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Polarized fluorescence spectra produced by site-selective excitation, and conventional polarized
absorption spectra were obtained for fmand EF* ions individually incorporated into single
crystals of strontium fluorapatite, P0O,);F, also known as SFAP. Substitution of the trivalent rare
earth ion for divalent strontium was achieved by passive charge compensation during Czochralski
growth of the fluorapatite crystals. Spectra were obtained between 1780 and 345 nm at temperatures
from 4 K to room temperature on crystals having the hexagonal stru@laﬁg/m(céh)]. The
polarized fluorescence spectra due to transitions from multiplet manifolds ®f(Bft?), including

D,, G, and®H, to manifolds®Hg (the ground-state manifold®F,, 3Hs, °H,, and °F; were
analyzed for the details of the crystal-field splitting of the manifolds. Fluorescence lifetimes were
measured for TR transitions from'D,, 'G,, and®H, at room temperature and frot, at 16 K.
Results of the analysis indicate that the majority of*Trions occupy sites havinG symmetry. A
point-charge lattice-sum calculation was made in which the crystal-field compodgpis,were
determined assuming that trivalent thulium replaces divalent strontium in the metal site having
Cs symmetry. Results support the conclusion that the nearest-neighbor fl@ieriges replaced by
divalent oxygen (&), thus preserving overall charge neutrality and local symmetry. Crystal-field
splitting calculations predict energy levels in agreement with results obtained from an analysis of the
experimental data. By varying the crystal-field parametBfg,, we obtained a rms difference of
7cm ! between 43 calculated and experimental Stark levels foP'Taf'?) in Tm:SFAP.
Absorption and fluorescence spectra are also reported t6ri@s in Er:SFAP. Measurement of the
temporal decay of the room temperature fluorescence fronl e and *l,5, manifolds yielded
fluorescence lifetimes of 23fR0 us and 8.90.1 ms, respectively. The experimental Stark levels
obtained from an analysis of the spectroscopic data were compared with a crystal-field splitting
calculation. The initial set ofB,, parameters for Ef(4f'%) was established from the
three-parameter theory and the final seBgf, parameters obtained for Ti(4f'?) in Tm:SFAP.

The best overall agreement between calculated and experimental Stark levels 548 Stark

levels, representing 12 observed multiplet manifolds 8t &f!?) in Er:SFAP. © 1997 American
Institute of Physicg.S0021-89707)01110-9

I. INTRODUCTION the size and optical quality of the crystals grown in recent
As a crystalline host for trivalent rare earth ions*{|R ~ years and by the development of diode pumping technology.

strontium fluorapatit¢ Srs(PO)sF], known as SFAP, has re- A recent symposium on novel laser materials included a dis-

ceived growing attention as a laser host material or as a ho§t/ssion on the advanced technology and applications for

for saturable Q-switch absorbér$ An expanding number fluorapatites as host materidls.

of applications point to its excellent spectroscopic and physi- In recent years details of the crystal-field splitting of

cal propertie$® This interest has been encouraged both byenergy levels of B dopants such as Pr, Nd*", E**, and

J. Appl. Phys. 81 (10), 15 May 1997 0021-8979/97/81(10)/6585/14/$10.00 © 1997 American Institute of Physics 6585



TABLE |. Absorption spectrum of TR in Si(PQ,)5F at 4 K2

25ty b N (R)E a8 E(cm Ygps E(cm Yead reacs Percent free-ion mixtufe
°F, 17 729 0.20 5639 5646 2 99.3 °F, +0.41 3He +0.14 3H,
17 610 0.40 5677 5719 1 98.9 °F, +0.50 SH, +0.47 3He
(6000 17 487 0.05 5717
16 963 0.10 5894
16 915 0.38 5919 5909 1 98.1 °F, +1.19 3Hy +0.54 3He
16 828 0.05 5941 5918 2 96.8 °F, +2.78 3Hg +0.23 3He
16 765 0.04 5963 5970 1 98.7 °F, +0.98 SH, +0.16 3H,
16 732 0.11 5975 5976 2 97.5 °F, +1.81 3H, +0.54 3Hq
16 256 0.16 6150 6137 1 98.3 3F, +0.86 3H, +0.62 3H,
16 128 0.80 6199 6205 2 98.0 °F, +1.05 SH, +0.75 3He
16 065 0.05 6223
15991 0.60 6252 6245 1 97.6 °F, +1.91 SH, +0.22 SH,
3Hy 12175 0.62 8211 8207 2 99.2 3Hy +0.45 3F, +0.16 °F,
12170 0.30 8213 8215 1 99.2 SHg +0.48 3F, +0.15 °F,
(8647 12 044b) 0.17 8301 8303 1 98.5 SH, +0.86 °F, +0.38 SF,
12 025sh) 0.10 8314
11970 0.03 8352 8352 2 99.0 SH, +0.54 °F, +0.34 3F,
11886 0.03 841 8405 2 99.2 SHg +0.25 °F, +0.21 3F,
11851 0.05 8436 8441 1 98.6 3Hg +0.67 °F, +0.43 F,
11810 0.02 8465
11 651 0.01 8581
11451 0.02 873b 8731 2 96.0 Hg +3.48 °F, +0.19 3H,
11 27Qb) 0.01 8870 8868 1 975  3Hg +1.66 °F, +0.30 °F,
11 170Qb) 0.01 8950 8945 1 97.6  SHg +1.69 °F, +0.39 3H,
10 715b) 0.01 9330 9321 2 98.8  SHq +0.52 °F, +0.40 3F,
9339 2 98.5 3Hy +0.89 °F, +0.25 3F,
3H, 7943.2 4.25 12 586 12 586 2 97.8 3H, +0.89 3F, +0.87 °F,
7937.5 3.64 12 595 12 595 1 99.0 3H, +0.58 3F, +0.18 3F,
(12910 7922.8 0.23 12 618
7913.3 3.18 12 633 12 635 1 98.0 3H, +1.47 3k, +0.18 3F,
7893.9 0.15 12 665
7880.8 1.18 12 686 12 681 2 98.7 3H, +0.94 3F, +0.23 3Hg
7857.9 0.76 12723 12726 1 97.8 3H, +1.52 °F, +0.27 3H,
7848sh) 0.06 12 740 12 740 2 97.1  °H, +1.68 °F, +0.81 3F,
7809b) .02 12 802
7753.9 .01 12 893
7553b) 0.05 13236 13230 2 96.0 °H, +3.22 °F, +0.27 3F,
7525sh) 0.08 13 285 13 266 1 95.0 °H, +4.21 °F, +0.23 5F,
7519.1 0.26 13 296 13320 1 94.0 °H, +4.44 3F, +0.98 3F,
5F, 6958.3 0.07 14 367
6939.2 1.33 14 407 14 397 2 98.5 °F, +1.13 SH, +0.13 3Hg
(14675 6918.0 0.05 14 451
6811.2 0.42 14 677 14 668 1 97.5 3F, +1.42 3H, +0.39 3F,
6807.4 0.32 14 668 14 693 2 96.9 °F, +2.39 3H, +0.37 3F,
6769.0 0.04 14 769 14 775 1 93.0 °R +5.67 3H, +0.48 °F,
6752.9 0.42 14 804 14 816 2 97.1 3F, +1.68 8H, +0.60 3H,
6731.1 0.48 14 885 14 859 1 93.6 °F, +3.02 3H, +2.48 5F,
6717.2 0.08 14 883 14 879 2 98.3 °F, +0.59 SH, +0.52 3H,
°F, 6405.8 0.03 15 607 15 600 1 95.9 °F, +2.05 °F, +1.65 3H,

6586 J. Appl. Phys., Vol. 81, No. 10, 15 May 1997 Gruber et al.



TABLE I. (Continued.)

25+ b A (A)E ot E(cm Yope Ecm Yead reales Percent free-ion mixtufe
6389.9 0.20 15 645 15 652 1 99.0 °F, +0.37 3H, +0.26 3F,
(15 846 6243b) 0.01 16 014 16 024 2 97.1  °R +1.77 3H, +0.63 3F,
6206sh) 0.01 16 109 16 110 1 97.4 %R, +1.64 %H, +0.46 3F,
6199b) 0.01 16 127 16 132 2 975 %R, +1.22 %H, +0.60 3F,
G, 4757.0 0.13 21016 21017 2 99.5 G, +0.19 3H, +0.12 3F,
47425 0.30 21081 21083 1 99.6 G, +0.12 e +0.10 3F,
4735.4 0.02 21112
(21 459 4733.0 0.03 21122
4711.2 0.13 21271 21214 2 99.6 G, +0.13 D, +0.09 Y
4709.0 0.18 21 230 21231 1 99.5 G, +0.21 p, +0.08 3p,
4703.2 0.03 21256
4699.2 0.02 21274
4664.4 0.10 21433
4656.8 0.38 21 468 21472 1 99.5 G, +0.15 g +0.13 D,
4647.5 0.26 21511 21477 2 995 1G, +0.15 g +0.15 D,
4639.0 0.02 21550
21680 2 99.6 G, +0.14 D, +0.09 3H;
4577b) 0.01 21842 21827 1 99.6 IG, +0.17 3F, +0.14 3H,
4532b) 0.01 22 060 22 069 1 99.7 1G, +0.08 3H, +0.05 3p,
p, 3657.9 0.44 27 330 27 330 1 99.7 D, +0.09 F, +0.07 G,
(27 609

Crystal contains 0.12 at. % Tm (409 cn?).

bMultiplet manifolds of Tni* (4f'?); calculated centroids are listed in parenthesis intm

“‘Wavelength(angstromy b denotes broad; sh denotes shoulder.

dIntensity of axial spectrumta K in absorbance/cm.

®Energy level observed in absorption (¢l levels also observed in fluorescence are marked with a-star

fCalculated energy level based on ¥hions occupying Mil) sites havingC, symmetry using crystal-field parameteB,(,) reported in Table VI.
9Predicted symmetry label()) of calculated Stark level.

"Percent free-ion mixture of wave functions basedrsymmetry crystal-field parameterB,(,) reported in Table VI.

iEnergy levels used in final fitting analysis.

Er" in either SFAP or its analogue GRQ,);F, known as in which the crystal-field Hamiltonian h&3; symmetry. The
FAP, have become better understood through analyses étarting set of crystal-field componens,,,, were derived
site-selective excitation and emission spectrosdrﬁﬁ?_llm from a lattice-sum calculation in which the Fon, which is
Pr:SFAP as well as in Eu:SFAP a single predominant site nearest-neighbor ion to the (M) site in which Tni* resides,
was determined spectroscopically; however, crystal-fields replaced by & so that charge neutrality is maintained
splitting calculations did not yield satisfactory agreementthroughout the latticé® By varying the initial set of crystal-
with experimental Stark levels in either case. Similar calcufield parametersB,,,, in order to optimize agreement be-
lations were more successful in analyzing the spectra ofween the calculated and observed Stark levels, we obtained
Nd®* and EP* ions in Nd:SFAP, Nd:FAP, and Er:-FAP!  a final rms value of 7 cm' between the energies of 43 cal-
In the present study we chose $imas an optical probe in culated and observed Stark levels. There is consistent agree-
order to gain more specific information regarding the chargement between the calculated and the experimentally assigned
compensated site occupied by the majority of Rons in  symmetry labels for these Stark levels as well.
SFAP2~¥The energy levels of TAT are associated with a From the final set oB,,,, parameters for TR we de-
relatively simple electronic configuration {#) with a suf-  rived a starting set of parameters to be used in the crystal-
ficient number of multiplet manifold€S™ 1L ,, separated by a field splitting analyses of the multiplet manifolds of
large spin-orbit splitting to permit a detailed analysis of theEr"(4f1%) ions in Er:SFAP. IrC, symmetry all Stark levels
crystal-field splitting of the isolated manifolds. of Kramers ions such as Er (having an odd number of

In the present study we find that site-selective polarizecelectrons in the electronic configuratjoare twofold degen-
emission spectra representing transitions ff@y, 'G,, and erate and have the same symmetry labél'¢f. Both
®H, to manifolds®Hg, °F, °Hs, H, and °F; of Tm®" in  electric- and magnetic-dipole transitions are allowed be-
Tm:SFAP are consistent with electric-dipole selection rulesween these Stark levelswith a small change iB,,,,, pa-
for C5 symmetry. We find agreement between the observedameters resulting from a least-squares fitting procedure, we
Stark levels and the symmetry labels established for many afbtained a rms difference of 8 crhfor 48 Stark levels of
these levels obtained from an analysis of the polarized fluoEr*" in Er:SFAP assuming the EF ions reside in sites of
rescence data, and the calculated Stark levels and predict€ symmetry. The results of the present study support the
symmetry labels based on a crystal-field splitting calculatiorearlier conclusion of Wrightet al*® that the majority of

J. Appl. Phys., Vol. 81, No. 10, 15 May 1997 Gruber et al. 6587
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FIG. 1. Axial absorption spectrum 6F,, Tm®" in Tm:SFAP (4 K).

L
1800

site (C; symmetry. We observed no spectroscopic evidence
to suggest a phase change in the crystals below room
temperaturé>24

The crystals were cut and polished parallel and perpen-
dicular to the optical orc-axis. Axial and polarized trans-
verse spectréo and 7 polarization$ were obtained after the
optical axis was determined by placing the crystal between
crossed polarizers to observe the characteristic maltese cross
pattern® Absorption spectra were obtained using a Cary
model 2390 spectrophotometer equipped with a continuous-
flow liquid-helium cryostatOxford, Model 1204D that al-
lowed us to obtain spectra at any temperature between 4 K
and room temperature. The instrument was calibrated by
measuring deuterium emission lines in different orders.
Supplemental absorption spectra were obtained at a tempera-
ture of approximately 35 K from a Perkin—Elmer Lambda 9
spectrophotometer equipped with a closed-cycle helium re-

R3" ions occupy sites o€ symmetry in the SFAP lattice frigerator. _ o
and also support the assumption that in SFAP the nearest Site-selective excitation and fluorescence spectra were

neighbor (F) to the metal site MI) havingCg symmetry in
the undoped crystal is replaced by divalent oxygen ),O
thus preserving charge neutrality when th& Ron replaces

the SE* ion in the M(I) site.

Il. EXPERIMENTAL DETAILS

Crystals of Sg(PQ,)sF containing either TR ions or
Er** ions were grown by the Czochralski method at the Uni-
versity of Central Florida, Center for Research on Electro
optics and Laser§The amount of rare earth in each sample
used in our studies was determined by Galbraith Laborato®
ries (Knoxville, TN), the results of which agree with dete
minations using inductively coupled plasma atomic emissiorf®
spectrometry on chemically digested portions of the crystal
The data appearing in Tables I-lll for Pmin Tm:SFAP,
and in Tables IV and V for B in Er:SFAP represent con-

centrations of 0.12 at. % Tm and 0.15 at. % Er, respectively. 12
Data appearing in Tables |-V are based on single crys- LALLM
tals havzing 0 a hexagonal structurgspace _ U _ Tm:SFAP
P65/m(Cg;,)].<" There are two molecules per unit célf %t 10l i
In the undoped crystal 40% of the?Srions occupy the M) 2 Room Temperature
site (C; symmetry, and the remaining 60% occupy thelW PR ]
= 8H -
0
s 1
L 7]
(3
s | § |
=1 B L
2 oof $
E ot g 4f
= L <
G 2 - ]
B7or | Sigma
S 4K ol o T
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FIG. 2. Axial absorption spectrum 86, Tm*" in Tm:SFAP (4 K).
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480

obtained &4 K using a Quantel Nd:YAG laser-pumped dye
laser with an output bandwidth of about 0.1 ¢mA 0.85 m
double monochromator was used for fluorescence detection.
Signals were processed using a boxcar averager and gated
integrator. Data were collected and stored in a digital oscil-
loscope. Fluorescence lifetime measurements on®'Tm
samples were taken using a Continuum Nd:YAG Q-switched
laser and relatively broad-band dye laser with Rhodamine
dyes. We did not attempt to carry out site-selective lifetimes
studies with this instrumentation. The frequency-tripled
Nd:YAG output was used to excit®, whereas the dye laser
utput excited*G, (via anti-Stokes Raman shifting in,H

r. 9a9 and 3H, (via Stokes Raman shifting Detection was

ccomplished using a Spex monochromator, a Hamamatsu

S,r_)hotomultiplier, and a Tektronix digitizing oscilloscope.

500 1000 1500 2000

Wavelength (nm)

FIG. 3. Room temperature polarized absorption spectra of Tm:SFAP.
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TABLE II. Emission from'G, to ®Hg, °F,, and®Hs:Tm®" in Srg(PQ,)4F at 4 K2

AEf E(cm )"  E(cmyi T LK
AP 1° P¢  E(em™® (ecm) TI.9 (obs) (calc) (calc)
4757.8 Vs o 21012 0 2 0 2 2
4758.8 vs w 21008 4 1 4 4 1
4773.8 m o 20942 70 2 70 68 2 3He
4779sh  w 77 20919 93 1 90 86 1
4799.7 m o 20829 183 1 176) 174 1 (549
4796.3 m o 20 844 168 2 190 2
4822b) m o 20732
48425 W 20 645
504 2
511 1
49235 m 20305 70Y 1 673 1
881 2
950 2
1300 1
5078.1 w oo 19 687 1325 1 1319 1
6502.2 s o 15 375 5637 2 5639 5646 2
6518.1 vs w 15 338 5674 1 5678 5719 1 3F,
5717
6618.8 m 15 104 5908 1 5910 5909 1 (6000
662ash m 15 100 5912 5914 5918 2
6642.2 s o 15051 5961 1 5963 5970 1
6647.4 m o 15 039 5973 2 5975 5976 2
6725.4 m 14 865 6147 1 6150 6137 1
6747.9 m o 14 815 6197 2 6199 6205 2
6771.6 w ow 14 763 6249 1 6252 6245 1
7808.5 Vs o 12 803 8209 2 8211 8207 2
7808sh s a 12 800 8212 1 8213 8215 1
7866vh) m a 12 709 8303 1 83Qub) 8303 1 3H,
7871(vb) m T 12 701 831h 1
7895.4 w o 12 662 8350 2 8352 8352 2 (8647
7934b) m 12 604 8408 8410 8405 2
7948.8 s . 12577 8435 1 8436 8441 1
8137.3 s 12 286 8726 8730 8731 2
8870b) 8868 1
8950b) 8945 1
9321 2
9330b) 9339 2

Crystal contains 0.12 at. % Tm (4L0*%cnr).

PEmission observed from lowest Stark level'6, identified in absorptioriTable ) at 4757.0 A; sKshouldey,
b (broad, vb (very broad.

‘Relative intensity(axial spectrumwithin a multiplet manifold, v(very strong, s (strong, m (medium), w
(weak, vw (very weak.

dpolarization of the transverse emission spetir&).

®Energy of the transition in cr.

fEnergy difference based on emitting level at 21 012°tm

YAssigned symmetry label on the assumptiorCefsymmetry selection rules for Tt ions occupying Mil)
sites.

hStark levels 70, 90, and 175 cthare based on analysis of absorption hot bands; other levels were identified
from absorption spectra obtaineg4 K.

iCalculated splitting based on crystal-field paramet@&gs,f reported in Table VI.

ISymmetry label of calculated Stark level obtained udig, parameters reported in Table VI.

“Multiplet manifold of Tn#* (4f%); number in parenthesis is the calculated centroid.

'Levels not included in the final fitting analysis.

Temperature dependent data were acquired using a CDevices Ge photodiode. Wavelength selection was accom-
closed cycle refrigerator system. plished with colored glass filters.

Room temperature fluorescence lifetime measurements
on EP" samples were taken using a temperature—tuned,”' THE OBSERVED SPECTRA OF Tm:SFAP
pulsed, Spectra Diode Labs InGaAs laser diode array with  We report the axial absorption spectrum of Tm:SHAP
the fluorescence being detected with a Germanium Powef) in Table | (column 2 between 1780 and 345 nm. This

J. Appl. Phys., Vol. 81, No. 10, 15 May 1997 Gruber et al. 6589



TABLE IIl. Emission from'D, to 3Hg, 3F,, 3Hs, and®F;:Tm®" in Sry(POy)4F at 4 K2

AEf E(cm Y)n E(cm™Y! r, 2Tk
AP IS pd E(cm Y® (cm™Y r.? (obs) (calc) (calc)
3648.8 w 27398
3658.4 vs o 27 327 0 2 0 2 2 3He
3659sh) m o 27322 4 1 4 4 1 (549
3667.8 w 27 257 70 70 68 2
3670sh w o 27237 90 1 90 86 1
3680.4 vs a 27163 164 2 176%) 174 1
3683.2 s o 27143 184 1 190 2
3695.3b) w o 27054 278
3697.6b) w a 27 037 29
504 2
511 1
3755b) vw 26 624 705 673 1
881 2
950 2
3842sh) m o 26 021 1306 1 1300 1
3844.8 vs o 26 002 1325 1 1319 1
4602.6 w - 21721
4610.0 vs a 21686 5641 2 5639 5646 2 3F,
4617.8 Vs 21649 5678 5677 5719 1
4653.7 w 21482 (6000
4664.6 m 21432
4667.9 vs o 21417 5910 1 5910 5909 1
4680.0 m o 21362 5965 1 5963 5970 1
4682.2 m a 21352 5975 2 5975 5976 2
4689sh) w 21321
4721.0 m 21176 6151 6150 6137 1
4732.2 m - 21126 6201 2 6199 6205 2
4744.0 w 21073 6254 6252 6245 1
5231(sh m a 19114 8213 2 8211 8207 2 3Hqg
5229.4 s o 19117 8210 1 8213 8215 1
5255b) m o 19 024 8303 1 8301 8303 1 (8647
5261(sh ww 19 001
5269.6 s a 18974 8353 2 8352 8352 2
5274sh) ww 18 961
5284b) s a 18 920 8407 2 8410 8405 2
5294.7 s 18 882 8445 8436 8441 1
5332b) w 18 749 8578 8581
5375b) m w 18 599 8728 2 8730 8731 2
5390b) w 18 548
8870 8868 1
8950 8945 1
9330 9321 2
9339 2
6761.9 ww 14785
6780.9 s - 14 743 12584 2 12586 12 586 2 3H,
6785.2 Vs o 14734 12593 1 12 595 12 595 1
6803.0 vs o 14 695 12632 1 12 633 12 635 1 (12910
6827.7 m - 14 642 12 685 2 12 686 12 681 2
12723 12726 1
12 740 12 740 2
6880.8 m - 14529 12 798 12 8agw)
6891(vb) w - 14 491 12 836
6925.5 m - 14 435 12892 12893
13236 13230 2
13288 13 266 1
13296 13320 1
7713.0 m w 12 962
7736.7 s a 12922 14 405 2 14 407 14 397 2 3F,
7902.4 s o 12 651 14 676 1 14 677 14 668 1
7908.1 s 12 642 14 685 14 688 14 693 2 (14679
14 769 14775 1
7981.8 m a 12525 14 802 2 14 804 14 816 2
8014.0 m o 12 475 14 852 1 14 852 14 859 1
8033.3 vs a 12 445 14 882 2 14 883 14 879 2

3Crystal contains 0.12 at. % Tm (2x4.0'%cn?).

PEmission observed from lowest Stark level'dd, identified in absorptioriTable ) at 3657.9 A; shishouldey, b (broad, vb (very broad.

‘Relative intensity(axial spectrumwithin a multiplet manifold, vs(very strong, s (strong, m (medium, w (weak, vw (very weak.
dpolarization of the transverse emission spetir&).
®Energy of the transition in cnt.

Energy difference based on emitting level at 27 327 tm

9Assigned symmetry label based on the assumptioB afymmetry selection rules for T ions occupying Mil) sites.

"Stark levels 70, 90, and 175 crhbased on analysis of absorption hot bands; other levels based on anéigisabsorption spectrum.

icalculated splitting based dBy,,, parameters reported in Table VI.

iSymmetry label of calculated Stark level obtained usdiyg, parameters in Table VI.
KMultiplet manifold of Tn?* (4f3); number in parenthesis is the calculated centroid.

'Levels not included in the final fitting analysis.
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wavelength range includes the spectra of transitions to mul- Cs ry I

tiplet manifolds of Tri* (4f'?) including 3F, 3Hs, 3H,, T, - -

°F3, G4, and'D,. At wavelengths shorter than 310 nmthe T, o o
crystal itself begins to absorb, making it impossible to ob-Transitions appearing in both the transversepolarized
serve spectra of th8g and 3P, manifolds. Only the lowest SPectrum and the axial spectrum are electric-dipole in char-
energy(emitting Stark level of the 1D, manifold is reported ~ acter and represent the only type of transition observed.
since the onset of the absorption by the crystal also includes 1he polarizations reported lrll(';l'ablesl Il 'and Il suggest
spectra possibly due to defects and centers attributed to tHBat the emitting Stark levels fronG, and "D, have differ-

charge-compensation required to preserve charge neutraligﬁt symmetries since the te_rr_mnal levels are the same. If we
in the latticet: oose I'y, for the emitting -G, level (Table II,

_1 ey
The absorption spectrum of each manifold usually con-21 012 cm’) andT', symmetry for the emittingD, level

ists of 2 + 1 relatively st ks al ith K d(Table lll, 27 327 cm?) based on the predicted symmetries
SISIS 0 relatively s rpng pea 3?0”9 Wi 3 w_ea e_r and shtained from calculations described in the next section, we
usually broader peaks which are attributed to*Trions in

Ry : X find complete consistency both in energy and symmetry label
minority sites. Representative spectra obtainedt & are

_ =0 _ for the most intense fluorescence peaks appearing in both
given in Fig. 1 fF,) and Fig. 2 {G,). A survey of the  (apjes. Symmetry label assignmertis, or I',) have been

polarized absorption spectra of Tm:SFAP obtained at roomnade to all Stark levels where polarized transitions to that
temperature is given in Fig. 3. At room temperature the specgye| are unambiguous. Since these assignments can be ap-
tra are observed in botlr and 7 polarizations. At tempera- pjied to nearly all the spectra reported in Tables Il and Il we
tures approachgn 4 K the sharpest peaks have sufficientconclude that the majority of T# ions occupy a site having
resolution to indicate that transitions occur from the ground-C, symmetry.

state Stark level and the first excited-state Stark level sepa-

rated by only 4 cm'. The polarization of th 4 K absorption 1V, FLUORESCENCE LIFETIME MEASUREMENTS ON
spectra of the sharpest peaks indicates that the ground-stafen.SFAP

Stark level and the 4 cnit excited state Stark level have  pqrescence lifetime measurements can be useful in

diff'eren'F symmetries. The clearest evidence fpr these ‘?bseféarning more regarding the interaction between theé*Tm
vations is found among the spectra of fivg multiplet mani-  jons and the host lattice, SFAP. Decay waveforms have been
fold, although to varying degrees of resolutiorg thK spec-  measured for emission from multiplet manifolé6,, 1D.,
tra of other multiplet manifolds show similar evidence for gng 3H, to the ground-state manifoldHs. Figure 9 shows
the 4 cmr* splitting. In Fig. 4 for example the 4 and 10 K the room temperature fluorescence decay waveforms for
polarized absorption spectra are given for the emitting StarkG, and®H,. The'G, emission exhibits a nearly exponential
level in 1G4 (475.7 nm, Table)l The growth of hot bands decay with only a very weak faster initial decay. This obser-
observed at 10 K provides evidence for the 4 éraplitting.  vation supports the assumption that the spectra are domi-
However, we relied on site-selective excitation to producenated by Tm" ions in a single type of site. The fact that the
polarized fluorescence to help us resolve the dilemma. decay lifetime shows relatively little temperature depen-
Polarized fluorescence spectra obtained by site-selectivdence, changing from about 343 at 16 K to about 31(s
excitation were observed from tH®, (366 nm, G, (476  at room temperature, suggests that the lifetime may be pre-
nm), and®H, (794 nm levels to the ground-state manifold, dominantly radiative. This lifetime is somewhat shorter than
3He. The spectra clearly indicate that the ground-state Starke comparable emission observed for *fnions in some
level and the first excited Stark level have different symmeOther host crystals such asi0;,%” but is consistent with
try and are separated by 4 ch Table Il presents the polar- the strong _transmons evident in the Tm:S_FA_P absorption
ized fluorescence spectra froh®, to 3Hg, 3F,, and °Hs, (ljata(see Elg. 3 The room_tgmpergture em|35|0n_from the
multiplet manifolds. Table Il reports the polarized fluores- D2 10 the”He manifold exhibits a single exponential decay
cence spectra observed frdm, to 3Hg, 3F,, 3Hs, *H,, and with a lifetime of 9.1us.

3 - - .
3F,. The data in both tables were obtained at 4 K. The Stronﬁowever, the .H“ room tgmperature emission momtorgd at
. . . 795 nm following excitation at 788 nm, exhibits very differ-
gest 21 + 1 absorption peaks for manifolds also observed in . . i .
ent behavior. This decay, also shown in Fig. 9, is well ap-

fluorescence can be mat(?hed to Stark Ievels. whose ener%*oximated by the sum of two exponentials, with lifetimes of
and symmetry are determined from an analysis of the pola 3.0 and 37us. These results indicate that emitting ¥nions
ized fluorescence appearing in Tables Il and Ill. Figure 5 is Becupy at least two different environments. The brevity of
composite figure showing the sigma, pi, unpolarized transgege Jifetimes, compared to tf#l, lifetime in other hosts,
verse, and the axial spectra for transitions frt@) to *Hs. suggests that nonradiative processes are important at least for
A similar composite represents fluorescence fré@) 0 the faster deca’~2° About two-thirds of the integrated in-
%F, (Fig. 6), 1G4 to ®Hs (Fig. 7), and'D, to °F, (Fig. 8. tensity is in the faster decay, despite the likelihood that
The polarized fluorescence spectra can be interpreted bytrong quenching gives it a low probability per ion of fluo-
assuming that the T# ions occupy sites o€ symmetry.  rescing. There is evidence of minority site absorption to
In such symmetry Stark levels are labeled eitigr or  3H,, particularly in the shoulders of the intense absorption
I',.% In the transverse spectrum both electric- and magneticpeaks at 7943.2 and 7937.5(Aable ). However, time re-
dipole transitions have the same selection rdfes. solved spectroscopy did not reveal distinct fluorescence
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TABLE IV. Absorption spectrum of B in Sr5(PQ,)5F at 4 K2

sty b A (A)E ot E(cm Yops E(cm Yead Percent free-ion mixtufe
1132 15 336 0.01 6519
15 306 0.73 6537 6542 99.8 4132 +0.06 11 +0.04 4Gy,
(6715 15172 0.22 6589 6583 99.8 132 +0.09 11s2 +0.04 15
15 163sh 0.15 6592
15124 0.51 6610 6615 99.8 132 +0.09 112 +0.06 15
15 095b) 0.02 6624
15 052 0.15 6643 6635 99.8 132 *0.09 11 +0.04 15
15 02ab) 0.01 6656
14 94Qb) 0.05 6690 6690 99.7 132 +0.22 11 +0.04 15
14 680b) 0.02 6810 6807 99.5 132 +0.34 112 +0.06 1572
14 210 0.12 7035 7036 99.8 13 +0.13 11 +0.04 4152
N1 9815.0 0.01 10 186
9797.2 0.17 10 204 10 203 99.7 11 +0.13 132 +0.08 g2
(10 309 9771.1 0.06 10 225 10219 99.6 110 +0.15 Yo +0.10 413
9765.0 0.04 10 238 10 244 99.7 112 +0.09 4132 +0.07 “Fop
9750.1 0.03 10 233 10 255 99.6 112 +0.17 “Fop +0.17 “113
9704b) 0.01 10 302
9659b) 0.01 10 350 10 349 99.5 112 +0.27 132 +0.15 “For
954Qb) 0.04 10 480 10 503 99.5 112 +0.26 132 +0.10 g1z
“loi2 8087.0 0.08 12 367 12 373 99.7 s +0.10 Hi +0.10 “Fo
8014.0 0.02 12 475 12 469 99.3 “lor2 +0.30 “For +0.18 411
(12 549 7977.5 0.16 12 533 12 529 99.5 o +0.27 *Fop2 +0.09 s
7948.0 0.09 12578 12 580 99.5 “lo +0.14 “Fop +0.10 1112
7863b) 0.02 12714 12 710 99.2 “lor +0.58 “For +0.09 2Hyyp
“Fo2 6619.5 0.25 15 108 15120 98.3 “For +0.86 Yo +0.46 2Hyypp
6614.5 0.01 15114
(15 309 6611.1 0.01 15122
6601.0 0.44 15 148 15 140 99.1 “Fop +0.48 2Hyyp +0.16 Yo
6594.6 0.02 15 160
6566b) 0.16 15226
6564sh) 0.10 15230
6540b) 0.03 15 286 15 285 99.3 *Fop +0.32 2Hyy +0.11 AP
6481.2 0.21 15 478 15412 99.5 Fop +0.15 g2 +0.13 2Hyyp0
6427.5 0.27 15 582 15517 99.6 “For +0.17 o +0.08 112
4Sy, 5492.1 0.19 18 2013 18 208 97.6 S +2.12 2Hyyp, +0.07 g1z
5487.2 0.02 18 219
(18 346 5477.0 0.02 18 253
5429.2 0.08 18 414 18 408 94.0 Sy +5.69 Hyyp +0.09 “Fapp
5420.4 0.01 18 444
2Hyyp 5281.0 0.02 18 931
5272.9 1.19 18 960 19043 98.3 2Hiup +0.73 Fin +0.67 “San
(19 149 5267.4 0.04 18 979
5232.3 0.02 19 107
5231.1 0.02 19111 19 105 98.4 2Hipm +0.76 4San +0.58 “Fi
5226.2 0.03 19129
5221.8 3.33 19 148 19136 96.8 2Hyap +1.62 “Fip +1.26 4Syp0
5215.7 2.09 19 168 19174 94.6 2Hyp +3.97 4Syp +0.88 “Fi
5213.6sh 0.20 19175
5210.9 0.04 19188
5202sh) 1.30 19218
5199.8 3.25 19 278 19 234 97.6 2Hyin +0.96 “Fip +0.59 Sy
5191.8 3.30 19 258 19 252 97.5 2Hiup +1.16 Fipn +0.64 4Syp0
5189sh) 0.40 19 266
5183.0 0.05 19 288
“Fapp 4951.0 0.01 20192
4948.8 0.04 20201
(20508 49454 0.83 20 218 20213 97.6 Fip +1.47 2Hy1p +0.36 4Gy,
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TABLE IV. (Continued.)

2s+1 b N (A ot E(cm Yope E(cm Yead Percent free-ion mixtufe
4941(b) 0.03 20233
4936.2 0.01 20253
4878.0 0.17 20 494 20 490 96.4 “F1 +2.13 2Hyypp +0.66 “Fgp
4875.2 0.02 20506
4855.5 0.13 20 589 20589 96.4 “Fapp +1.51 “Fsp +1.50 2Hy1p0
4854sh) 0.03 20596
4838.3 0.49 20 6673 20 667 97.8 4Fypp +1.04 2Hip +0.66 “Fgp
4836sh) 0.07 20672
*Fspo 4537.6 0.17 22037 22013 97.7 *Fap +0.91 *Frr2 +0.53 “Far2
4536sh) 0.03 22040
(22112 4533.1 0.01 22 054
4532.2 0.07 22088 22053 73.7 Fsz +24.2 *Fap +1.23 *Fup
4522.0 0.12 22108 22130 92.2 “Fgpp +6.52 “Fa +0.89 “Fapp
452Q(sh) 0.02 22118
4Fpp 4453b) 0.01 22452
4450.0 0.02 22 4686 22475 75.1 “Fap +24.1 *Fs2 +0.58 Fyp
(22529 4399sh) 0.02 22726
4398.2 0.07 22739 22725 92.4 “Fa +7.18 “Fspa +0.16 “Fa
2Gypp 4108.2 0.29 24 338 24 332 97.9 2Gypy +1.42 4Guup +0.35 2K ys
4104.3 0.02 24 358
(24 509 4100.3 0.30 24 389 24 384 96.9 2Gypy +2.41 4Gy +0.37 2Ky
4096.5 0.02 24 404
4085.0 0.02 24 473 24 490 985  2Gq, +0.79 4G +0.36 %K 150
4072.1 0.23 24 551 24565 99.0  2Gy, +0.33 4G +0.30 %K 15p
4062.3 0.24 24 610
4056.3 0.16 24 648 24 649 98.8 2Gypy +0.48 2K y5 +0.48 4Gy
4055.1 0.02 24 653
‘G 3849.2 1.29 25972 26128 98.1 4G +0.85 Kyspo +0.82 4Ggy,
3843.6 0.06 26 010
(26 305 3812.7 0.03 26 221 26 196 98.2  “Gyyp +0.87 “Gypp +0.65 2K 150
3810.9 0.02 26 233
3803.7 1.92 26 289 26 295 96.3 A(CHP +1.72 2K 150 +1.56 4Gy,
3802sh) 0.15 26 294
3797.4 2.25 26 378 26 324 94.0 4G +2.70 4Ggy, +1.98 %K 150
3795sh) 0.18 26 343
3792.3 0.10 26 362
3786.8 1.20 26 400
3783.2 3.60 26 426 26 429 93.5 4Gy +2.45 2K yg +1.89 Gy
3781.0 2.14 26 441
3777.0 3.60 26 468 26 461 94.3 4Gupp +1.93 2Kys +1.66 4Gy
3774sh) 1.90 26 490
3770.3 0.08 26 516
3765.0 0.04 26 553

&Crystal contains 0.15 at. % Er, (X210 cnr).

PMultiplet manifolds of Ef* (4f'Y); calculated centroids are listed in parenthesis intm

“‘Wavelength(angstromy sh denotes shoulder; b denotes broad.

dIntensity of axial spectrund K) in absorbance/cm.

®Energy of observed levels in ¢mh

fCalculated energy levels for Erions occupying a charge-compensateti §M,) site havingCs symmetry; crystal-field parameters are given in Table VI.
9Percent free-ion mixture of wave functions based onGhesymmetry crystal-field parameterB () reported in Table VI.

"Hot bands found in absorption to this level at 70, 133, 165, and 26U;ckevels within the ground-state manifoltl;s,, corresponding to these hot bands
have an uncertainty of 3 cm ! due to the breadth and shape of the hot bands.

iLevels used in fitting analysis.

spectra with different decay times. It is not clear whether theand the energy separation betwedh, and *Hs is smaller
different decay rates correspond to spectroscopically distinghan that betweelG, and °F,, or that between'D, and
sites. 1G,. Despite the relatively low thulium concentration in the
The rapid decay ofH, may be due to intraionic or in- crystal, cross-relaxation may also be important, given the
terionic effects. The former is possible because unusuallgtrong electronic transitions observed in Table | and Fig. 3
large phonon energies are available in the phosphate apatites)d the near resonance evident for the process
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TABLE V. Emission from*S;, to *l,5, at 4 K (Er:SFAP.2
/2 15/2

NA)P E(em™b® 14 Trans® AE(em )’ E(cm g,d

5477.5 18 251 w

5492.7 18 201 s Bz, 0 -7
5502.1 18170  ww

5513.9 18131 vs  B-Z, 7q 65
5529.5sh) 18080 m

5533.2 18 068 vs  B-Zg 133 136
5542.9 18 036 m  B-Z, 165" 173
5556.1 17 993 m

5572.2 17 941 m  B-Zs 260" 260
56000b) 17 853 w 348 359
5638 17 731 vw 470 478
5688.2 17575 vw

5709.9 17 509 vs  B-Zg 692 694

3xcitation at 520 nm(?H;,,, multiplet manifold.

PFluorescence measured in angstroms.

‘Energy in vacuum wavenumbers.

YRelative intensitysee Fig. 11; vw (very weak; w (weak; m (medium); s
(strong; vs (very strong.

®Transition from lowest energy Stark level df,, corresponding to
18 203 cm'! in absorption(see Table IIl, to Stark levels of'l;g, (Z,).
'Difference in energy (cm') usingB;=18201 cn?.

YCalculated splitting of thél,s, multiplet manifold using crystal-field pa-
rameters B, given in Table VI.

"Stark levels identified in absorption from hot bands are listed @s0Z
Z,=70, Z;=133, Z,=165, and Z=260 cni %,

iLevels not used in fitting analysis.

(®Hg lowest state®H,, lowest statg—(°F, highest state,’F,
highest state

in which trivalent thulium substitutes for divalent strontium
in the M(Il) site (Cg symmetry. The nearest-neighbor fluo-
ride (F7) is assumed to be replaced by divalent oxygen
(0?7) thus preserving overall charge neutrality and local
symmetry*®

The total Hamiltonian for T includes the free-ion
coulombic and spin-orbit terms for all SL}Mtates of the
4112 electronic configuration and the crystal electric field
terms reflectingC; symmetry. The Racah and spin-orbit pa-
rameters entering into the free-ion part were obtained from
an analysis of the aqueous solution spettr@ihe crystal-
field Hamiltonian is of the form

12

Heerm > X 2 B:mizl Chom(i),

n even m=-n

€y

where theB,,,, are the crystal-field parameters, and @g,
are expressed as

12

Com(i)= Yom( 6 ,0i) 2

(2n+1)
with

Cn-m=(=1)"Clp. ()
The Y, are spherical harmonics. @5 symmetry values of
m are restricted by + m = 0, = 2, = 4, with|m| < n andn

= 2,4,6. Then-evenB,, parameters are restricted to 15 in
Cs symmetry, but with a simple rotation about the principal

Room temperature fluorescence branching ratios for
1G,, Tm:SFAP, have been reported by Merkle, Zandi, and
Chai?® For convenience we include their results here as fol-

lows (®Hg, 0.80, (°F, 0.10, (°Hs, 0.05, (3H,, 0.09, and

(®F3, 3F,, < 0.1). We do not have branching ratios for other

fluorescing manifolds.

V. CALCULATED CRYSTAL-FIELD SPLITTING FOR
Tm:SFAP

The initial B,,, parameters used in the crystal-field split-
ting calculations were derived from a lattice-sum calculation

100 100
90 e 90 Ilc
3 3
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« ©
- -
= 70 2 70
g 60 uEa 60
; :
50
& &
-
%’)40 : 40
© 30 © 30
[0 []
w20 A 20
ol 4K Le ol 10K ie
obo v v v 0 Py TV S R S S S R
465 466 465 466

Wavelength (nm) Wavelength (nm)

FIG. 4. Transverse absorption spectra of emitting levet@ (4757 A,
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B~ i sigma
= JW
n
c F
o
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1 I ] | | L | 1
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Table | @ 4 K and 10 K showing the growth of a hot band that represents aFIG. 5. Polarized emission spectteansverse and axjairom the'G, to the

transition from a Stark level 4 cr above the ground-state Stark level.
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FIG. 6. Polarized emission specttaansverse and axigirom the'G, to the

; . FIG. 8. Polarized emission spectteansverse and axjalrom the'D, to the
3F, multiplet manifold at 4 K. pect el 2

3F, multiplet manifold at 4 K.
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FIG. 9. Room temperature fluorescence decay waveforms for Tm:SFAP
FIG. 7. Polarized emission specttaansverse and axigirom the'G, to the 1G, and®H, fluorescence following pulsed excitation. The upper time scale

3H; multiplet manifold at 4 K. applies to thé'G, decay, the lower scale to ttiél, decay.
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TABLE VI. Crystal-field components and parameters for*frand EF" in

SFAP (sites ofCg symmetry.2 F 4K
Tm®** (em™) EFf* (em™) EF°T (em™) i
Aym  (cmYA™ B, final predicted final i
Ao 11057 By 2009 1886 1882 5l
Ay 657 By, 295 112 28.7 a |
As 2053 Buo 876 1177 1462 =
ReA, 455  ReBy, 204 188 261 ol
A,  —1861 B., — 934 — 768 —784 i
ReAy, 524  ReB,, 124 216 — 412 [
1Ay 764 Bus 536 315 99.0 i
Ao 288 By 434 283 ~158 L
ReAs, —48  ReBg, - 122 - 47 — 763 541 548 552 556 560 564 568 572 576
1Ag, —267 Bgo — 26.8 — 262 —147 Fluorescence Wavelength (nm)
ReA,, —289 ReBy  — 185 — 284 —324
1Ags 38.0  Be, -4 37.0 341 FIG. 11. Fluorescence from tHtS,;, to the *l,5, multiplet manifold ob-
ReAgg 117 ReBg 475 115 141 served at 4 K.
Agg  —1147 Bes ~1601 —1127 —438

4n the table “Re” denotes real and “I" denotes imaginary.

SFAP1822The effect of replacing the nearest Bite by an
O site was obtained by calculating tie,,, for a negative
Eharge at this site and adding these components té\the

components for the KI) site without charge com-

axis, B,, is made real and positive thus reducing the numbe
of parameters to 1% TheB,,, are related to the crystal-field

componentsfnm, by the expression, pensatiort® A value ofq = —2.00 for the oxygen charge was
Bnm=pnAnm (4) chosen.
here Using the calculated,,,, parameters in the crystal-field
w splitting calculations, we obtained predicted Stark levels
o with symmetry labels that are consistent with conclusions
A=~ €2 4,Con(R)/R] (5)

obtained from experiment. The predicted ground-state Stark
level and the first excited Stark level were several wavenum-
In Eq. (4) p, represents the effective value(@f') associated  pers apart and of different symmetigonsistent with experi-
with the monopoleA,n. In Eq. (5) the effective charge is  mental results reported in Tables Il and I1I. The splitting of
g; on the ion afR;, and the sum is taken over all ions in the the two lowest energy Stark levelsihls were also predicted
lattice® =% The A,,, components were calculated for the tg be of different symmetry and separated by several wave-
M(ll) site (Cs symmetry using the x-ray data reported for numbers. The experimental assignments for these levels are
8209 (',) and 8212 cm?! (I';) in Table Il and 8208 [5)

and 8212 cm?! (I';) in Table Ill. These assignments are

L B s based on some of the strongest fluorescence observed. The
predicted symmetry label for the emitting Stark level in the
Er:SFAP 1 1D, and G, manifolds give polarization patterns consistent
25 4 with experiment.
Room Temperature Not all Stark levels ofHg were observed. Because of

the size of the crystal-field splitting, thimixing between
multiplet manifolds®Hg and 3F, affects the splitting of the
3F, manifold. The 5677 cmt (I';) Stark level in particular
appears to be affected by Stark levels not identified in the

N
o
|

151 o 3Hg manifold. While the predicted value for the 5677 ¢n
Pi level is close to a weaker absorption peak observed at
I ] 5717 cmi! in Table |, the latter does not appear in fluores-
10 H BVAN cence. Consistent analysis of the fluorescence spectra

matches the stronger absorption peak at 5677'dma level
observed in fluorescence.

Absorption Cross Section (10'20 cm2)

5 . Numerous least-squares fitting routines were used to
| Sigma maximize agreement between all experimental Stark levels
o M 1 identified from the polarized fluorescence spectra and calcu-
1) S PR —wu] S ——— i — lated Stark levels whose energy as well as symmetry label
500 1000 1500 most closely agree with experiment. The list of experimental
Wavelength (nm) levels was then expanded to include the most intense peaks
observed in absorption. The best overall agreement obtained
FIG. 10. Room temperature absorption spectrum of Er:SFAP. between calculated and experimental Stark levels is repre-
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sented by the calculated splitting appearing in Tables I-I11l inwith the calculated levels using the predicig, parameters
which an rms deviation of 7 cnt was obtained between 43 for Er**. With modest change to most predict®gl,, param-
calculated and observed levels. Because of the large crystaters we were able to obtain a final rms deviation of
field, Table | also includes the percent of free-ion mixture.7 cm ! between 43 experimental and calculated levels. The
The final set ofB,,, parameters for T in Tm:SFAP is final set ofB,,, parameters for Ef appears in column 6 of
given in Table VI. Table VI. Examination of the spectra reported in Table IV
indicates that thd + 1/2 absorption peaks used in our analy-
sis represent more than 95% of the total absorption by all
VI. ANALYSIS OF THE Er:SFAP SPECTRA AND Er’" ions in the crystal. The majority of Ef ions occupy a
FLUORESCENCE LIFETIME MEASUREMENTS site of C; symmetry. The free-ion mixture is also given in

Table IV presents the absorption spectrum of Er:SFAPT"’,IbIe IV since the. relatively I_arge crystal-field splitting
obtained at 4 K. A room temperature survey spectrum iimxes st?tes of adjacent manifolds to some extent, e.g.,
given in Fig. 10. Both spectra are distinguished by having Fsi2 and”Fy.

J+1/2 relatively strong absorption speaks associated with

each multiplet manifold of E¥ (4f'). In addition to these \;;; ~ONCLUSIONS

strong peaks, much weaker and usually broad peaks, many

appearing as satellite peaks to the strong peaks, are observed From an analysis of the absorption and site-selective po-
in the absorption spectrum and are attributable ' Bons  larized fluorescence data, we conclude that the majority of
in minority sites in SFAP. The spectrum appearing in TableTm®" and EF" ions occupy sites o€, symmetry. Results

IV is much simpler than the absorption spectrum fof'Er support the conclusion that Tfh and EF* ions substitute
ions in Er:FAP reported by Grubet al!! In C; symmetry  for SP* at the M) site in the undoped lattice. The nearest-
all Stark levels for Et* have the same symmetry label, neighbor fluoride (F) is replaced by divalent oxygen
2I'g, and transitions in botlr- and m-polarization are al- (O?7) thus preserving overall charge neutrality and local
lowed between these levels without restriction. The intensiCg symmetry. The crystal-field splitting of individual multip-
ties of individual transitions appearing in the axial spectrumlet manifolds represents some of the largest splittings ob-
at 4 K are listed in Table I\Mcol. 3. served for these ions in insulator host crystals. Consequently,

Fluorescence spectra from th®;, multiplet manifold to ~ J-mixing is relatively larger for certain manifoldsee for
the ground-state manifoldl,s,, are reported in Table V and example*F;, Er:SFAP, Table V. LargerJ-mixing also af-
are displayed in Fig. 11. We were not able to completelyfects the oscillator strengths that represent the intensities of
reduce the emission to a single site, as a second site is atite absorption and fluorescence spectra.
parent, having comparable splitting, as evidenced by a Absorption transitions from the ground-state to excited
weaker emission spectrum that is nearly superimposed on tH&tark levels within a given manifold exhibit a greater range
emission attributed to Bf ions in the majority site. Mea- of individual intensities than found for comparable transi-
surement of the temporal decay of the room temperaturéons of the same ion in other low symmetry host crystals.
fluorescence from th#,,,, and*l,5, manifolds yields fluo- For example, of the + 1/2 Stark level transitions allowed
rescence lifetimes of 23020 us and 8.9-0.1 ms, respec- from the ground-state to tH#,5, manifold in Er:SFAP, two
tively. These data are uncorrected for reabsorption effects, af seven allowed transitions represent more than 90% of the
reabsorption is considered to be minimal due to the dilutiombsorption to this manifold at 4 K. Hot band absorption in
of the samples and the low absorption cross-sections. Thieoth Tm:SFAP and Er:SFAP is very weak in comparison
lifetimes are somewhat shorter than were observed for emith the hot band absorption spectra observed in Tm:YAG
bium in FAP1! possibly indicating the presence of nonradi- and Er:YAG®®
ative relaxation channels in SFAP that are not present in  Due to the moderately lontj,,,, fluorescence lifetime in
FAP, though larger radiative transition probabilities may alsoEr:SFAP,(230+= 20 us, room temperatuyehis material will
contribute to the lifetime shortening. probably not make a good host for Yb to Er-sensitized 1.5

Irradiation of the nominally 1% Er:SFAP sample with um laser action, as the energy transfer to the erbium from the
the 978 nm diode array at a fluence of greater tharytterbium would be inefficient. Direct pumping into the
1.2 kW/cnt produced no upconversion emission from the*l,5, manifold to obtain 1.5um laser action would be diffi-
4s,, manifold, indicating that cross relaxation between ionscult, as most of the oscillator strength is concentrated be-
excited into the*l;;,, manifold is not a dominant relaxation tween the lowest Stark levels of the two manifolds. The long
path. #1115, lifetime, in conjunction with the uneven distribution of

The crystal-field splitting analysis of Er:SFAP was car- oscillator strength for transitions between thg,, and
ried out by deriving a set oB,,,, parameters for Bf ions  “l,3, manifolds, may prove to be sufficient for development
from the final set oB,,, parameters obtained for Fhthat  of an efficient 2.8um laser sourcé?
are listed in Table VI. The predicted set Bf,,, parameters The large oscillator strength of the transition from the
for Er* were calculated using th&,,,, crystal-field compo- ground Stark level irflg,, to the lowest Stark level within
nents appearing in Table VI and the valuespgfobtained the *I;5, manifold in Er:SFAP indicates that this material
from Ref. 32. The Stark levels obtained from thet+ 1/2  may function as a passive Q-switch for erbium glass lasers
strong absorption peaks associated with each multiplet manéperating at 1.53um.3° However, the lond'l,5, lifetime
fold of Er** in Er:SFAP reported in Table IV were compared (8.9 + 0.1 ms) means that the Q-switch would probably re-
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