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Abstract

The basicoptical propertiesof a newperovskitecrystal,BaLiF
3, dopedwith Ni

2 + are reported.We haveidentified
severalabsorptionbandsbelongingto theNi2 + inanoctahedralsiteby thedirectabsorptionspectrumaswell asby the
excitationspectrum.Themain absorptionbandpeaksat 1180amwith aAE/E x 30%,showingverywell definedsharp
lines,at low temperature,due to spin—orbitsplitting of theexcitedstate.By pumpingin any of the absorptionbands,
a strongemissionbandpeakingat 1.5 p.m (EsE/E~ 20%)is observed,with a decaytime at room temperatureof 3 ms.
Besidesthe 1.5 )flfl emissionband,two otherbandswereobserved,peakingat 480 and7443 nm. All the observedenergy
transitionsareingoodagreementwith theTanabe—Suganomodelandthemeasuredcross-sectionsarein the rangeofthe
expectedonesfor allowedmagneticdipole transitions.

1. Introduction achievementsin the laser field, with new systems
coveringthe nearinfrared spectralregion [4]. In

The interest in tunable solid-state lasershas particular,hostmaterialsdopedwith Ni2 + in oc-
grown by the developmentof sourcesbasedon tahedralsites show a broadvibronically allowed
transitionsthatare broadenedby strongelectron— emissionbandin the nearinfraredwhich is useful
phonon coupling, presentin color centers and for tunablesolid statelasersin this importantspec-
transitionmetal ions in solidhosts.The properties tral region. Although Ni2 + in this symmetry has
of transitionmetal ionsin insulatingmatriceshave beeninvestigatedsince 1963 [5], CW laseropera-
receivedrenewedinterestsincethe discoveryof the tion at room tempera~urehas not yet been
alexandritelaser[1] basedon transitionsoccurring achieved; the highest operating temperaturere-
in Cr3~and, recently, in Ti:A1

203 [2], among ported so far is — 30°C[3], for the MgO:Ni
2~

others.Theprogressmadein the understandingof system.Due to strong crystal field dependenceof
the basicopticalspectroscopicpropertiesof similar theenergylevels of thesetransitionmetal ions,the
systems [3] provided the basis for technological spectroscopicstudiesof theseionsin new hostsare

of particular interest.The basic optical spectro-
scopicpropertiesof Ni2 + in a newhost, theperov-

*Correspondingauthor. skiteBaLiF
3, will be described.
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2. Experimental (model400-K3,CoherentInc.) andanAr + ion laser
(model 171-SpectraPhysics)werealsousedasexci-

The BaLiF3 crystals doped with Ni
2 + were tation sources.The decaytime (r) measurements

grown by the Czochralski technique. The same were made by a mechanicalmodulation of the
proceduredescribedwas used to grow lead—bar- exciting beam,in such waythat the on—off timeof
ium—lithium fluoride [6] andgood optical quality, the laserlight was 16 l.ts. Thefluorescencelifetime
single crystals were obtained (60 mmx 4 measurementsweredoneusinga fast responseger-
25 mm). The Ni concentrationactually incorpor- manium detector (EG&G JudsonInfrared, Inc.,
ated in the crystals used was determinedby an J16,responsetime 10 its) andthesignalswereana-
analytical spectrographicmethod [7] and the lyzedby a samplingtechniqueusingaboxcaraver-
values were between 2.35x iO~~and 3.91 x ager (model 4420,EG&G PrincetonApplied Re-
1021 Ni/cm3. Oneof the crystals(the onewith the search).A 1/4m monochromator(Jarrell—Ash)was
lower concentration)was also doped with Pb, in usedto analyzethe emissionspectrum.
order to reduceoxygen contamination [8]. No The excitationspectrumwasobtainedusingan
significant differencesconcerningthe optical prop- arrangementof two monochromators.One 1/4m
ertiesof the Ni2 + wereseenin comparisonwith the long(Jarreil—Ash)monochromatorto scanthe exci-
leadundopedones.Samplesweresawedandfinely tationradiationwavelengthandoneKratosmono-
polishedfor the spectroscopicstudies. chromatorto selectthe emissionwavelength.The

Theoptical absorptionspectrawereall recorded light sourceusedwasa 150W highpressurexenon
using a Cary Varian spectrophotometer(model lamp,whoseintensitywasmodulatedby a chopper
17D). For the low temperaturemeasurementsthe (model SR540,Stanford ResearchSystems,Inc.).
samplewasplacedin a closed-cycleheliumcryostat An InSbdetectoroperatingat 77K connectedto a
(Displex CS-202,Air Products). lock-in amplifier wasusedfor thesemeasurements.

The emissionmeasurementswereperformedby
pumpingthe crystal with a Nd:YAG laser(model
116, Quantronix)operatingat 1.064I.tm. The lu- 3. Crystal structure
minescencewas collected at 900 and analyzedby
a monochromator(model 1870,Spex: 0.5 m, grat- The fluoroperovskitetype materials,described
ing 600g/mm). Detectionwasdonewith acooled by the generalformulaAMF

3 (A andM monoand
InSbdetector(modeJ1OD,EG&GJudsonInfrared divalentcations,respectively),crystallizein a single
Inc.) anda lock-in amplifier (model 5209,EG&G cubicsystem;theybelongto the spacegroupO~or
Princeton Applied Research).A Kr + ion laser Pm3m’ as shownin Fig. 1. Thecrystalline structure

Fig. 1. Crystallinestructureof thefluoroperovskiteAMF3 (left side)andtheBaLiF3 crystal(right side).
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Fig. 2. Diagramof thepiling of theMF
6 octahedrafor thefluoroperovskitestructure.

canbedescribedasapiling ofMF6 arrangedin the centrationand7.8mmthick is shownin Fig. 3. The
form of tridimensional octahedraas shown in generalstructureof thespectrumis quitesimilar to
Fig. 2. BaLiF3 is an invertedperovskitecompared the KMgF3:Ni

2 + and KNiF
3 [12] ones,andit is

to the classicalperovskite(Fig. 1), where Barium clearly seenthreemain, broad,absorptionbands
and Lithium are in exchangedpositions[Ba (1/2, peakingat 1180,700 and390 nm. Besides,thereis
1/2, 1/2) and Li (0,0,0)]. In spiteof this fact, the a small bandpeakingat about645 nm, that over-
local symmetryis the same(Oh) [9]. laps the 700 nm band. As shown by fitting the

The pureBaLiF3 materialis a colorlesscrystal, bandswith gaussianshapes,thereis a structureless
transparentfrom UV (140nm) up to IR (6 ~.tm) weakerbroadabsorptionbandpeakingat 450 nm.
(bandgap= 8.7 eV) [10], presentinga refraction Theseabsorptionbandswere labeledin terms of
index of 1.544 at 589 nm, a lattice parameterof the crystalfield splittingof the d orbitals and the
3.995A and a density of 5.243g/cm

3 [11]. The electron—electroninteractionof theion Ni2 + in an
crystalis nonhygroscopic,showinga highchemical octahedralenvironment,accordingto the classical
stability anddoesnotshowphasetransitionsin the Tanabe—Suganodiagram [13]. The most intense
rangeof temperatureusedin our experiments.They bandscorrespondto electronictransitionsbetween
presentvisual transparency,free from evident in- the ground state,3A

25, and three other statesof
homogeneitiesand none of them cracked even symmetries

3T2g, 3T~g,and 3T~
5,respectively.

withoutanannealingtreatmentaltercrystalgrowth. Theabsorptionspectntmof thelowerconcentra-
tion sample(0.15mol%), 5.4mm thick, at 10 K, is
shown in Fig. 4. The main characteristicsof the

4. Resultsanddiscussion room temperaturebandsremain, with the excep-
tion of the presenceof narrow, no-phononlines

4.1. Absorptionspectra (detail in Fig. 4). Following the same arguments
given in Ref. [14], we attributeto the characterof

The room temperatureabsorptionspectrumof the 1180 nmband(
3A2g 4 3T2g)of magneticdipole.

BaLiF
3:Ni

2+ for the sampleof 2.5mol% Ni con- The sharp no-phonon lines indicate the pure
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Fig. 3. Roomtemperatureoptical absorptionspectrumof the BaLiF
3:Ni

2+ crystal,with a Gaussianfit.

1,0 . •.,.,,~.,. the 1302 nm (7680.5cm j, FWHM ~ 5.0cm 1)

~ and the 1330nm (7518.8cm~ FWHM
0.9 ‘ 0Th . 3.0cm - 1), which are interpreted[15], respectively,

astransitionsto the r
2, F5, r4, r3 spin—orbit corn-

0,7!~

. ‘ between the 1222nm and the 1247 lines is.1! 0.8 ‘ ~ ponentsof the
3T2g state.The spin-orbit splitting

164cm~andbetweenthe 1302 nm andthe 1330
~ 0,7

lines is 161.7cm1. Theyare closelyrelatedto the
0 KMgF

3:Ni
2+ andKZnF

3:Ni
2+ systems,that have

ió
aspin—orbitsplitting of the sameorder [16].

0,6 temperatureto 300 K doesnotchangesignificantlyAs canbe clearly seenin Fig. 4, the increaseof

0,5 the total oscillator strengthof this band,with the

200 400 a~~o ic~oo i.~oo exceptionof the disappearanceof the sharplines.
Wavelength(nm) Thereforewe concludethat, evenatroom temper-

ature, phonon assistedelectric dipole transitions
Fig. 4. Absorption spectrum of the lower concentration arenot significantfor the fundamentalabsorption
8aLiF

3:Ni
2+ crystalat roomtemperatureand 10 K. The sharp band.

lines areshownin detail.
In particular, the bands overlappingthe short

wavelengthside of the 700 nm band appearas
electrictransitionsto thespin—orbitcomponentsof a structuredsequenceof narrow lines overabroad
the 3T2g level, bandat thepedestal.Amongthose,thereis onethat

Therearefour sharplinesin thelongwavelength appears(broadened)also at room temperature
sideof the1180 nm.The1222 nm(8183.3cm 1, full (645nm)anddoesnotchangesignificantly the peak
width at halfmaximum(FWHM) ~ 2.6cm - 1), the wavelength with temperaturevariation, corres-
1247nm (8019.3cm~, FWHM ~ 3.5cm~), pondingto thetransitionfrom groundstate3A2g to
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1E
5 excitedstate.The bandshapedoesnotchange Table 1

significantlyup to 100 K, temperaturein which the Observedenergiesof Ni
2 + in BaLiF

3

sharplines of the otherbandshavedisappeared. .. -1
Transition Energy[cm J

Noticethehighintensityof thisband,that isdueto ___________________________________________
a strong mixing with the close-lying spin allowed

3A
2g

3T
2g 8695.653Tlgbandandveryweak electron—phononinterac- 3A

2~
3T~g 14285.71

tion. Thisis oneof basisof theenergylevelsassign- 3A
21 -+ ~E, 15503.88

ment. The assignment was completed by ~2g

1T
2, 22222.22

taking the ratio of the main transitions,1180,700, 2g Ig

645,450and390nm,from the groundstate
3Azg to

the excitedstates3T2g, 3T~g,tEg, ‘T2g and 3T’~g,
respectively.In order to obtain the crystal field Table2

parametercorrespondingto the energysplitting of Absorption cross-section[i< 1020cm2]
thed orbitals in acubic symmetry,we applied the

Bandpeak Room Band peak 10K
theoreticalmodel of Liehr and Ballhausen[17]. [nm] temperature [nm]
Forsimplicity we takethemaximaof thebandsat _________________________________________
room temperature.The best fit correspondsto 390 4.37 380 4.80

a crystal field parameterDq/B = 0.88. The cubic 700 3.41 690 3.15

field schemesof Tanabe—Sugano[13] andof Liehr 1180 2.87 1150 2.96

and Ballhausen[17] are very convenientfor an
overall calculationof the energylevels for similar
compounds.The crystalline-field parameterDq is
greaterthan in the otherNi dopedfluoroperov- Theabsorptioncross-section(o~)wascalculated
skites[12], as the unit cell is smaller(latticepara- fromthe absorptioncoefficient(ocacm~= Oa [Ni])
meter a

0 = 4.014A in KNiF3, a0 = 4.00A in and the measured Ni concentration, ([Ni]).
KMgF3:Ni

2 + and a
0 = 3.995A in BaLiF3:Ni

2 +~. Table 2 shows the absorptioncross-sectionsas
Table 1 shows the transitionsenergiesand the function of temperature for the sample of
correspondinglevel assignment. 0.15mol% Ni concentration.

Thebandpeakingat390 nm (3A2g~+ 3T~g)is the
mostintensetransitionseenin thesespectralrange. 4.2. Luminescence
It is muchnarrower,the shapeis temperatureinde-
pendentand thereis no clear evidenceof sharp As in other Ni2 + doped fluoroperovskites
structure.Similarly to the KMgF

3:Ni
2+ [15], we (KZnF

3 andKMgF3) [19], threebandsbelonging
attributethewidth to thesmallspin—orbitsplitting to this ion in an octahedralsiteare observedin the
of the

3T~glevel, luminescencespectraof the BaLiF
3:Ni

2~, two in
Wehaveobservedthat,besidesthecharacteristic the nearinfraredand one in the greenregion.The

absorptionsof Ni2 + in octahedralsites,thereis an 1.5 j.tm infraredemissioncanbe convenientlypum-
unknown absorptionin the UV region (200nm). ped in the 1180nm absorptionband (with the
This band does not change peak position with 1.064iim Nd:YAG laserline, at room temperature)
concentration,andwill be subjectof further invest- and is shown in Fig. 5. It appearsas an intense
igations. broadband(t~v= 4x 1013Hz) peakingat 1.5 pm,

In the lower Ni concentrationsamplethis UV correspondingthe transitionbetweenthe lowest
bandhasthe peakposition shifted to 240 nm. By excitedstatemanifold, 3T2g and the ground state
chemicalanalysis,a significant Pb concentration 3A2g. Thisemissionwasalso observedby pumping
wasdeterminedin thissample(1.5x 1019Pb/cm3), in the any of theothersabsorptionbands,indicat-
and this UV band is probably due to Pb ions ing that eitherby a relaxationprocessor emission
aggregatedwith Ni ions, sincePb in BaLiF

3 does processthe
3T

28 energy’ level is populated.Pre-
notshowanyabsorptionin the 240 nmregion[18]. liminar results show that the low temperature
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Fig.5. InfraredemissionspectrumoftheBaLiF3:Ni
2+ atroomtemperature.Thesolidline is theGaussianfit to thedata.Theexcitation

wavelengthis 1.064 tim Nd:YAG laserline.

emissionspectrumis very structured,presenting terminateon the first excitedlevel (3T
25). The sum

several sharp lines besides the no-phonon lines of the transition energies [(1500nm)’ +
mentionedin Section 4.1, and will be subjectof (740nm) ~] is almost exactly the energy of the
further investigation, moreenergetictransition(480nm) 1. Thesemeas-

By pumpingeitherthe
3T~

5stateor ‘T25 states uredresultswerealso seenby Vehseet al. [19] in
we canobservethe emissionbandsin greenregion other perovskitesmaterials. The greenemission
andnearinfraredregion(the called“red emission” band(

1T2g 4 3A2g) doesnotsignificantlychangeits
for otherperovskitescrystals)[20]. shapeand magnitudeandit shows,as well as the

Theredband,peakingat 740 tim, is observedby absorption band at 390 nm, a much narrower
pumping the 1T

25 absorption band peaking at bandwidth. The intensity of the 480 nm band is
450 nmby the Ar + ion laserline (457.9nm) andis severalordershigher (ten times) than the 740 nm
shownin Fig. 6. The green emission, peakingat emission.
480 nm,can beobservedin the spectrumof Fig. 7,
at room temperature.It was observedusingaXe 4.3. Luminescencedecaytime
arclampasapumpingsourceat390 nmorexciting
the crystalwith an Ar~ion laseroperatingin the The intensity temporal behaviorof the 1.5 pm
ultraviolet region (multi-line; 351.1—363.8nm). luminescencebandwas detected,stored anddis-
Therefore,we concludethat the two higherenergy played by a boxcar averager.Fig. 8 shows the
emissionsderivefrom the ‘T25 level. Furthermore, temporalbehaviorof luminescencesignal;it shows
the more energeticband (480nm) results from a singleexponentialdecaywith a timeconstantof
a transitionwhich terminateson the groundstate t = 3 ±0.2 ms, at room temperature.By pumping
(
3A

25), while the lower energytransition(740 nm) the crystal with a Kr + ion laser operating at
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Fig. 6. Redemissionbandpeakingat 740urn of the BaLiF
3:Ni

2~,at room temperature,by pumping with the Ar ion laser line
(457.9urn), with a GaussianfIt to thedata.
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Fig. 7. Greenemissionof theBaLiF

3:Ni
24 whenpumpingin theUV region,at roomtemperature,with a Gaussianfit to thedata.
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10 21 cm2 at thepeakof the band(1.5 i.tm). Note

250i .\ that this result is basedon the assumptionthat the
quantum efficiency is unity. For practical laser
developmentsthis is a bottleneckthat will impose
crystalswith high concentrationsto providea sig-

200 nificantsmall signalgain coefficient.4.4. Excitation spectrum

TheNi
2 + bandsthat appearedin the absorption

150 ______________________________ spectrum(Fig. 3), are also identified by the excita-tion spectrum,as shownin Fig. 9. To obtain theexcitation spectrum,the peakof broad band flu-
4 5 6 7 8 9 10 11 12 13 14 orescence(centeredat 1.5 j.tm) was used as the

monitoringwavelength.Dueto thelimitedrangeofus
the monochromator,the infrared region was not

Fig. 8. Temporal behaviorof theluminescenceintensitywhen studied,but,as shownbefore, the main absorption
excitedby amodulated1064 nm beam.Thesolidline is thefit of band peaking at 1180nm is the fundamental
anexponentialdecaywith a constantof 3 ms (0.2ms).

transitionthatgivesrise to the1.5 pmemissionband.

647 nm, (that overlapsvery well with the 700 nm
band) the samedecaytime, for the 1.5 g.tm band, ~ Conclusion
was measured.Consideringthat t is the lumines-
cencedecaytime (i.e., the quantum efficiency is Theopticalabsorptionspectrumshownin Fig. 3
unity), we can determine [21] the oscillator 15 characteristicof Ni2 + in anoctahedralenviron-
strength,JjUm, from formula (1): ment. In particularvery similar spectrahavebeen

reportedfor KN1F
3 andKMgF3:Ni

2 + [12,15]. Us-
22 ing the simplified TanabeandSuganoenergylevel(1)

f~~
m [(n

2_+ 2)I2 diagram [13], we could determinethe normaliz-
8 it2 cnr

0 ~~ ation constantB (the Racahparameter)and the

crystal field parameter(Dq), by the peakpositions
wherec is the speedof the light in vacuum,r0 the of the transitionsbetweenthe fundamentalstate
classicalelectronradius,2 the vacuumwavelength

3A2g and the excitedstates3T2g and 3Tig, respec-
and n the index of refraction of the host. For tively. The resulting fitting parametersfor the

= 3 ms, 2 = 1.5 ~tmandn = 1.544, expression(1) BaLiF
3:Ni

2~crystal are Dq = 847.5cm’ anè’
yields a very modestoscillator strength,Ji~

m= B = 957.7cm’ (Dq/B = 0.88). As in the caseof
0.362x 106. It must be stressedthat thisvalueis KZnF3, KMgF3 and KNiF3 (Dq = 725cm~)
the uppermostlimit sincewe havenot studiedthe [14], the BaLiF3 latticeis in theintermediarycrys-
temperatureand concentrationbehavior of this tal field region,that allowsfor vibronic lower lying
crystal. transitions.

The estimatedmaximum peakemissioncross Onevery interestingfact is that the absorption
sectioncanalso be calculated[21] by the expres- peakcross sectionsdo not vary significantly with
sion (2): temperature,indicating that the nature of the

2 na211/2 22 transition is predominantly of magnetic dipole

~[~j 8 it
2 ~2’ (2) character,as seenin othersystems(MgO, MgF

2
and KMgF3). By measuringthe concentrationof

whereAv is the full width at half maximumof the Ni
2 + in BaLiF

3 we coulddeterminethe absorption
emission. The emission cross section is 3 x crosssectionof all the observedbands,that are in
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Fig. 9. Excitationspectrumof theBaLiF
3:Ni

2~at 10K,with themonitoringwavelengthat 1.5 p.m (dots).Thesolid line is thefit using
gaussianprofiles for theseveralabsorptionbands.Thepeaksof thebandsare390, 645 and700 urn.

the orderof 1020 cm2.This fact, togetherwith the [5] L.F. Johnson,RE. Deitz, H.J. Guggenheim,Phys.Rev.

longdecaytimemeasurementof themain emission Lett. 11(1963)318.

is consistentwith the abovestatementof the mag- [6] S.L. Baldochi,J.Y. Gesland,Mat. Res.Bull. 27(1992)891.
[7] S.F. Sabato,IPEN/CNEN Internal Publication(1989)neticdipole characterof the transitions. QI-012.

Summarizing,the BaLiF
3:Ni

2 + shows very in- [8] R.C. Pastor,A.C. Pastor,Mat. Res. Bull. 10(1975)117.

terestingproperties:the host shows good optical [9] F.S. Galassso,in: Structureand Propertiesof Inorganic

properties,the absorptionof the main transition Solids (PergarnonPress,1970).

band overlapsthe strong Nd laseremissionline [10] N. Kristianpoller,A. Rehavi,B. Trieman, Ann. Isr. Phys.
Soc. 6 (1984) 395.andtheemissioncoversthe regionaround1.5 pm. [11] K. Recker,F. Wallrafen,K. Dupré,Naturwissenschaft75

Thereare severalpoints that muststill be investi- (1988) 156.

gated,suchas the dependenceon Ni concentration [12] K. Knox, R.G. Shulman, S. Sugano,Phys. Rev. 130(2)
in this crystal, the cooperativeeffectsat high con- (1963) 512.

centrationsand,mostly, excitedstateabsorption. [13] Y. Tanabe,S. Sugano,J. Phys.Soc. Jpn.9(1954)753; also
in S. Sugano,Y. Tanabe,H. Kamimura,in: Multipletsof

This is crucial to the operationof this new laser TransitionMetal Ions in Crystals(AcademicPress,New
candidate. York, London,1970).

[14] J. Ferguson,H.J.Guggenheim,L.F. Johnson,H. Kami-
mura,J. Cheni. Phys.38 (1963)2579.
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