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By useof far-infraredlaserspectroscopy,we havefound that for a high-qualityruby_crystalat low temperature,the
absorptionline dueto theelectronictransitionbetweentheexcitedstates~(

2E) and2A(2E)of c~r~ionsis homogeneously
broadened.From thelinewidth (0.011cm’) thelifetime of the2A level againstemissionof 29 cm~1phononsis obtained.

In this letterwe showthat for a high-qualityruby ~1.

crystalat low temperaturethefar-infraredabsorption
line due to the electronictransitionbetweentheex- 2A+
citedstatesP(2E)and 2A(2E)of Cr ~ ionshasalmost FIR 2A
lorentzianlineshape,and that the line isvery sensitively —

influencedby strainfields. We will also discussearlier E_

studiesof theE-+ 2Atransition,from which it was B

not clear,whetherthe ~ 2Aabsorptionline is .

homogeneouslyor inhomogeneouslybroadenedand R
1

which mechanismsare responsiblefor the broadening
[1]. — — —~________

We point outthat theexcitedstatesE and2A of Fig. 1. Energylevelsof ~ ~ ionsin rubyin a magneticfield,

Cr
3~ionsin Al

203 play animportantrole in the showingthe two possiblefar-infraredtransitions~. —~2A~
field of phononspectroscopy.Phononsat 29 cm

1 andE_-+ 2A _ for fixed far-infraredlaserfrequency.

canbe detectedvia E-* 2A transitionsandgenerated —

by 2A —~E relaxationprocesses.Resonancescattering doubletsE±and2A±with the effectivespinquantum
dueto phononabsorptionandemissionprocessesbe- numbers±~Resonanceabsorptionisobtainedat two
tweenthetwo levelscanleadto spatialphonontrap- magneticfields (fig. 1) correspondingto the transi-
ping. For thesestudiesit is veryimportantto know tionsE_ -÷2~andE_ -~ 2A_. The ~ levelsarepo-
the propertiesof the ~-+ 2Atransition ~1. pulatedby opticalpumpinginto the4T

2 absorption
The principle of ourabsorptionexperimentis bandof ruby with radiationof anargonion laser.

shownin fig. 1. TheE -~ 2A transition(atanenergy Nonradiativedecayleadsto populationof the ~
of 29.2cm~)wastunedto theemissionfrequency levels.Theargonlaserbeamwaschoppedwith a
of a HCN laser(29.7cm’, bandwidth10 MHz) by modulationfrequency(20 Hz) smallerthanthe decay
applyinga magneticfield parallelto thecrystalline rate(200 Hz)of thepopulationof the ~ levelswhich
caxis. The Kramerslevels~ and2A with theeffective decayby fluorescence.Therefore,the opticalpump-
g factorsg~= 2.445 [3] and = 1.47 [4] split into ingleadsto a modulationof thefar-infraredabsorption.

Theruby crystalwaslocatedin the field of a super-
* 1 Fora surveyseeref. [21. conductingmagnetwith the c axisparalleltothemag-
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Fig 3 Farinfraredabsorptionline dueto the E 2A
transitionof excitedCr 3+ ions in ruby Lorentzianand

FIR gaussianline profilesareshownfor comparison.
BEAM

Fig. 2. Experimentalarrangement, that theabsorptioncurvecanbedescribedby a lorentzian,
but not by a gaussianprofile. This indicatesthat the

netic field. To achieveeffectivecoolingthe crystal (6 line broadeningis mainly due to homogeneousbroaden-
X 6 X 4 mm3)wassurroundedby superfluidheliumat ing. Thehalfwidth (full widthat halfmximum) is LsB

1.8 K. The opticalconfigurationis shown in fig. 2. = 49.0X 10 ~T. Accordingto the relation
A smallpart of thesamplewas irradiatedwith a — ~

focusedargonlaserbeam(wavelength514.5nm, ~ ~ ~

2AJ PB ‘ (1)
power1 W). The optically pumpedsmallcylinder where~B is Bohr’s magnetonandh Planck’sconstant
(diameter0.4mm) wasoblique (with an angleof 25°) we obtaina homogeneouslinewidth of z~v= 334 MHz.
to thecrystal c axis.lii order to avoid deflectionsby The homogeneouswidth could beslightly smaller(by
an undulatingfree surfaceof the liquid heliumthe 10%),sincethe profile of themeasuredabsorption
argonlaserbeamwas broughtinto the cryostatby a curve couldalso bedescribedby a Voigt profile [5]
vacuumchamberthathadwindowsplungedin the with a slightly smallerhomogeneouswidth (300 MHz)
liquid helium. Far-infraredlaserradiationwasfocused andaninhomogeneouswidth (100MHz) which is less
by a coneon thecrystalandtransmittedby a metal than a third of thehomogeneouswidth. We note that
tube to a Golay detector.The detectorsignal, ana- the linewidthwas not dependenton theconcentration
lysedby a lock-in technique,was a directmeasure of excitedchromiumions,which we havevariedby
for the optically inducedfar infraredabsorption, two ordersof magnitude(between1016 cm ~and
With our arrangementit waspossibleto obtainsuffi- 1018 cm—

3). —

cientcooling of thesampleand also to avoidmodula- We foundthat theabsorptioncurve dueto theE_
tion of the far-infraredradiationby fluctuationsin the -÷ 2A~transitionhasalmostthe sameoscillatorstrength
liquid heliumdue to bubblesgeneratedby the strong astheE_ -* 2A transitionandthat lineshapeand
optical radiation.We haveperformedour experiment linewidth (in the frequencyscale)were the same.This
with a crystal*2 containing0.05wt% Cr

203. result indicatesthat the E —~2A far infraredtransitions
An experimentalabsorptioncurve for the E -+ 2A_ are electricdipole transitionsratherthanmagnetic

transitionis drawnin fig. 3. Resonanceabsorptionoc- dipole transitionsin which casedifferentoscillator
cursat a field of B = 2.2T. A comparisonof the exper- strenghswould be expected.The excitedstateabsorp-
imental curvewitha lorentzianline profile (dashedline tion is veryweak.The changeof sampletransmissionin
in fig. 3) andwitha gaussianprofile (dotted)shows the line maximumat a concentrationof 1.5 X 1017

cm
3 chromiumionswasabout0.15%(fig. 3). We

*2 Deliveredby HrandDjevahixdjianLtd., Monthey/ estimatefrom experimentswith different geometriesof
Switzerland. theoptically excitedvolume that the crosssectionfor
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the E -÷ 2A far-infraredtransitionin the line maximum found thatin Verneuil crystalstheE -÷ 2A resonance
is about3 X 1019 cm2. frequencycanvaryoversmalldistanceswithin the

Fromthehomogeneouslinewidth we obtain a life- crystalby asmuchasone linewidth.
time of the2A levelof T

1 = (2ir~v)~= 4.8 X 1010s A further strong influenceon theE -~ 2A transition
(±10%).Thisvalueis in verygood agreementwith a is obtainedby increasingthe Cr203 concentration.As
valuederivedrecentlyfrom thetemperature-dependent hasbeenshown(forVerneuil crystals)the linewidth of
line broadeningof theE -÷ 2Aabsorptionline [6] and the E -÷2A transitionsincreasesstronglyat concentra-
isalso in good agreementwith thetheoreticalpredic- tion largerthan0.1 wt% Cr203 [1]. Probably,inter-
tion (3 X 10—10 s) [7]. ThevalueofT1 is by a factor nal strain fields are introducedby the doping. —

of two smallerthanconcludedfrom a time-resolved We notethat in anearlierexperimentthe E -÷ 2A
fluorescenceexperiment[8]. far-infraredabsorptionwasdetectedindirectly by far-

The decayof the 2A statesis mainly due to non- infraredinducedR2 fluorescence.Fromthis optically
spin-fliptransitions(2A_ -÷E — and2A+ ~+ respec- detectedmagneticresonanceexperimentperformed
tively). The lifetime T~ (1.5 X 10—8 s) for spin-flip for a Verneuil crystala linewidthwasconcludedto
transitionsis known from a studyof Orbachspin- thevalue foundfor the highquality crystal.However,
lattice relaxationof the E+ statewhich occursvia 2A the agreementis accidentalbecausein theoptically
states[9]. It follows thereforethat the relaxation detectedmagneticresonanceexperimentphonon
time ~ for non-spin-fliptransitionsis T++ = T1 T.~ trappingeffectsleadto anapparentline narrowing.
(T~_— = 5.0X 10—10 s(±10%)andthat the An analysisof the experiment,which takesinto ac-
non-spin-fliptransitionoccurs30 timesfasterthanthe count trappingeffects,leadsalso to a valueof the
spin-flip transition. linewidth(0.02cm—

1)which agreeswith the absorp-
Thelorentzianlineshapeandthe narrowlinewidth tion experimenton this crystal [6]. We pointoutthat

were only obtainedfor high-qualitysamples.We found linewidthswerealso derivedfrom experimentswith
that variouseffectscaninfluencethelinewidth. In- 29 cm1 phononsusingvarioustechniquesof phonon
homogeneousstressobtainedby fixing thecrystaltoo spectroscopy[11,13]. The analysisof theseexperi-
stronglyin thesamplemountalreadyleadsto additional mentsperformedon Verneuilcrystalsof various
line broadeningand to a changeof the line profile. We sourcesleadsalsotothelinewidth(0.02cm—1)typical
found that , for anunstrainedcrystal,the resonance for theVerneuilcrystals.
frequencyfor theE -+ 2A transitiondependedslightly To our knowledgethe E -÷ 2A absorptionline in a
on theregionwithin thecrystal,andthat in an arrange- high-qualitycrystalis the narrowesthomogeneously
mentwithhomogeneoussampleilluminationinsteadof broadenedabsorptionline in a crystalat low temper-
illuminationwith a focusedbeam,the line wasbroader ature.Thebroadeningis only due to the lifetime of
andthe lineshapenon-lorentzian.Ourobservationin- the 2A level againstemissionof 29 cm—’ phonons.
dicatesthereforethatmacroscopicstraininhomogene- The systemis thereforemostsuitablefor the studyof
ities in the crystalcauselocally slightly differentreso- the resonanceinteractionof high-frequencyphonons
nancefrequenciesfor the E -÷2A transitions.Inhomo- with anelectronictwo-levelsystemandfor effective
geneitieshaverecentlyalso beenobservedby analysisof generationanddetectionof phonons.
theoptical transitionfrom thegroundstate4A

2 to the
~ state[10]. We thankJ. Hummel andH. Netterfor experimen-

The resultsshown in fig. 3 wereobtainedfor a tal assistancein a partof the experimentsandK.
Czochralskigrowncrystal.Verneuil crystalscontaining Lachnerfor technicalassistance.Oneof theauthors
low concentrationsof Cr203 havea -~ 2A far infrared (K.F.R.)would like to thankP. Hu and R. Orbachfor
absorptionline which is by a factorof two larger(~v discussions.Thework wassupportedby theDeutsche
= 0.020cm

1) than for the Czochralskicrystal.The Forschungsgemeinschaft.
largerlinewidth isdueto inhomogeneousbroadening,
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