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Polarized absorption and fluorescence spectra were analyzed to establish individuak 8tegkyy
levels of N&* ions in host crystals of SPOy)sF (SFAP and Cg(PO,)sF (FAP). Site-selective
excitation and fluorescence facilitated differentiation betweeti Nhs in emitting sites associated
with 1.06 um stimulated emission, and nonemitting Ndons in other sites. Measurements were
made on samples containing different concentrations of'Nat 4 K and higher temperatures.
Substitution of Nd" for SP* or C&#" was accompanied by passive charge compensation during
crystal growth. Crystal-field splitting calculations were performed according to site for Stark levels
of Nd®*" ions identified spectroscopically. We obtained a final set of crystal-field paranBgtefsr

Nd®* ions in fluorescing sites with a rms. deviation of 7 ¢ht52 levels in Nd:SFAPand 8 cm'*

(59 levels in Nd:FAP. For one of the nonemitting sites in Nd:FAP we obtained a final s&,gf
parameters which gave a rms deviation of 6 ¢nbetween 46 experimental and calculated
levels. © 1996 American Institute of Physids$0021-89786)01403-3

INTRODUCTION of charge compensatidi-?® Possible charge-compensation
mechanisms for ® ions in either or both host cation posi-
Fluorapatite crystals GEPOy)sF (FAP), Sk(POQ)sF  tions have been proposed by several grd§382*The pos-
(SFAP), and Sg(VO,)sF (SVAP), containing trivalent rare- sible substitution of two types of lattice cations and the lo-
earth ions, have been grown recently with sufficiently favor-cation of charge-compensating ions and defects, relative to
able optical properties to warrant further study of their specthe " ions, accounts for variation in the crystal-field envi-
troscopy and evaluation of their laser performahcdeThe  ronment experienced by individua®Rions. The particular
potential of these crystals as optical materials has been demenvironment, or site, occupied by & Rion has considerable
onstrated by the efficient generation of stimulated emissioinfluence over the optical behavior of that ion. For instance,
at 1.04 um in Yb:SVAP3*? and by the successful use of some of the N&" ions in these hosts do not emit radiation
Er.FAP as a saturable absorber for pas§vewitching of an  upon excitation, and therefore are not likely to contribute to
Er**-doped phosphate glass laser operating at 53°?  |aser actio®?* Furthermore, some appear to serve as
Interpretation of the Nd:FAP spectra has been of interest to guenching centerd’ Indeed, this characteristic is most evi-
number of groups whose early studigearly 30 years ago dent for FAP crystals in which Nid ions appear to be dis-
centered around the luminescence features of the crystal amdbuted among both emitting and nonemitting sites. In SFAP,
its potential as a laséf*® More recently, spectroscopy and Nd®" ions appear to occupy emitting sites predominantly.
laser performance studies show that Nd:SVAP has promise Our purpose is to identify the details of the crystal-field
as a new laser sourée. splitting of the energy levels of N ions that occupy both
The complex optical spectra attributed to rare-earth iongmitting and nonemitting sites in Nd:FAP and Nd:SFAP us-
occupying numerous crystal-field environments is a generahg site-selective excitation and polarized absorption as op-
characteristic of the fluorapatite crystals grown with rare-tical probes. This approach allows us to dissect complex ab-
earth ions as dopant<:** Heterovalent substitution by rare- sorption spectra and identify features which arise fromi’Nd
earth ions for Ca and Sr in two different positions in theions in specific sites. We find that the spectra of Nd:SFAP
hexagonal crystal lattice, W) and M(I), requires some form have fewer absorption and emission lines than comparable
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spectra observed for Nd:FAP. This suggests that the availAs a check, one of the crystaldNd:SFAP was analyzed
ability of optical centers for appreciable occupation by’Nd independently by Galbraith Laboratoriéknoxville, TN).
ions in SFAP is limited relative to FAP. The results were in agreement with our determinations. The
In the course of our ongoing investigation of ‘Rdoped  absorption spectra reported in Table | were obtained from
FAP and SFAP crystals, we have observed polarized absorgamples Nd:SFAR0.29 at. wt % Ng and Nd:FAP (0.61
tion and fluorescence spectra for non-Kramers ions such a. wt % Nd. The Nd densities in these crystals are 190
Ew®" and PP consistent with selection rules associated withand 6<10'° ions/cn?, respectively.
C, symmetnf’ In both FAP and SFAP, such polarization Absorption spectra measured between 2650 and 300 nm
was observed for the principally occupied site, and thereforevere obtained using a Cary model 2390 spectrophotometer
attributed to be MI). Because N is a Kramers ion, we equipped with a continuous-flow liquid-helium cryostat that
have less direct evidence to suggest thaf'Nfrefers the allowed us to observe spectra at any temperature between 4
M(Il) location as well. However, resemblances between th& and room temperature. Calibration of the instrument was
spectra of Nd:SFAP and some of the features observed in thechieved by measurement of standard deuterium emission
spectra of Nd:FAP, and similar comparisons made betweelines in different orders. Spectral bandwidths were much less
other R:FAP and R:SFAP crystals, clearly indicate that thehan the bandwidths of the majority of absorption peaks ob-
emitting N&* ions in both FAP and SFAP occupy (M)  served. The precision in measuring the spectra reported in
locations withC, symmetry?* This hypothesis is consistent Table | was generally to within 0.1 nm. Supplemental ab-
with the suggestion by other grodps®!®%that the laser- sorption spectra were recorded using a Perkin—Elmer
active R" ions in FAP and SFAP occupy M) locations Lambda 9 spectrophotometer covering the same wavelength
with C¢ symmetry. range. The instrument was equipped with a liquid-helium
In addition to spectral features attributed to the princi-conduction dewar. Absorption spectra measured between
pally occupied sites in Nd:FAP we observe relatively weake080 and 1920 nm were also obtained at room temperature
absorption lines which also polarize. Analysis of these specwith a Nicolet 60sx Fourier transform infraréBTIR) spec-
tra is consistent with selection rules operating fo’Nébns  trometer.
in sites havingC; symmetry. Since no N ion emission is Using the Cary spectrophotometer, we obtained axial
observed for the site, we base this interpretation on the paabsorption spectréwith the light beam collinear with the
larized absorption spectra reported in Table I. This site is onaxis of the crysta| and polarized transverse absorption spec-
of several nonfluorescing sites described by Maksimova antta [with the E of the light beam perpendiculés) and par-
Sobol™®® who suggest that some Ridions may substitute allel () to thec axis of the crystgl We observed no spec-
into M(l) divalent cation sites. These sites h&esymmetry  troscopic evidence that would suggest a phase change in
and represent 40% of all cation sites in the undoped latticeeither Nd:SFAP or Nd:FAP at temperatures below room
They speculate that charge compensation for this site is sufemperaturé® Orientation of the optical axis was determined
ficiently remote so tha€; symmetry is preserved for N6 by placing the crystal between crossed polarizers and observ-
ions in the sit&® ing the characteristic “Maltese cross” pattern. We observed
Crystal-field splitting calculations were performed for no temperature-depende(iiot band absorption spectra in
Stark levels of Nd" ions in spectroscopically different sites. any of our samples. We conclude that the energy separation
Using crystal-field parameteB,,, reported for Nd:SVAP as between the ground-state Stark level and the first excited
a starting set,we obtained a final set for Nd ions in fluo- ~ Stark level in the'l ¢, manifold is large relative to the ther-
rescing sites with a rms deviation of 7 cm(52 levels in  mal energy associated with the temperatures at which our
Nd:SFAP and 8 cm?* (59 levels in Nd:FAP. Pealeet al® measurements were made.
obtained a rms of 6 cit for 28 levels of Nd" in the emit- Site-selective excitation and fluorescence spectra were
ting site in Nd:SVAP. Usind,,, parameters obtained from a obtained at 4 and 80 K using a Quantel Nd:YAG laser-
lattice-sum calculation for N ions in sites ofC; symme-  pumped dye laser having an output bandwidth of approxi-
try, we obtained a final set &, parameters which gave a mately 0.1 cm?. A 0.85 m double monochromator equipped
rms of 6 cm ! between 46 experimental and calculated lev-with a R928 photomultiplier tubéPMT) was used for fluo-
els for one of the nonemitting sites. rescence detection and signals were processed using a boxcar
averager and gated integrator. Data were collected and stored
using a digital oscilloscope. A 0.22 m monochromator and
liquid-nitrogen-cooled germanium detector were used to de-
EXPERIMENTAL DETAILS tect fluorescence between 1.0 and ArB. An Oxford 1204D

Boules of Nd:SFAP and Nd:FAP containing nominally 1 continuous-flow liquid-helium cryostat allowed us to obtain
' : spectra from samples down to 4 K.

at. wt % neodymium, were grown by the standard Czochral~
ski method at the University of Central Florida, CREOL. The
hexagonal crystals were cut parallel and perpendicular to the

crystallllme optlca+l §X|s(c axig). Crystals F:ontammg Iesser_ THE OBSERVED SPECTRA
quantities of Nd" ions were also examined spectroscopi-
cally. The actual amount present was determined using in- At 4 K numerous absorption bands are observed in the
ductively coupled plasma atomic emission spectrometry ospectra of both crystals. Many bands are relatively broad and
chemically digested portions of samples used in our studieshave satellite structure. We attribute the spectra t&'Ndns

J. Appl. Phys., Vol. 79, No. 3, 1 February 1996 Gruber et al. 1747
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TABLE I. Absorption spectra of Nt in Si5(PQy)5F and Ca(PQy),F2

Nd:SFAP Nd:FAP Nd:FAP®
st b A @ E(@cmbH" NA) a9 E (cm™hn N A a8 E(Ccmyh pi
4 13 26 278 0.15 3804 26190 0.1 3817 25170 0.02 397&,7
25040 0.04 3992 o7
24 620 0.04 4061 o
24560 0.05 4070 o
24 370 0.06 4102 o,
23650 0.6 4227
23390b) 0.10 4275 23520 0.4 4251
23220 0.4 4306
23104 0.80 4327 22980 4350 o,
22910 0.6 4363 22930 4360 o,
22880 0.54 4370 22780 4389 22860 4372 o
22542 0.66 4435 22 590 4425 o,
22 476 0.64 4448
22397 1.01 4464
21976 0.48 4549 22200 4503
15 17 510 0.45 5710 17 470 5723 17 375 5754,
16 950 5898 o,
16 610 6018 o
16 130 6198
16 010 0.15 6244 16 034 6235 g,
15 848 0.27 6308 15850 6307
15 740 6352 15 740 6352 o
15 662 0.20 6383 15 670 6380 o,
15 549 0.23 6430 15523 6440
15 500 0.23 6450 15500 6450
15 370 0.21 6505 15210 6573 15 280 6543,
15 136 0.19 6605 15 130 6608 o
14 880 0.19 6718 14887 6715
“Fap 8870b) 0.04 11270
8839.8 0.73 11309
8813.0 0.12 11344 881H) 0.46 11341
8806.0 1.23 11353
8765.0 0.06 11406 o,
8737b) 0.02 11442 o
8704b) 0.03 11486 o7
8664.0 0.08 11539 o
8566.1 0.81 11671
8537.4 1.33 11710
8522.2 0.48 11731
Feop 8160.1 0.04 12251 8120) 0.38 12312
8088.3 0.06 12360 8100.0 1.25 12342
8080.2 0.06 12373 8085.6 0.20 123640,
8046.4 230 12425 8074 0.13 12382 o7
8030.0 0.07 12450 8010.4 0.21 12 4800,7
8003.2 2.03 12492
7977.0 152 12533 7968.2 011 12546 o
Hy, 7941.8 2.08 12588
79338 1.10 12601
7920.7 010 12622 o
7905.2  0.43 12646 7906.1 0.10 12645 o
7881.1 0.79 12685 7879.0 0.50 12688
7852b) 0.03 12730 784®) 0.15 12752 o
78235 0.02 12779 7835.0 1.13 12760
7797b) 0.02 12823 7798.0 0.40 12820
77741 0.05 12860 o
7759.9 0.31 12883 7758.0 0.08 128860,
77216 021 12948
7706.3 0.12 12973
7506b) 0.50 13020
7572b) 0.03 13202
Fan 7524.0 0.5 13287 o
7504.4 2.64 13326 7508) 0.75 13320 o7
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TABLE I. (Continued.

Nd:SFAF Nd:FAP? Nd:FAP®
st b\ (A @ E(emd" xR a9 E (em™Hh N A & E(embH" p
74740 024 13376 7487.1 040 13353 o
7464.7 113 13393
74240 121 13460
74157 1.08 13481
‘S, 7400.1 155 13510 7396.0 091 13517 7397.0 025 135147
7370b) 0.24 13565 7395hH 0.10 13519 o7
7364b) 0.07 13572
7358.2 0.05 13587
7336.3 0.05 13627 7344 0.97 13613 7344 0.97 136137
7332b) 0.05 13643
7320.9 067 13657
73014 1.79 13692
71837 1.15 13918 7188 056 13920
7172b) 0.05 13939
7140b) 0.02 14000
‘Fop 6862.2 0.23 14569
68540 061 14586
6830.7 0.02 14636
6828.2 0.44 14641 6807.0 0.05 1468707
6780.0 0.14 14745 67755 0.05 1475507
6771.6 006 14763 o
67153 0.11 14808 6738.1 0.05 1483707
67140 0.10 14890
6692.4 0.08 14939
6656b) 0.07 15020
6667b) 0.03 15000 6642.1 012 15052
6629b) 0.02 15085 663@hH 0.06 15058 o
6614.8 0.12 15113
Hyyp 6318b) 0.03 15823
6243.9 0.02 16011 6264.4 0.08 15959
62223 010 16067 62p0) 0.02 16067 o
62150 0.05 16086 621H 001 16086 o7
6200.3 0.06 16124 6208 0.04 16119 620®) 0.02 16119 o
6191.1 0.03 16148 6184.4 0.08 16165 6198 0.03 16130 o7
6177.3 0.04 16185 6160.7 0.10 16227 6184 0.02 16165 o7
6159.1 0.05 16232
6132.0 0.06 16303
Gy 5901.0 1.09 16942
5882.3 4.03 16995
5865.4 1.17 17044
%Gy 5849.8 1.03 17090 5856.1 0.74 1707107
5815.0 073 17192 o7
5798.0 215 17243 5806.0 3.71 17219
5781.1 226 17293
5758.6 3.67 17361 5763.6 036 17345 o
5747.0 1.45 17396 57415 4.00 17412
5726.1 227 17459 5725.0 214 17462
5703b) 0.10 17540 57045 156 17525 57043 020 1752%,7
5680.2 1.48 17600 56800 0.04 17600 o7
5661b) 0.03 17661 o7

aSpectra obtained at 4 K; total Nd concentratior29 at. wt % in SFAP total Nd concentratio0.56 at. wt %

in FAP).

PMultiplet manifolds of Nd* (4f3) split by the crystal field.
“Total spectra of N&' ions in SFAP.

dSpectra of Nd' ions in fluorescing sites in FAP.
eSpectra of N&" ions in nonfluorescing sites in FAP.
fWavelength in Ab denotes broad.

9Intensity of axial spectrag is in units of absorbance/cm.
hEnergy in units of vacuum wave numbers.

'Polarization of the transverse spectra.
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FIG. 1. Emission spectrumt & K from the “F 3, to the *lg, ground-state  FIG. 3. Polarized absorption spectrum of the,;, multiplet manifold of
multiplet manifold; excitation ofF, (685 nm Nd:FAP. Nd®* in FAP at 4 K.

residing in different charge-compensated sites. The numbegg attributed to the growth conditions of Nd:SFAP, the doping
of absorption peaks associated with any given multiplefeve| of Nf* ions® and the intrinsic lattice properties of
manifold of N&*(4f3) exceeds the expected number of Ng:SEAP.
J+1/2 transitions from the ground state of the ion in a single  gjte-selective excitation and fluorescence methods were
site?"?*Most of the transitions observed in the spectra takerysed to identify transitions differentiating Ridions in the
on crystals of Nd:SFARcontaining 0.29 wt % NHand Nd-  gifferent sites in Nd:FAP and to confirm that there is a pre-
:FAP (containing 0.61 wt % Ny appear in botho and = dominant site for N&" ions in Nd:SFAP. The fluorescence
polarizations in the transverse spectra. In Nd:FAP howevelgpectra appearing in Figs. 1 and 2, representing transitions
within each multiplet manifold we observe additional mod- frgm the *F,,, manifold to thel o, and *l,,,, manifolds of
erate to weak absorption peaks primarily in thepectrum,  N¢* in Nd:FAP, are primarily due to N ions in only one
along with weak spectra appearing in both polarizations.  of several sites. In Fig. 1 selectivity was achieved by narrow
Of the two fluorapatite crystals studied, the absorptiorband(o_l cm %) excitation of the strongest pe#&85.4 nn
spectrum of Nd:SFAP is easier to interpret because manyy the “F 4, manifold (see Fig. 3 and Table) ffollowed by
fewer satellite peaks are observed within the wavelengtiyonradiative relaxation to thé& 5, manifold. In Fig. 2 we
range that spans a given multiplet. In fact Table | shows tha&electively excited one of the strong peaks in6e,, °Gy,
for each manifold in Nd:SFAP there are usualty 1/2 rela-  grouping at 588 nm. This excitation was followed by nonra-
tively strong peaks accompanied by weaker and usuallyjative relaxation to théF,, manifold. Similar experiments
broader satellite features, suggesting thal Natcupation of  inyolving the same multiplets were carried out on Nd:SFAP
a single site may dominate the observed spectra. This featuignere the results gave the expected number of transitions for

L 1K | 4 K

EMISSION INTENSITY
T
EMISSION INTENSITY
T

1 1 1 1 1 | 1 1 1 1
1090 1110 1130 1150 870 890 910 930
WAVELENGTH (nm) FLUORESCENCE WAVELENGTH (nm)

1 1 1
1050 1070

FIG. 2. Emission spectrumta K from the F,, to the *l;;,, multiplet ~ FIG. 4. Emission spectrumt & K from the “F 5, to the %o/, ground-state
manifold; excitation of'Gs),, 2G, (588 nm Nd:FAP. multiplet manifold; excitation ofFg, (683 nnm) Nd:SFAP.
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Nd®*' in a single site. Figure 4 and 5 present the emission WAVELENGTH (nm)

spectra for the corresponding transitions in Nd:SFAP. From

Figs 1 and 2 as well as from Figs 4 and 5 we can see C|ear|§/G. 6. (a) Transmittance spectrum of th&,,, G, multiplet manifolds
’ . o . L . t 4 K; (b) site-selective excitation of théGg,, “Gy, multiplets at 4 K

the large crystal-field splitting of the emitting Ridions. In \4-pap.

both Nd:FAP and Nd:SFAP we observe fluorescence only

from the*F 3, manifold. This observation is likely the result

of a large crystal-field splitting that greatly mixes states

above®F 3, and the presence of high-energy phonons that in

. . i ._In Nd:FAP with tre 4 K axial transmittance spectrum be-
coupling with electronic states can lead to strong nonradlaf

4 . ; )
tive relaxation processé$* The crystal-field splittings of the cvi\'iggcr;ns?ea::rt]gursnﬁ?sn;ffrm, wﬁﬁlzt)ﬁrzze seli(eb:;lec(t)lgsei;x
4o, and 41,1, multiplets obtained from fluorescence mea- P P, P P y

: 2
surements are given in Table Il for both fluorapatites. with a shoulder found between 570 and 578 nfthe Gz,

Figure 6 compares &4 K excitation spectrum obtained
by detecting fluorescence at 1063 nifFg,— %111
Nd:FAP) with the 4 K axial transmittance spectrum obtained

between 500 and 540 nmMGg,, *G-),). The site-selective

excitation spectrum consists of five sharp peaks found be- -

tween 505 and 517 nrtthe number expected f46,,,) and

four strong peaks found between 520 and 530(tha num- |

ber expected fofG-,,). Conspicuously absent from the exci-

tation spectrum are peaks associated witfi'Nidns in other

sites that are observed in the transmittance spectrum in Fig. i '

6. When excitation was carried out at wavelengths corre-

sponding to some of these weak peaks in the transmittance - 4 K
1 1

TRANSMITTANCE

spectrum, no fluorescence was observed at, or in the vicinity
of 1063 nm.

In Nd:SFAP the absorption spectrum between 500 and
540 nm obtainedtad K shows a total of nine strong peaks
and several very weak broad bands indicating the dominance
of a single site, with théGg),, *G5,, multiplets clearly re-
solved. Further evidence supporting a single fluorescing site
in Nd:SFAP can be found by examiningetid K absorption
spectrum of théP,,, multiplet. Over 90% of the integrated
absorbance is found in a single peak at 431.5 nm with three
other peaks at 430.3, 430.9, and 432.5 nm sharing less than

o i
10% in t.OtaI' o FIG. 7. () Transmittance spectrum of tR&-,,, *Gg, multiplet manifolds

In Fig. 7 we compare th4 K excitation spectrlim Pro-  at 4 K; (b) site-selective excitation of théG,,, *Gs, multiplets at 4 K
duced by detecting fluorescence at 1063 fifio— *l11/0) Nd:FAP.

EMISSION INTENSITY

Ul

1

1 | 1
575 585 595
WAVELENGTH (nm)

1
565
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TABLE II. Emission from*F g, to %l g, and®l ;;, at 4 K.

Nd:SFAP Nd:FAP
N (A2 E (cm™bP° I AE (cm™ b N (A)? E (cm™YP I° AE (cm™ ¢
8797.0 11 364 VW 8823.2 11331 VW
8812.0 11 345 VSS 0 8840.4 11 309 VSss 0
9217.1 10 847 m 498 9163.2 10910 'S 399
9186.2 10 883 w
9282.1 10771 m 574 9259.3 10 797 m 512
9337.0 10 707 m 638 9306.7 10 742 w 567
9444 10585 m 760 9429 10 602 w 707
10583 9447 'S 1899 10 628 9407 VSS 1902
11 10Qsh 9007 w 2340 11 099 9007 w 2302
11 148 8968 w 2378 11 140 8974 VW 2335
11174 8947 VW
11212 8917 m 2429 11 229 8903 w 2406
11 264 8875 m 2470 11 258 8880 W 2429
11 355 8804 w 2541 11 367 8795 w 2514

AVavelength in A.

PEnergy of transition in units of vacuum wave numbers.

‘Relative intensity within a manifold: vivery weak; w (weak; m (moderatg s (strong; vs (very strong; vss (strongest
dsplitting of the multiplet manifold in cmt; energy of the Stark level.

multiplet), and three peaks observed between 580 and 59@ith two molecules per unit ceff The divalent metal ions
nm (the *Gs/, multiplet). Clearly the simplicity and spectral (Sr, Ca occupy two sites, M) in the 4f site with C; sym-
resolution of the exciting laser, relative to the transmittancemetry and Mll) in the éh site with Cg symmetry. The ratio
obtained from the Cary spectrophotometer, point to the adef metal ions in these two sites is 60 to 40. Surrounding the
vantage of using narrow-band laser excitation to differentiatéM(l) site are six nearest-neighbor oxygen ions that form a
between ions in different sites. The corresponding absorptiodistorted triangular prism. The 1) sites sit at the corners
spectrum a4 K for Nd:SFAP (Table ) includes six very of equilateral triangles with the Fion in the center. Substi-
strong lines, a weak/broad barf70.6 nm and very weak tution of trivalent neodymium for a divalent cation was
shoulders around the base of most of the strong lines thatchieved by passive charge compensation during crystal
were too difficult to measure systematically. The simplicity growth?!
of the spectrum supports the notion that®Ndbns are found Recently, Morrisof’ completed a point charge analysis
predominantly in a single site in Nd:SFAP. of symmetry-preserving charge compensation and vacancies
Returning to Fig. 7, we tried excitation at wavelengthsin the fluorapatites doped with Nd ions. Our approach in
corresponding to absorption by Ridions in other sites in the present study has been to calculate the crystal-field split-
Nd:FAP, but failed to generate fluorescence. This suggesting of the energy levels of Nd:SFAP and Nd:FAP by con-
that perhaps while Nt ions in numerous sites may absorb sidering the symmetry of the sfte?®and the subsequent data
energy, only those in one of the sites fluoresce. Those thatets as the primary guide to the phenomenological set of
reside in the remaining so-called “dead” sites lose their en<rystal-field parameterB,,,, obtained from the analysis. To
ergy nonradiatively; energy transfer to a different fluorescingnterpret the splitting of the levels in the fluorescing sites, we
center is not evident. used as a starting set &, the values reported by Peale
Laser excitation of Nd:FAP was also carried out while et al® for Nd:SVAP. Our calculations were based @gsym-
total fluorescence from thé&F;, manifold was measured metry, the same symmetry used in Ref. 5.
nondispersively. This was accomplished by placing a high-  The total Hamiltonian for the Nt ion includes terms
pass optical filter in front of the germanium detector to allowrepresenting the free-ion and the crystal electric-field inter-
detection of wavelengths greater than 800 nm. This permitactions. The Racah and spin-orbit parameters entering into
ted the simultaneous detection of all fluorescence associatéde free-ion Hamiltonian were derived from an analysis
with transitions between tH# 5, manifold, and thélg,and  of the aqueous solution spectfaThe appropriate values
41 11/, manifold for N* ions in all sites. These experiments as well as the details of the computation are given
indicate that the fluorescence originated primarily from aelsewheré®—3*The crystal-field Hamiltonian is of the form
single site, identified as the fluorescing site.

n N
DISCUSSION AND CALCULATIONS Heerm > 2 Bﬁmi; Com(i), (1)

n evenm=-—n

The spectra reported in Table | were obtained from
Nd**-doped fluorapatite crystals which have a hexagonaWhere theB,,, are the crystal-field parameters and the ex-
structure that belongs to the6;/m (# 176 space group pression<,, are given as
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TABLE IlI. Crystal-field splitting: N&* ions in Cq sites

E (cm™ e E (cm 1
e NoP (expt) (calc) Free-ion percent mixture
Yo 1 0 6.0 97. P g+ 2.12% 15+ 0.12% 15,
545 1 0 -0.4 98.1% g+ 1.72% 11+ 0.10% 155
(482 2 498 486 98.919,+0.76%1 11+ 0.19%Gg),
2 399 387 98.71 g+ 1.0041 11,,+0.15%Gg,
3 574 566 99.21 g+ 0.55% 11+ 0.11%Gg)y
3 512 512 99.81g,+0.32%1,,,+0.10%Gg),
4 638 647 98.21 g+ 1.64% 11,5+ 0.08% 15,
4 567 575 99.01 g+ 0.84% 1+ 0.10%Gy)
5 760 764 99.0 g+ 0.73% 11+ 0.13%Gg),
5 707 712 98.819,+0.96% 1,,,+0.11%Gg)y
N1 6 1899 1907 95.81 145+ 2.17 *l 15,5+ 1.88%1 g5
2361 6 1902 1911 9781 11+ 1.84% 150+ 1.04% g
(2332 7 2340 2339 974811+ 1.62% g5+ 0.87%1 13
7 2302 2307 98.21 11,1+ 1.15% g5+ 0.64%1 15,
8 2378 2368 98.31 1/, 0.77 1 g/p+ 0.68%1 155
8 2335 2327 98.21 115+ 0.89% ¢/p+0.71% 13,
9 2429 2418 98.91 1+ 0.54% 15+ 0.43%,
9 2406 2393 99.01 11,1 0.58 %1 g/p+0.32%1 15
10 2470 2471 98.6111/,+0.71% 5+ 0.50% 15
10 2429 2431 98.8111/,+0.80% o+ 0.56 4 15/,
11 2541 2546 98.81 145+ 0.80% 15+ 0.47 %l g5
11 2514 2521 98.41,1,,+0.93% 15,+0.45% oy
4130 12 3804 3815 96.61 155+ 1.69% 155+ 1.54% 115
4323 12 3817 3799 978 13,1+ 1.38% 15/,+ 0.95% 14/
(4279 13 4275 4275 96.41 155+ 2.25% 11,5+ 1.20% 455,
13 4227 4220 97.31 55+ 1.80%1 11,,+0.78%1 151
14 4327 4328 99.41 155+ 0.45% 155+ 0.19% 145
14 4251 4258 98.91 15,+0.59%1 155+ 0.40%1 14/
15 4370 4370 99.41 135+ 0.55% 15+ 0.27%1 1115
15 4306 4321 99.31 13,+0.34% 155+ 0.25% 14,
16 4419 98.5% 135+ 0.75%1 115+ 0.63%1 151
16 4363 4357 98.41 15,+0.89% 11,5+ 0.57% 155
17 4464 4455 99.01 13/,+ 0.47 4 15+ 0.39% 115
17 4389 4395 99.01 15,+0.50%1 155+ 0.36%1 14,
18 4549 4549 98.71 13+ 0.75%1 155+ 0.28%1 115
18 4503 4505 98.71 155+ 0.84%1 155+ 0.32%1 115
15 19 5710 5701 98.21 155+ 1.66 %1 15/,+0.09%1 15
6362 19 5723 5733 984 ;5,+0.99% 135+ 0.06%1 1),
(6362 20 6244 6250 98.41 5o+ 1.38%1 15+ 0.08%F g,
20 6198 6203 98.81 15/,+ 1.15% 15+ 0.06 *F g,
21 6308 6312 99.31 5o+ 0.46%1 15+ 0.07 *F ),
21 6307 6298 99.21 155+ 0.66%1 135+ 0.05%F 4,
22 6383 6387 99.21 5+ 0.57 %1 135+ 0.07 %1 115
22 6352 6357 99.41 )+ 0.48%1 155+ 0.04% 14/
23 6450 6453 99.01 155+ 0.79% 15+ 0.05%F o,
23 6440 6433 99.61 15/, 0.32%1 13+ 0.04% 11
24 6505 6510 99.81 15,+ 0.36%1 13+ 0.03%1 115
24 6450 6457 99.01 15/,+ 0.74%1 15/, 0.07*F g,
25 6605 6602 99.81 5/,+0.32% 3,+0.03F 4,
25 6573 6569 99.61 155+ 0.28%1 15+ 0.04*F
26 6718 6710 99.81 5o+ 0.26%1 15,5+ 0.07 *F g,
26 6715 6708 99.81 15/,+ 0.28%1 15/,+ 0.05%F ;)
“Fap 27 11 353 11 358 93.F 3+ 4.61%F 5+ 0.56 “F 7,
11 666 27 11 309 11322 94%F 5+ 4.42%F ¢ /p+ 0.50%Gg)p
(11614 28 11 710 11 706 91.8F ,,+5.00%F 5, + 1.405G),
28 11671 11 658 92.4F 3+ 5.22%F 5+ 1.25%Gg),
“Fep 29 12 425 12 431 82.4F )+ 7.482%H g+ 5.37%F 7,
12 697 29 12342 12 345 78%F ¢+ 12.92Hgp+ 4.55%F 1),
(12593 30 12 601 12 601 52.fF 5+ 41.72Hgp+ 2.53%F 5,
30 12 492 12 475 76. Mg+ 20.7%F 5+ 1.16“F 5
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TABLE Ill. (Continued)

E (cm™ e E (cm™
e NoP (expt) (calc) Free-ion percent mixture
Hg), 31 12 664 12 685 61.3Hg+35.24F )+ 1.67%F 4,
12912 31 12533 12532 56%F 5p+ 38.62Hgp+ 2.75%F 5,
(12379 32 12 736 56.4'F g+ 40.12Hg+ 1.08%F 4,
32 12588 12 589 50.8H g+ 46.4%F 5+ 1.21%F,,
33 12 820 76.12Hgp+ 20.3%F 5+ 1.48%F 55
33 12 688 12 676 63.2Hg,+32.94Fp+ 1.90%F 5,
34 12 948 12 951 88.8Hq,+ 9.07 *F g+ 1.13%F ),
34 12 760 12772 85.qHq,+ 13.04F 5+ 1.084F ),
35 12 973 12 984 81.3Hg+ 16.7*F 5+ 1.634F 4,
35 12 820 12 829 70.8Hg+ 27.5%F 50+ 1.51%F 4,
36 13215 96.5Hgj,+ 2.04%F ¢+ 0.63%Fg),
36 13 020 13 024 96.8H,+ 1.814F )+ 0.54%F ),
Sy 37 13393 13 396 89.8F,,+3.82%F,+3.52%F ),
13554 37 13322 13327 92%F ;4 2.87%F g+ 2.54%F ),
(13 499 38 13510 13513 93.85,,,+5.07 *F,,+ 0.49Gy,
38 13 460 13 461 80.4S,,+17.3%F 1,4+ 0.83%F ),
Fop 39 13 565 13561 61.6F,,+32.8%S,,+ 2.76 *F5),
13676 39 13481 13 490 73%F 5+ 20.1%S,,+ 3.29%F 5,
(13597 40 13572 13574 70.3S,,+ 26.2*F 1+ 1.55%F ),
40 13517 13515 97.4S,,+2.12%F 1,4+ 0.18*F o,
41 13 692 13 692 93.4F ,,+ 2.76 *F g+ 1.21%F ¢,
41 13613 13611 94.8F )+ 2.24%F g0+ 1.33%F ),
42 13998 95.1°F 7+ 1.58 2Hgp+ 1.10%G,
42 13920 13910 95.9F 7+ 1.214F g0+ 1.202Hg),
“Fgp 43 14 641 14 627 95.9F ), + 1.96 “F ;,+ 0.89%F ¢,
14 901 43 14 586 14 584 96%F o+ 1.42%F,,+ 0.67%F¢),
(14 845 44 14 808 14 813 94.8F g+ 4.42%F 1+ 0.54%H 1
44 14745 14742 95.8F 4, +3.66*F 7+ 0.472H 4
45 14 939 14 946 94.8F g+ 3.20%F 7+ 1.902H 4,
45 14 890 14 893 94.9F g+ 2.94%F + 1.582H 4,
46 15083 95.5'F g+ 2.622H,,,+1.09%G),
46 15 020 15 020 95.8F o ,+ 2.332H 4+ 0.96 2G4,
47 15113 15117 94.%F 4,4+ 4.592H,,,+0.382Hg),
47 15052 15 054 95.4F g+ 4.06 2H 1+ 0.36 2Hg),
Hyyp 48 16 086 98.4H,,,+0.942G,,,+0.20%F ),
48 16 067 16 069 98.7H 1,5+ 0.602G,,+ 0.21%F,
16 152 49 16 124 16 119 98%11,,,+ 0.50%F g+ 0.502G,
(16 129 49 16 086 16 093 98.7H 1,5+ 0.52%F ¢,+ 0.362Gp,
50 16 148 16 145 97.7H 15+ 1.17%F 4+ 0.512G,
50 16 119 16 123 98.2H;+ 1.02%F g+ 0.332G4),
51 16 185 16 189 96.8H 5+ 1.46 %G+ 1.25%F g
51 16 165 16 169 96.8H 1+ 1.41%F g+ 1.142G4),
52 16 232 16 243 98.3H,+ 1.05%F g+ 0.57 2G4,
52 16 227 16 210 98.8H 1/, 0.68%F 4+ 0.422G,
53 16 303 16 300 93.2H,,,+5.03%F g+ 0.73%Hg),
53 16 261 94.5H,,,+ 4.37%Fg;+ 0.582Hg),
4Ggpp 54 17 044 17 041 56.4G,+41.02G,,+0.93%F 5,
17 164 54 16 995 16 987 91%B,,+5.032G,;,+ 1.93%F 4,
(17 041 55 17 137 67.5'Ggjpt+ 29.3%2G,+ 1.51%F 4,
55 17 090 17 087 78.4Gg,+20.12G,,+ 0.56 “F 5,
56 17 243 17 239 75.3G;,+ 22.6%Ggp+ 0.812H 45
56 17 219 17 234 60.2G,+37.12Gp+ 1.11%F <),
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TABLE Ill. (Continued)

E (cm™)° E (cm™ )¢
A No.» (expt) (calc) Free-ion percent mixture
%Gy 57 17 293 17 296 90.7G;/,+6.87%Gg/,+1.24%F),
17 217 57 17 361 17 358 T42857,+24.1%Ggp+1.16 *F5)p
(17 323 58 17 396 17 392 63.7G4/,+33.4%Gg,+0.97%H, 1,
58 17 412 17 404 92.8G,/,+5.35%Gg,+0.69%H,,,
59 17 459 17 462 64.4G;,+32.4%Gg;,+0.98%Fg),
59 17 462 17 468 72.9G;,+26.1%Gg/,+0.302H, 4,
60 17 540 17 540 73.7Gg)p+24.42G4,,+0.58*F ),
60 17 525 17 527 89.3G,/,+7.64%Gg,+1.02%F,,

aMultiplet manifold of N* (4f3); the centroid is given in cit; the number without parentheses is the energy

for Nd:SFAP; the number with parentheses is the energy for Nd:FAP.

PFirst number in the pair represents the splitting for Nd:SFAP; the second number represents the splitting for
Nd:FAP in the fluorescing site.

‘Experimental data from Tables | and II.

dCalculated splitting based dBy,,, parameters given in Table IV.

4 \12 their 25*1L; manifold assignments problematic for indi-
Cnm(i)Z((Zn—Jrl)) Yom( 6i s i), (2)  vidual Stark levels. We made repeated attempts to improve
. our analysis by usin®,,,, parameters obtained from lattice-
with sum calculations by Morriséh based on different charge-
Chom=(—1)"C¥ 3 compensated models for Rid ions in M(Il) sites. These

) ) efforts did not lead to any success. The final set of phenom-
and theY,, are the usual spherical harmonics.@g sym-  gngjogicalB, ,, parameters is compared in Table IV with the
metry, the values ofn are restricted byn+m=0,%2,24, o raported for Nd:SVARour initial starting sét The simi-
with [m|<n andn=2, 4, and 6. The crystal-field splitting i |5yity in sign and magnitude among the dominant terms, in-
predominately dete_rmmed by_the even Bim parameters. cluding parameter8.,,, B,,, and B, suggest a common
For Cs symmetry this number is restricted to 15, but with a5y metry site is involved in all three crystals. Variation
simple rotation abo,‘%t the principal axis axis), Bz, can b_e among smaller parameters is due to our inclusion of numer-
made real and positive and the number of parameters is thef},« oy cited multiplet manifolds that are so highly mixede
reduced to 14. Table 1ll) that relatively small changes in the crystal-field

In Table 11l we present the results for the lowest 13 mu"environment cause large changes in themixing among

tiplet manifolds of Nd™ ions in sites that fluoresce in Nd:S- . 5 ” . .
, - th folds. P I tricted th I to th
FAP and Nd:FAP. Because of the size of the splittings, the ese manifolds. Pealet al.” restricted their analysis to the

. ) . . ) - splitting of thel ; and“F 5, manifolds alone.
free-ion percent mixture is also included. Multiplet mani- | ied Ifield splitti lculati
f0lds *F o, 2Hyy, and?F.,, *S,, are highly mixed making We also carried out crystal-field splitting calculations
Sz ok 72 302 for Nd®" ions occupyingC; sites in Nd:FAP. In this case

we found that one of Morrison’s lattice-sum calculations
provided us with a reasonable starting set Bf,,

TABLE IV. Final set of B, parameters for Ntf ions in fluorescing sites. 73536 <1 . o
parameteré’ 256 This model involves the substitution of

Bom SFAP FAP® SVAF* Nd®* ions into M(l) sites, assuming that the charge compen-
parameter (cm™) (em™ (cm™) sation is sufficiently remote so tha; symmetry is pre-
Bao 2647 2528 2452 served. Maksimova and Sobot® also describe a charge-
B, 533 520 410 compensation model of this type. Since we observe no
Buo 2075 1896 2219 fluorescence for this site on which to base our assignments,
F:es42 7;22 72473% 325‘;' 5 we chose the symmetry of the ground-state Stark level to be
RgBii 136 53.4 _148 I'ys as predicted using the Morrison parametérslhis
| Baa 223 444 -186 choice is also consistent with the observed polarized absorp-
Beo 592 483 435 tion spectra using; symmetry selection ruleéd.The results
ReBg; 173 289 —81.3 of these calculations are given in Table V for multiplet mani-
;{”é%e; Eig.e B f7207 7225553 folds above®l ;;,, where the experimental energy levels can
| Bea _514 _473 122 be drawn from Table | since no emission to fhg, and*l;,/,
ReBgg —362 —407 266 manifolds was observed. Again, the most difficult Stark lev-
ImBes -16.9 -131 395 els to identify are those with a high degreeJofmixing. The

4 2 . 4 .
¥ms derivation: 7 crmt, 52 levels(this work). F5/2’ H9/2 man.lfc.)lds and Fhé‘sz’ 83/2 manifolds repre
brms derivation: 8 ¢, 59 levels(this work). sent the most difficult manifolds to analyze.

‘rms derivation: 6 cm!, 28 levels(Ref. 5. In Table VI we see that relatively small changes in the

J. Appl. Phys., Vol. 79, No. 3, 1 February 1996 Gruber et al. 1755



1756

TABLE V. Crystal-field splitting: Nd* ions in C; sites in Nd:FAP.

E (cm™ )P r° E (cm™ b r
I a2 Level (expt) (expt) (calc) (calc) Free-ion percent mixture
Yo 1 0 0.2 45 98.F1 g+ 1.51% 11/,+0.12% 155
(427 2 . 270 6 97.5% g3+ 2.07 41 11, 0.32% 15,
3 356 4,5 9741 g+ 2.40%1 11,5+ 0.06 G5,
4 547 45 98.7 g/p+0.90% 11,5+ 0.16 %1 15
5 675 6 97.3 1 gjp+ 2.45% 11,5+ 0.09%1 155
N1 6 2043 6 96.4 115+ 2.20% g+ 1.29%1 15
(2269 7 2133 45 96.8 115+ 2.54% g/p+0.29% 15
8 2147 4,5 95.21 115+ 2.38 4 g+ 2.25% 15,
9 2348 45 96.8 115+ 1.72% g+ 1.31% 15,
10 2387 4,5 98.91 11,5+ 0.40%1 g+ 0.33% 13,
11 2395 6 96.6' 115+ 2.32% g/p+ 0.91% 15,
PPV 12 3992 45 3989 45 964 13,+2.01%1 115+ 1.02% 15,
(4249 13 4061 6 4064 6 96.81 15+ 1.95% 155+ 1.49%1 141
14 4102 45 4099 45 964 5+ 3.02% 150+ 0.42% 115
15 4350 4,5 4350 45 978 15+ 1.02%1 11+ 0.74% 1)
16 4360 4,5 4365 4,5 968 135+ 1.85% 15+ 1.61% 150
17 4372 6 4375 6 97.9 155+ 1.07%1 155+ 0.67 %1 1410
18 4425 4,5 4417 4,5 984 135+ 1.0041 11+ 0.74% 15
s 19 5754 45 5752 45 969 15+ 2.91 % 13+ 0.05%F,
(6211 20 5898 4,5 5899 45 9848 15+ 1.18%1 150+ 0.22% 11
21 6018 6 6014 6 98.9 15,+0.91% 15+ 0.05%F ),
22 6235 4,5 6236 45 9898 15t 1.17 %1 150+ 0.11% 115
23 6352 6 6358 6 99.2 15yt 0.42°%1 15+ 0.11°F o
24 6380 45 6376 45 9885+ 0.74% 13+ 0.14%F ),
25 6543 4,5 6547 45 9848 15+ 1.11 %1 135+ 0.10%F ),
26 6608 6 6605 6 98.2 150+ 1.64%1 15+ 0.07 % 14
“Fap 27 11 406 4,5 11 399 4,5 97% 5/,+ 0.88%F 3+ 0.572Hg),
(11520 28 11539 6 11543 6 934 5+ 3.88%F 5+ 1.17F ),
“Fgpn 29 12 364 45 12 361 45 85%F ¢/, 11.72Hgp+ 1.19%F 4,
(12536 30 12 480 4,5 12 483 4,5 B5%F 5+ 28.52H g+ 4.92%F 5
31 12 546 6 12 546 6 86 Hy,+ 11.1%F 5+ 1.12%F ),
2Hgp, 32 12 622 4,5 12 626 4,5 70%1 g+ 28.0%F 5+ 0.74%F )5
33 12 645 6 12 644 6 834F5,+12.62Hg,+ 3.58%F5,
(12726 34 12 752 4,5 12 759 4,5 87 g+ 10.5%F 5+ 1.42%F 4,
35 12 860 6 12 854 6 98 H g+ 0.69%F 5+ 0.23%F ),
36 12 886 4,5 12 891 4,5 9781 g+ 1.34%F 1+ 0.33%F ),
Fop 37 13287 4,5 13 280 4,5 90%F 5+ 3.214S,,+2.83%F ),
(13 466 38 13320 45 13323 4,5 948, .+ 3.93%F ,,+ 0.44%Gg),
39 13353 6 13351 6 94.85,,+4.15%F;,+0.18G),
Sy, 40 13 499 6 13504 6 914 ,,+4.36%S,+ 1.212Hy,
41 13514 45 13512 45 95%F ,,+ 2.44%F ¢ ;,+ 1.03%F g,
(13348 42 4,5 13610 4,5 93.9F ;,+ 3.30%F g+ 1.76 *F 5
“Fop 43 14 687 45 14 687 45 97%F g/p+0.812H,,+0.57%F 4,
44 14 755 4,5 14 754 4,5 95% ¢+ 3.55%F5/,+ 0.64%H 5
(14 797 45 14 763 6 14 765 6 984Fq,+0.79%F,,+0.37%Fs),
46 14 837 4,5 14 833 4,5 98%F o/, + 0.83%F 1+ 0.282G,
47 15058 6 15 055 6 99.%F g+ 0.232G,+ 0.212Hg),
Hyyp 48 4,5 16 051 4,5 98.3H 1+ 1.092G,+0.14%F 7,
(16 102 49 16 067 6 16 063 6 983 ,,,+0.762G,+ 0.10%F 7,
50 16 086 45 16 092 4,5 97%H 5+ 1.68%G,,+0.34%F ),
51 16 119 6 16 106 6 983 ,,,+0.392G;,+0.39%F g,
52 16 130 4,5 16 134 4,5 98761 11,+ 0.66*F g+ 0.312H),
53 16 165 45 16 189 6 992H,,,,+ 0.37%F g+ 0.29%G,
4Gy 54 17 071 4,5 17 070 4,5 83%G,+15.32G4,+0.384S,),
(17291 55 17 192 4,5 17 193 4,5 756+ 23.32Gp+ 0.42%H
56 17 345 6 17 349 6 673857,+30.5%G,+0.84%H ),
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TABLE V. (Continued)

E (cm™ )P r° E (cm™H° r

A Level (expt) (expt) (calc) (calc) Free-ion percent mixture
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(17 459 58 17 600 4,5 17 596 4,5 84%85 1+ 14.6* G+ 0.39%H 4,
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