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Abstract

Spectroscopicresultsarepresentedandcrystal-field parametersaredeterminedfor Nd
3+ in the new lasercrystal

GdLiF
4. We takethe unusualapproachof expandingthecrystalfield in termsof operatorstransformingasirreducible

representationsof the Td group.Thisallows usto directly interpretthe parametersin termsof apoint-chargestructural
model.ThetraditionalBkq parametersarethenobtainedviaa lineartransformation.TheiFvaluesarenearlyidenticalto
thosefor Nd

3 + in YLiF
4. The slightly weakercrystal field for GdLiF4 suggestsa dilatidnof the lattice causedby the

largerionic sizeof Gd
3~as comparedto Y3~.

1. Introduction propertiessuch ashigh emissioncrosssectionand
longexcited-statelifetimes.

Renewedinterestin insulatingcrystalsactivated With this motivation, a new crystal, in which
with Nd3 + ions for lasingat 1 ~tmis basedin part Gd3+ is substitutedfor Y3 + in YLiF

4 (YLF), has
on the developmentof powerful AIGaAs diode been developed recent~y[2,3]. (YLF is a well
lasers,whoseemissionmatchesa strongNd

3 + ab- known and commercially available crystal.) The
sorption bandat about 0.8 ~xm.This has led to key ideais that the Gd3+ ion is closer in size to
many innovative schemesfor compact, all solid Nd3 + than is Y3 ~, perbüttingpotentially higher
state,optically pumped,Nd lasers[1]. Microchip doping levels. Integratedabsorptionversusnom-
fabricationis a futurepossibility. For efficient op- inal Nd3+ concentrationrevealsenhancedactual
eration, the active mediummust absorba signifi- dopinglevelsin GdLiF

4(GLF)while lasingcharac-
cant fraction of the pump energy. This fraction teristicsremainexcellent~[2,3]. Thenearidentity in
decreaseswith the dimensionsof themedium,so it number, relative strength,polarization, and fre-
is worthwhile to seekhost—dopantcombinations quencypositionof Nd

3 + spectrallinesin GLF and
with increasedabsorptionstrength.One solution YLF strongly suggeststhat the two crystals are
is to find a crystal which can be doped to high isostructural[2—4].A correspondingsimilarity in
concentrationswithout sacrificing otherdesirable Ramanspectrasupportsithis idea [5].

One purpose of this paper is to report a
calculationof crystal-fie’d parametersfrom accu-
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Fourier-transform spectroscopy.By comparing 1.0 - I I I
thesevalueswith thosedeterminedby us for YLF,
we are ableto presenta quantitativediscussionof
the small but measurabledifferencesin the two 0.8 - ‘~“\fl’~’“\
crystals.

A secondpurposeisto presentanddiscussa new

thecrystal-fieldHamiltonianisexpandedin a cubic I)methodof parameterizingthe crystalfield, in which ~ 0.6 -

basis rather than the usualsphericalone. An ad-
vantageof this method is that the resultingfitting 0.4 -

parametersare mucheasierto interpretin termsof
the crystalstructureat the dopantsite thanare the
traditional parameters. 0.2 — —

2. Experiment 0.0 — ___________ ________________ —

1800 1900 2000 2100 2200 2300
The two GLF samplesstudiedhere were cut Frequency(cm’)

from single-crystal boules grown by the top-
seededsolution growth method(modified Czoch- Fig. 1. ~I9/2-+ ~I

1112transmissionspectrumfor Nd
3+ in GdLiF

4.

raiski technique)at the Centerfor Researchand
Educationin Optics and Lasers (CREOL) crys-
tal-growthfacility. The Nd~+ concentrationsin the
melt were 1.3 and2.5 at.%.The actualNd

3~con- 1.0 - I I I

centrationsin the grown crystalsare estimatedto
be 1.0 and2.0 at.%,respectively,sincethe distribu-
tion coefficientof Nd3~in GLF is about0.8. The 0.8 - ~[~‘‘~ (~~
samplesare 5.6 and2.1 mmthick, respectively.The
YLF samplesstudied here were also grown at

A BomemDA8 Fourier-transformspectrometer .

CREOL. 0.6-
E

collectedbothabsorptionand photoluminescence
data, the latter excited by a multiline Ar laser. 0.4 -F-
A varietyof resourceswereusedwith the spectro-
meter: The beamsplitter was either quartz or
Ge-coatedKBr; the detector, HgCdTe or InSb 0.2 -

operatingat 77 K or a room-temperatureSi photo-
diode.Thefrequencyaccuracyof the instrumentis
0.004cm1 at 2000cmt. A resolution of 1 cm’ 0.0 - ___________ —

wassufficientto resolveall lines.Peakpositionsare 3800 3900 4000 4100 4200
determinedinteractively using a high-resolution Frequency(cm-1)
graphicsmonitorandthe uncertaintyin the values Fig. 2. ~l

9/2 —+ ~I~3/2 transmissionspectrumfor Nd
3~in GdLiF

4.

is less than 0.5cm’ in most cases.The entire
light path is in vacuum,so positionsof absorption
and luminescencepeaksare in vacuum wave- polarizationchosenwasabecausemoretransitions
numbers.All the spectrapresentedhere werecol- are observedthan in it.

lectedat 80 K sampletemperaturesusinga home Figs. 1—3 presentthe 19/2 —~ ‘11/2, ~I13/2, and
built liquid-nitrogen cold-finger cryostat. The ~I15/2 transitions in the 1.3 at.% sample. The



F.G. Andersonet al. / Journalof Luminescence62 (1994) 77—84 79

I I I I - Tablel1.0-
Starklevels(cm’) of the ~I J-multipletsfor Nd3+ in GdLiF

4

0.9 — ~ ,.‘-~•.~-._•..-----.-~-..~ - J-multiplet Experimental Calculated
4.

‘9/2 0 0
128.0 132.2

182.0 184.9
0.8 — - 239.0 249.6

496.0’ 511.5

0.7 — - ~I11/2 1992.7 1992.0
1— 2031.6

2036.4 2035.1
2071.8 2072.1

0.6— - 2211.4 2211.1

2247.0 2246.5

113/2 3944.3 3941.0
0.5 — ______________________________________- 3973.7 3969.8

I I I I
5800 6000 6200 6400 3990.3 3985.5

4021.9 4019.9
Frequency(cm’) 4186.6 4188.9

4202.6 4209.0Fig. 3. ~I9/2 Il 5/2 transmissionspectrumfor Nd
3+ in GdLiF

4. 4221.8 4216.3

~I15/2 5855.5 5857.4
5911.0 5919.0

I I i .L.............’ 5949.7 5951.4

6025.2 6029.2
40 — — 6295.2 6284.6

6326.7 6323.6
6366.0 6356.5
6401.4 6402.2

~30- - ________________

13

Spectroscopywas also performed on a 5 at.%
20- sample.Only very sligl~tdifferencesin linewidths

and no differencein center frequencieswere ob-
servedfor the different concentrations.

From the photoluminescenceand absorption

10ij-~ lines, we obtain the Stark levels for the 4~J-mul-tiplets of Nd
3~in GLF at 80 K. Thesedataarepresentedin Table1. Th~two levelsof 4F

312usedin0 theanalysisof the photdluminescencespectrawere
5000 5200 5400 5600 11 530.9 and 11 588.7cth~. No Stokes shifts be-

Frequency(cmi)
tweenabsorptionanden~issionvaluesandno shifts

Fig. 4.
4F

312 —~~I15/2photoluminescencespectrumfor Nd
3~in with concentrationwere observedwithin the ex-

GdLiF
4. perimentaluncertainty.The valuesin Table1 are

averagesof absorptionand emissiondata for all
—. ~11 5/2 and~I13/2photoluminescencebands samplesmeasured.Matiy absorption transitions

of the 2.5 at.% sampleare presentedin Figs.4 and originatingin thefirst two excitedlevelsof the ‘9/2

5, and the
4F

312—÷ ~ 1/2, ‘9/2 bands for the manifold, which are thermallypopulatedat 80 K,
1.3 at.% crystal are presentedin Figs.6 and 7. wereobservedandalso used in the analysis.
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I I I I Table2
Starklevels(cm 1) of the~i J-multipletsfor Nd3~in YLiF

4

1000— -

J-multiplet Experimental Calculated
800 — - 19/2 0 0

132.1 135.8
182.5 180.5
247.2 257.6

~ 600 — - 526.6 537.5
Q

1997.1 1995.7
2040.1 2035.5

— - 2042.4 2042.1
2077.0 2076.0

200 — —

~ ~l13J2 3947.2 3944.1
0 V 3975.9 3973.1

— I I I I — 3993.9 3989.6
7200 7300 7400 7500 7600 7700 4023.5 4022.1

Frequency(cm’) 4204.4 4210.1
4214.3 4223.3

4 4 . 3+ - 4239.5 4233.4Fig. 5. F,/2 -4 113/2 photoluminescencespectrumfor Nd in

GdLiF4. ~I15/2 5848.5 5852.5
5909.5 5919.8
5944.9 5947.8

For comparison,our own determinationof the 6031.5 6031.7
correspondinglevels in Nd

3 + : YLF are presented 6312.6 6303.6
in Table2. The4F

3/2 levelsusedherewerefoundto 6346.1 6343.0
be 11535.7and 11594.5cm~.It is clear that the 6390 6379.9
levels in Tables1 and2 areverysimilar for the two 6431.8 6432.4
crystals.Togetherwith the nearidentity in number,
position, polarization, and relative strengths of intervalrule for the relativeenergypositionsof the
spectral lines in both absorption and photo-

41-term f-manifolds. However, our calculationof
luminescence[3,4], wetakeGLF to beisostructural the crystal-fieldmatrix elementsbetweenstatesof
with YLF. Thisconclusionis thestartingpoint for the ~i term ignores this spin—orbit mixing with
the theoreticalcomparisonpresentednext, higher energyterms, as only the ~I state wave

functionsare used.The level of thisapproximation
is identical to that of Karayianisin Ref. [7].

3. Crystal-fIeld model To motivate our theoreticalapproachandgive
background necessaryfor discussingour fitting

Here we developa crystal field model for the parameters,we describethe local environmentof
electronicstructureof Nd3+ (f3 configuration)sub- Nd3+ in YLF. The Nd3 + sits in a low symmetry
stituting for Gd3~in GLF or for y3~in YLF. crystal-field which splits the J-multiplets,leaving
Accordingto Hund’srules,thegroundtermis 4j, to only two-fold Kramersdegeneracy.Recentcrystal-
whichweconfineour study.Thespin—orbit interac- lographyby GoryunovandPopov [6] fully deter-
tion dominates over the crystal-field interaction mined the symmetryat the Y3 + (Nd3~)site,which
andsplits the~I terminto manifoldsoff = 9/2 (the is surroundedby eight F - ions. Theseions form
ground manifold), J = 11/2, J = 13/2, J = 15/2. two tetragonallydistortedtetrahedra,as shownin
These manifolds interact with manifolds of the Fig. 8 with the distortionsexaggeratedfor clarity.
sameJ within excited terms.We accountfor this The ions of the nearestneighbor tetrahedron
mixing in determining correctionsto the Landé ADEH (c/a = 0.597) are 2.247A from the Nd3~,
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I I I -

‘B 300000- -I
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U
~ 200000- -
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U

E
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H100000 A
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9300 9400 9500 9600
Frequency(cm’

1) B
F

Fig. 6. 4F
312 -. ~ 1/2 photoluminescencespectrumfor Nd

34in
GdLiF

4. Fig. 8. The eight F- neighborsto the Nd
34 dopantion in

YLiF
4. Theseeight F ions form two tetragonallydistorted

tetrahedra.Thenearestneighbortetrahedron(ADEH) is shown
300tXJ- I I I I — by theopenions, andthesecondneighbortetrahedron(BCFG)

by hatchedions.

25000 - - with respect to the crystal axes.Finally, the two

tetrahedronsare imperfectly aligned with each‘B other: SegmentAE makesan angleof 86.10 with
.~ 20000- - segmentGC. The deviation from 90°makes the

~ 15000- - small,we assumeD2d symmetryin our model.This
U is consistentwith severalpreviousdeterminations

10000- - [7—12]of crystal-fieldpatametersin YLF thathave
shownthat the matrix e’ementsresultingfrom re-I’ Ju actual site symmetry S4. Since the deviation is
ducingthe symmetryto 54 are relatively small.

5000 - - Traditionally,thecrystal-fieldparametersreported

for YLF havebeentheB~thatarereal-valuedcoeffi-

0 - _____________________________- cientsassociatedwith op~rators(Ckq) transforming
asthe kqth sphericalhailnonic.Thecorresponding11000 11200 11400 11600
Hamiltonianfor an f electronin D2d symmetryis

Frequency(cm~’)
= B20C20+ B40C40+ B60C60

Fig. 7.
4F

312—V ~ photoluminescencespectrumfor Nd
3+ in

GdL1F
4. + B44(C4+ C4,4)

The secondnearestneighbortetrahedronBCFG + B64(C64+ C6. _~). (1)
(c/a = 1.813) is adistance2.299A from the Nd

3~. While this form simplifiescomputations,theBkqare
Thec axesof thesetwo tetrahedraare alignedwith difficult to interpret.With the motivationof Fig. 8,
thatof thecrystal,buttheir x andy axesarerotated we use insteada crystal~fieldHamiltonian whose
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operatorstransformas the irreduciblerepresenta- The parameters/3 andy give the splittingof the
tions of the tetrahedralgroupTd. f statesinto asingleta1, andtwo tripletst2 andt1

The f statesspanthe irreducible representations by a perfecttetrahedralfield. Thetetragonaldistor-
a1, t2, andt1 of theTd group.Thecombinationsof tions along z(c), giving D2d symmetry, split each
the 1 = 3 spherical harmonicsthat make up the triplet into a doublet andasinglet: the t2~and t1,
statesof theserepresentationsare statesare split off as describedby the parameters

— B andC. Finally, theD2d crystalfield mixest1~with
Iai> = —,~ 13, —2> + —~ 13,2>‘~ xyz, t2~andmixest15with t2~,asgivenby the parameter

V V Y. Having describedthe crystal-field in terms of

lt2~>= ~I3 —3> — ~ —1> + 3 ~> one-electroncrystal-field parameters,we then cal-4 ‘ 4 ‘ 4 ‘ culate,in termsof theseparameters,themany-elec-
/5 tron matrix elementsbetweenthe statesof the 4,

— ~“~— 3, 3> ‘~ (5x
2 — 3r2)x, term. The energy positions of the various Stark

levels are the result of simultaneously dia-

t > = — L~I3—3> — 3 — 1> gonalizing the spin—orbit and crystal-field inter-
2q ‘ 4 ‘ actions. A straightforwardlinear transformation

j~,/3 convertsour /3, y, B, C, and V into the Bkq for
— —i-— 13, 1> — —i--— 13, 3> comparisonwith the previousresults.

(5y2 — 3r2)y,

1t21> = 13, 0> (5z2— 3r2)z. 4. Results and discussion

ltix> = — 13, —3> — 13, —1> + 13, 1> We have performeda least squaresfit to our
‘I experimentallevels forNd34 in GLF (Table 1) and

~J3 2 2 in YLF (Table2). The energy positions of the+ —i-— 3, 3> ~.(y — z )x, ~I11/2 ‘13/2, and ‘15/2 manifolds relative to the

/3 /5 ‘9/2 manifoldwerevaried in additionto /3, y, B, C,
= — s— 3, —3> + -~-— 3, —1> and Y, giving eight independentparametersto fit

more than twenty levels. Results are given in

3 t\/3 2 2 Tables3 and 4 for GLF and YLF, respectively.
+ —i-— I , 1> — —i-— 13, 3> (z — x )j’, Levelscalculatedusingtheseresultsare given next

1 1 to the experimentalvaluesin Tables1 and2. For
Iti~>= —13, —2> + — 3,2> (x2 — y2)z. (2) eachcrystal, therms deviationis less than 6 cm 1,

which showsthat our fit is rathergood.

In Eq. (2) x, y, and z are the cubic axesfor the The energy positions of the excited spin—orbit
YF

4 tetrahedrain Fig. 8. Only z is parallelto oneof manifoldsare identical in GLF andYLF, another
the crystal axes(c). demonstrationof the similarity of thesetwo hosts.

Within this basis,the one-electroncrystal-field Thecrystal-fieldparametersfor the two hostsdiffer
Hamiltonianfor D2~symmetryis only slightly, but on averagethe GLF parameters

—3($+~) 0 0 0 0 0 0
0 fl—B/2 0 0 —Y 0 0
0 0 fl—B/2 0 0 Y 0

~ = 0 0 0 /3 + B 0 0 0 . (3)
0 —Y 0 0 y—C/2 0 0

0 0 V 0 0 y—C/2 0

0 0 0 0 0 0 y+C



F.G. Andersoneta!. / Journal ofLuminescence62 (1994) 77—84 83

Table3 xz planeandfour lobesin the yz plane.All eight
Crystal-fieldparametersandJ-multiplet positionsfor Nd’4 in lobes are tilted away from the xy planeby ±35°,
GdLiF

4 bringing the t1 lobes closer to the anions, and
- . .. therebyincreasingthe energyof t1 relative to t2.

Crystal-fieldparameters[cm ] J-multipletpositions ,

[cm~
1] Thesesimpleargument~explain the negativesigns

andrelativesizes of /3 apdy.
$ = —124 B

2,= 475 Considernow the tetragonaldistortionsof the
v = —115 B40= —916 E(

41
1112)=1864 two YF4 tetrahedra. For the elongated one

B= 72.7 B60= —48.3 E(
41

1312)= 3838 —

C ——219 B44= —1050 E(
4I~

512)=5890 (BCFG), the F ions are 1.46 timescloser to the
Y= —143 B64= —988 z axis than they are to either x or y. For the

flattenedone(ADEH), the F ions are only 1.21
timescloserto x ory thantheyarefrom z.Thus,the
elongatedtetrahedron~houldcontributemore to

Table4 the symmetrylowering field. Working againstthis
Crystal-fieldparametersandJ-multiplet positionsfor Nd

3 + in idea,BCFG is slightlymoredistantfrom theNd3 +
YLiF

4 than is ADEH, thoughthis amountsto only a 2%
-‘ . .. difference.We arguethat the significantly greater

Crystal-fieldparameters[cm ] J-multiplet positions ,

[cm 1] distortion overcomesthe effect of being slightly
moredistant.Hence,bothdistortionstogethergive

$ = —127 B20= 482 effectively a single tetragonal distortion with
V = —126 B40 = —982 E( Iii/2) 1864 c/a > 1. In suchadistortion,the anionsare closer
B= 68.3 B60 = —35.4 E(

41
1312) = 3838 .

C = —219 B44= —1079 E(
41

1512)=5890 to the z axis, increasing the energy of the state
Y= — 148 B64 = —1058 t2~(with its lobesalongz), i.e. B is positive.By the

sametoken,the energyof the t1~state(with lobes
slightly tilted from the xy plane)is reduced,i.e. C is
negative.The signsof off-diagonalmatrix elements

are slightly smaller than those for YLF. This is are difficult to interpret from a simple point-ion
simply explainedby consideringthat Gd

3+ has model,andwe makeno attempt to interpret Y.
a larger ionic radiusthany3 + [13]. Thus,for GLF In summary, we have presentedspectroscopic
weexpectlargerlattice constants,largerseparation dataandtheenergylevelsdeterminedfrom themfor
betweenthe Nd3~ion andits neighbors,andthere- Nd34 in the new crystal GILiF

4. We fit a crys-
fore a weakercrystal-field interaction. tal-field Hamiltonianto our dataandfind thatboth

Our crystal-field parameterscan be interpreted GdLiF4 and YLiF4 havevery similar fitting para-
in termsof theone-electronwavefunctions(Eq.(2)) meters,indicatingonly slight differencesin the crys-
and the positions of the anion neighbors(Fig. 8). tal field at theNd

3+ sitebetweenthesetwo crystals.
We neglectthe Li + and y3 +(Gd3~) ions because We interpretour parametersin termsof theinterac-
theseare farther away from the Nd3+ and are tion betweenNd3+ orbitals and the nearestneigh-
presumedto be well-screenedby their F— cages. borF— ions for the recentlydeterminedstructureof
The a

1 state has eight lobes directed along the YLiF4. A slightly weakercrystal field for GdLiF4
<111> directions, where negatively-chargedF - canbeexplainedby a latticedilation causedby the
ions lie, giving a1 high energy.In contrast,the t2 largerionic size of ~ comparedto \~3+

stateshave largelobes along the associatedcubic
axes,e.g. t2~hasits lobesalong z. Theselobesrun
betweenthe F - ions, making the t2 statesenergeti- Acknowledgements

cally favorable. Between theseextremes,the t1
statespossesseight lobes located in the planes The authorsare very grateful for the generous
formed by the cubic axesbut not along the axes assistanceof Prof. Bruce Chai in providing the
themselves.For example,t12 hasfour lobes in the crystalsusedin this research.
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