evidencefor inelasticprocessescon-
• ventingoff-resonantphononsinto near-resonantones.,and

that in a few stepsonly. Second.as is seenin fig. 5. near
• resonanceQ(v. t) continues after the heat pulse is
• ~ ~ switchedoff for severalhundredsof ns. i.e., on a time scale

~ muchlotigerthan thecoolingtime of the heater( cc I ns).
I but muchshorterthanthat expectedfor spatialdiffusion

0 500 1000 1500 (cclOps).
TIME Ins) A model encompassing the phenomenaobservedis

Fig. 5. R mntcnsiis vs. time atfixed frequencx.Duration of heat basedon one-siteOrhachprocessesof metastableC’r’~
pulse us 100 ns. Diameter of the excited zone is ~250 pm. subjectto anexchangefield ofa nearbyCr’ in 4,\~, The
,y*~II) cm ‘In thevicmnii~of theresonancetheR~intensity mechanismhaspreviouslybeensuccessfulin accounting
continuesto riseafter theheatpulse. for 29 cm phonon relaxationin the case~( ~E) is pop-

equationconsiderations[10]. We have,tinderbottleneck ulatedoverthefull inhomogeneouswidth [3]. It involves
conditions, the absorptionfrom E(2E) to 2A(~E)in a spin-nonflip

d ( I) ( /) transition andthe subsequentreturn to ~(~‘E) in a spin-
[N*g( v) +p] —~-~--— = —p p ~ ±Q(i’. t). (2) flip transition,resulting in a changeof thephononenergy

by an amount equal to the exchange parameter. The dis-

in which p is the density of phonon states per unit of fre- placements may be sufficiently largefor thephononsto
quency.i(n) is the phonon lifetime, and Q(v, I) repre- becomeballistic (“wipe out”). (‘onversely. howevet. in
sentsthefeedingby theheatpulse.Theresponseofp( v, 1) thepresentsituation,whereinitially thereis a pauctt~of
to the feedingis single-exponentialwith time constant phononsnearresonance,themechanismmayconvertthe
[p<<A”g(v)] off-resonancephononsthat havepenetratedthe excited
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