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Tm3+掺杂Na5Lu9F32单晶体的1.8μm
优化发射性能研究

盛启国1,夏海平1,汤庆阳1,何仕楠1,章践立1,陈宝玖2

(1宁波大学 光电子功能材料重点实验室,浙江 宁波315211)
(2大连海事大学 物理系,辽宁 大连116026)

摘 要:采用改进过的布里奇曼法成功地生长了Tm3+ 离子浓度从0.5~4mol%变化的高质量Na5Lu9F32
单晶.在790nmLD激发下,研究了不同Tm3+掺杂晶体在1.86μm波段的荧光发射性能、衰减曲线以及

Tm3+离子之间的能量传递过程.当Tm3+离子掺杂浓度增加到~1.95mol%时,晶体在1.86μm处的荧

光发射强度达到最大.然后,随着Tm3+离子浓度进一步的增大,发射强度迅速下降.然而,Tm3+ 离子在
3F4能级处的荧光寿命随着Tm3+掺杂浓度从0.5增加到4mol%,逐渐降低.同时计算了1.86μm处最大

的受激发射截面为0.80×10-20cm2.Tm3+离子的浓度猝灭效应和离子之间的交叉弛豫能量传递过程是

造成1.86μm荧光发射变化的主要原因.
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Optimizational1.8μmEmissionofNa5Lu9F32SingleCrystal
DopedwithTm3+Ions
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Abstract:ThehighqualityNa5Lu9F32singlecrystalswithdifferentTm3+concentrationsrangingfrom0.5
to4mol% weregrownsuccessfullybyanimprovedBridgmanmethod.Thefluorescencespectraand
decaycurvesat1.86μm weremeasuredundertheexcitationof790nmLDtostudytheluminescent
propertiesofthecrystalsandtheenergytransferprocessbetweenTm3+ions.The1.86μmemission
intensitygraduallyincreasestothemaximumvaluewhentheTm3+ concentrationincreasestoaround
1.95mol%.Nevertheless,itdecreasesfleetly withtheTm3+ concentrationfurtherincreasefrom
2.0mol%to4.0mol%.Themaximumstimulatedemissioncrosssectionat1.86μmisalsocalculatedto
0.80×10-20cm2.The1.86μmfluorescencelifetimeofTm3+∶3F4leveldecreaseswiththeincreaseof
Tm3+ dopingconcentration.TheconcentrationquenchingeffectofTm3+ionsandthecrossrelaxation
energytransferprocessbetweenTm3+ionsaremainlyinchargeofthevarietyofthe1.86μmemission.
Keywords:Tm3+ion;Na5Lu9F32singlecrystal;1.8μmemission;Bridgmanmethod;Crossrelaxation
process
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0 Introduction
ThesynthesisofTm3+dopedmaterialsanddevelopmentof2.0μmmid-infraredsolidstatelasersare

inducingintenseinterest because oftheir potentialapplicationsin materialprocessing,distance
measurement,lasermedicalandremotesensing[1-3].Veryrecently,ahighpowerpicosecondTm3+doped
all-fiberoscillatorwasdemonstratedbyemployingopticalfiberBragggratingforpulsespectrumformation
toachieveultrashortpulse[4-8],whichgreatlybroadentheirapplicationsinopticalfield.

Inthepreviousresearchesofmaterials,theTm3+ dopedoxidesinglecrystalsweremainlyfocused
becauseoftheirorderedrigidcrystallattice,higherchemical-physicalstabilityaswellastheadvantageof
directdiodepumpingat~800nm[9-10].Generally,oxidesinglecrystalsinheritlowtransmissioninmid-
infraredrange,lowluminescentefficiencyandhighmatrixphononenergy,whichlimitstheirpractical
applicationinopticaldevices.Actually,thefluoridesinglecrystalismorebeneficialtobeas2.0μmlaser
duetoitshightransparencyininfraredrange,longlifetimeofrareearthionsandhighluminousefficiency.

Verylately,theα-NaYF4singlecrystaldopedwithTm3+ wassuccessfullyfabricatedusingKFas
flux[11].However,thegrowthofsinglecrystalwithbigsizeandhighqualitybecomesmoredifficultydue
totheuseofKFflux.TheFKcompositionmayintroduceintotheα-NaYF4singlecrystalasdefectsof
impurities.Na5Lu9F32isakindoffluoridecompoundswithexcellentopticalproperties[12].Ourrecent
investigationshowedthatthecharacteristicabsorptionbandat2.7μmofOH-1almostdisappearedin
Na5Lu9F32singlecrystal,itindicatedthattheNa5Lu9F32singlecrystalpossessesverylowerOH-1content
whichisveryimportanttoeliminatethenon-radiativeenergytransferfromtheexcitedstateofTm3+ionto
OH-1[13].Moreover,amorehomogeneousdistributionofTm3+ionintheNa5Lu9F32singlecrystalcanbe
expectedbecausethedifferenceofionicradiibetweenTm3+(0.87Å)andLu3+(0.85Å)iscloserthanthat
betweenTm3+andY3+(0.893Å).Thus,ahigheropticalqualityofTm3+dopedNa5Lu9F32singlecrystalis
proposedfortheintenseemissionat1.8μm.However,therearealmostnoreportsonTm3+ doped
Na5Lu9F32singlecrystalfor2μmlaser.

Towardthisend,Tm3+ dopedNa5Lu9F32singlecrystalsweregrown.Typicalperformanceof2μm
emissionspectraandanoptimumdopingconcentrationhavebeeninvestigatedinthisstudy.

1 Experiments
AnimprovedBridgmanmethodwasusedforgrowthoftheTm3+ dopedNa5Lu9F32singlecrystals.

TheNaF,LuF3andTmF3rawmaterialswithhighpurityof99.999% werepurchasedfromthemarket.
ThemolarratioofNaF∶LuF3∶TmF3is50∶50-χ∶χ(χ=0.5,1,1.5,2,4).Theinitialpowderswere
mixedrichlyfor1h.Thedetailedgrowingprocesshasalreadyreportedelsewhere[14].

ThepolishedsliceswithvariousTm3+dopedconcentrationsweretransparentasshowninFig.1.The
X-RayDiffraction (XRD)wasrecordedbyusingaXD-98Xdiffractometer(XD-3,Beijing).Thereal
Tm3+ concentrations in single crystal were
measuredbyaninductivelycoupledplasmaatomic
emissionspectroscopy(ICP-AESPerkinElmerInc,
Optima3000).Table1liststhemeasuredTm3+

concentrationsandthemolarfractionsofTm3+in
raw material.A Cary 5 000 UV/VIS/NIR
spectrophotometerwasusedformeasurementof
theabsorptionspectra.Theemissionspectrawere
recordedunderthe790nm LDexcitationbya
Triax320typespectrometer.Thefluorescence
lifetimeat1.86μm wererecordedwithFLSP920
fluorescence spectrophotometer. All these
measurements were carried out at room
temperature.

Fig.1 XRDpatternof2.0mol%and4.0mol% Tm3+doped
Ma5Lu9F32andtheNa5Lu9F32stadardlinepattern
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Table1 MeasuredTm3+concentrationsinsinglecrystalsandmolarfractionsofTm3+instartingmaterial

Samples Ⅰ Ⅱ Ⅲ Ⅳ Ⅴ
Tm3+/mol% 0.5mol% 1.0mol% 1.5mol% 2.0mol% 4.0mol%
1020N/cm3 1.25 2.52 3.76 5.03 10.06

2 Resultsanddiscussion
Fig.1showstheX-raydiffractionpatternof2.0mol%and4.0mol% Tm3+dopedNa5Lu9F32andthe

Na5Lu9F32standardlinepattern.TheotherTm3+dopedsamplesalsoexhibitsimilarXRDcharacteristics.
ComparedwithpeakpositionsofJCPDScards(27-0725)ofNa5Lu9F32crystal,themeasuredXRD
diffractionpeaksandrelativeintensitiesaresimilartothestandardlinepatterns.ThemeasuredXRD
patternsstronglyindicatedthattheobtainedcrystalwaspurecubicphase,andtheincorporationofTm3+

ionsdoesnotgiverisetoanyobviouspeakchange.Thecalculatedcellparametersfor2mol%and4mol%
Tm3+dopedNa5Lu9F32crystalarea=b=c=0.5468nmanda=b=c=0.5469nm.Thelatticeparameter
ofthesinglecrystalistendedtobecomebigasincreaseofTm3+dopingconcentrationbecausetheradius
sizeofTm3+isslightlybiggerthanthatofLu3+.ItsuggeststhatTm3+ionsubstitutesforLu3+siteinNa5
Lu9F32crystalbecauseofthesamevalencestateandsimilarionicradius.

Fig.2illustratestheabsorptionspectraofvariousTm3+dopedNa5Lu9F32crystalsinthewavelength
rangefrom400nmto2200nm.ItcanbeobservedfromFig.2thattheabsorptionintensitiesincrease
graduallywiththecontinuousincreaseoftheTm3+ dopingconcentrationfrom0.5mol%to4.0mol%,
whilethepositionsofthepeaksremainunchanged.AccordingtotheDiekeenergyleveldiagram,six
absorptionbandslocatedat463,656,680,782,1208and1684nmcanbeattributedtothetransitions
fromthegroundstate3H6totheexcitedstates1G4,3F2,3F3,3H4,3H5and3F4ofTm3+ion.

Fig.3presentstheemissionspectraofdifferentTm3+ dopedNa5 Lu9F32crystalsfrom1100to2200nm
wavelengthmeasuredexcitingof790nmLDatroomtemperature.Intheseemissionspectra,therearetwo
fluorescenceemissionpeaksataround1.49μm(relativelyweak)and1.86μm,whicharerelatedtoTm3+

transitions3H4→3F4and3F4→3H6,respectively.Therelationshipbetweenthefluorescenceintensityat
1860nmandtheconcentrationofthedopedTm3+ionsisalsoshownintheinsertofFig.3.Itisclearthat
thebeginningfluorescenceemissionintensityat1860nmisgraduallyincreasing withthedoping
concentrationofTm3+increasedfrom0.5mo%to2.0mol%,thenbeginstodropdramaticallywhenthe
concentrationcontinuestorisefrom2.0mol%to4.0mol%.Itcanbenotedthatthereappearsaverylow
intensityat1.49μminlow0.5mol%Tm3+dopingconcentration,anditenhancesastheincreaseofTm3+

concentrationfrom0.5mol%to1.0mol%.Theemissionbandat1.49μmalmostdisappearsasTm3+

concentrationfurtherincreasefrom1.0mol%to4.0mol%.Thisapparentrelationshipbetweendoped
concentrationandthevaluesofemissionintensityatboth1.49μmand1.86μmisvividlyreflectedinFig.3.

Fig.2 AbsorptionspectraofTm3+∶Na5Lu9F32with
variousconcentrations

Fig.3 EmissionspectraoftheTm3+∶Na5Lu9F32.Theinset
showstherelationshipbetweenTm3+concentration
andemissionintensityat1.86μm

  ThepossiblemechanismsofenergytransferprocessesbetweenTm3+ionshavebeenreportedin
previouswork[15-16].HereweattempttoquantitativelydescribetheenergytransfersbetweenTm3+ions.
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Theschematicenergy-leveldiagramfortheTm3+

dopedNa5Lu9F32singlecrystalisshowninFig.4.
Underthe excitation of 790 nm LD,Tm3+

transitionfromthegroundstate3H6totheexcited
state3H4,andthenTm3+ionat3H4levelcanopen
uptwoenergytransferchannelstolowerlevels.
Ononerespect,Tm3+ionsat3H4stateradiatively
transferto3F4levelwiththe1.49μmemission,
Actually,owingtotheenergydistancebetween
the3H4to3F4level(isabout6909cm-1)andthe
3F4to3H6level(isabout6105cm-1)israther
close,theTm3+ionsat3H4leveleasilytransition
to3F4manifoldwithoutradiation.Asshowninthe
Fig.3,thefluorescenceintensityof 3H4 →3F4
transitionat1490nmismuchweakerthanthatof
3F4→3H6 transitionat1860nm.Ontheother

Fig.4 Energytransferandcrossrelaxationdiagram
ofTm3+ions

hand,itcantransferitspartofenergytoneighbouringTm3+ionsatgroundstate3H6andthennewions
enterinto3F4state.Thisprocesswasdefinedascross-relaxationenergytransfer(3H6+3H4→ 3F4+3F4)
andpresentedinFig.4.Finally,twoTm3+ionsareexcitedto3F4level.ThisCRprocesscouldresultinto
thestronger1.86μmemission,whichiswellcorrespondingtotheobtainedemissionspectra.TheCR
energytransferbecomeshigherasincreaseoftheTm3+ ionsincrystals.Whereas,alargedoping
concentrationresultsintoconcentrationquenchingwhichreducestheemissionintensityat1.8μmasshown
inFig.3whenthedopingconcentrationincreasesto4mol%.Thus,anoptimumdopingconcentration
shouldbeobtained.Inthisexperiment,whenthedopingconcentrationincreaseto1.5mol%,theCR
energytransferrategetslargeenoughthatmostTm3+ionsat3H4statewouldnon-radiativelydecayto3F4
sateratherthanradiativelydecayto3H4statebyemitting1.49μm.Itisreasonwhytheemissionbandat
1.49μmalmostdisappearsasTm3+concentrationfurtherincreasefrom1.0mol%to4.0mol%

[17].The
measuredspectraindicatesthattheoptimumTm3+dopingconcentrationforrealizingmaximumemission
intensityat1.86μmisaround2.0mol%.

Thefluorescencedecaycurvesfor3F4→3H6transitionofTm3+at1860nmexcitedby790nmLDare
measured.Fig.5(a)presentsthefluorescencedecaycurvesofthe3F4levelfortheNa5Lu9F32crystalswith
differentTm3+ concentrations.Thefluorescencelifetimeswereobtainedfromthedecaycurves.Itis
discoveredthatastheTm3+concentrationincreasesthefluorescencelifetimedecreasesinFig.5(b).Inone
aspect,thedecreaseoffluorescencelifetimecouldbecausedbytheenhancednonradiativerelaxation,
neverthelessinthepresentcasethenonradiativerelaxationof3F4levelwillnotchangesincetheenergy
distancebetween3F4and3H4doesnotchangeandthefluorescencelifetimesweremeasuredatthesame
temperature.Intheotheraspect,thedecreaseoffluorescencelifetimecouldevokedbyenergytransfer
originatedfrom 3F4level.Inthiscase,thedependenceoffluorescencelifetimeonthedopingconcentration

obeysDextertheoryinwhichitpresentedasτ=
τ0

1+(c/c0)s/3
.Hereinthisequation,τ0andc0arethe

intrinsiclifetimeandcriticalconcentrationofluminescencecenters,τstandsforthelifetimewhenthe

dopingconcentrationisc.Thefunctiony=
a

1+(x/b)c withthesameformastheequationwasfittothe

datainFig.5(b),anditcanbefoundthatthedatacanwellbefittedbytheDextertheory.Inthefitting
theprocessthefreeparameters'valueswithuncertaintieswereobtainedandmarkedinFig.5(b).This
resultstellusthattheremustbesomequencherswhichaccepttheenergyfromTm3+at3F4andcausethe
decreaseof3F4fluorescencelifetime.Thequencherscouldprobablybetheunintendeddopantsordefectsin
thecrystals.Theluminousefficiencyƞplaysanimportantroleinthepracticalapplicationofcrystals.Itis
wellknownthattheluminescencequantumefficiencyofTm3+ionisjointlydecidedbytheradiative
lifetimeτradandfluorescencelifetimesτ.Theτrad=10.642msfor1.0mol%canbecalculatedbytheJ-O
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theoryaccordingtothemeasuredabsorptionspectraandchemical-physicalproperties.Theestimated
quantumefficiencyηfor1.0mol%is100.02%.

Fig.5 Thefluorescencedecayspectrafor3F4→3H6transition

Thestimulatedemissioncrosssectionisoneofthevitalparameterstoassesstheperformanceofa
lasercrystal.Theabsorptioncrosssection(σabs)canbeestimatedfromtheabsorptionspectrumofTm3+

dopedNa5Lu9F32singlecrystalbyusingfollowingequation.

σabs(λ)=
2.303OD(λ)

NL
(1)

whereNisthenumberofTm3+ionperunitvolume(cm-3),OD(λ)istheopticaldensityasafunctionof
wavelengthλ,andListhethicknessofthesample,λisthewavelength.

Thestimulatedemissioncrosssection(σem)ofTm3+from 3F4→3H6transitioncanbecalculatedby
McCumbertheory[18]as

σem λ( )=σabsλ( )
Ζl

Ζu
exp

Ezl-hν
kT

æ

è
ç

ö

ø
÷ (2)

where T is temperature (hereis the room
temperature),kistheBoltzmannconstant(1.38×
10-23J/K).hisPlanckconstant,λisthetransition
wavelength,ZlandZuisthepartitionfunctions
betweenthelowerandupperlevelsrespectively,
Ezlrepresentthezerolineenergy,andtheEzlvalue
ofthe3F4to 3H6transitionis5609cm-1.The
calculatedabsorptiontransitingfrom 3H6to 3F4
andemissionfrom 3F4to 3H6crosssectionsfor
2.0mol%Tm3+dopedNa5Lu9F32singlecrystalare
showninFig.6.Themaximumvalueofemission
crosssectionat1860nmis0.80×10-20cm2.It
shouldbenoticedthattheself-absorptionis

Fig.6 AbsorptionandEmissioncrosssectionsfor
1.86μminTm3+∶Na5Lu9F32crystal

involvedintotheemissionspectrumbecausethesliceofsinglecrystalisusuallynotthinenough[19].

3 Conclusions
OurexperimentdemonstratedthatBridgmanmethodisafavorablewaytogrowTm3+ dopedNa5Lu9F32

singlecrystals.Themaximumemissionintensityat1.86μmcanbereachedwhenthedopingconcentration
ofTm3+is2.0mol%.Atthisdopinglevel,themaximumemissioncrosssectionat1.86μmiscalculatedto
0.80×10-20cm2.Themeasuredmaximumfluorescentlifetimeat1.86μmis16.65ms.Theseexcellent
spectralparametersofTm3+dopedNa5Lu9F32singlecrystalsindicatedthatitmaybeapotentialmaterial
for2μmlaser.
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