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Polarized laser-selective excitation and Zeeman infrared absorption
of St centers in CaF, and SrF, crystals

Jon-Paul R. Wells and Roger J. Reeves
Department of Physics and Astronomy, University of Canterbury, PB4800, Christchurch, New Zealand

(Received 3 January 20p0

Laser-selective excitation and fluorescence and Zeeman infrared-absorption spectroscopy have been em-
ployed to study S centers in doped CaFand Srk crystals. The dominant center present in both host
crystals has been determined to consist &, symmetry Sm*-F~ pair. A weakly fluorescing, nonlocally
charge-compensated Smion center has also been observed. These centers have cubic symmetry. In
CaR,:Snt, absorption features at 17 809 and 17 828 tiyield no visible fluorescence upon resonant exci-
tation. These transitions are associated with anion excess dimer and trimer centers of which'tiupt&ral
excitation is entirely quenched through nonradiative cross relaxation energy transfer. Codoping the crystals
with La®>", Ce", GF" or Tb®" ions creates heterogeneous clusters from which'Smorescence is observed.
However, in the case of codoping with Ey efficient and complete Sth(*Gs,)—EW* (°D,) energy transfer
is observed through multi-phonon-assisted processes. Treating the crystals with oxygeRyjedgimmetry
centers associated with?0 charge compensation. Crystal- and magnetic-field analyses adthend C,,
symmetry centers gives optimized crystal-field parameters which are consistent with those of other rare-earth
ions and which well account for the magnetic splitting measured by Zeeman infrared absorption.

[. INTRODUCTION these, by Ewanizky, Caplan, and Pastbfeund a degraded
polarization behavior for theC,, center fluorescence. No
The alkaline-earth fluoride lattice consists of a body-definitive explanation for this was given. Later, Rabbtfer
centered-cubic structure. Theé kons form a cubic cage with reanalyzed the data in terms of the electrostatic crystal-field
the alkaline-earth cation residing at the center of each alterexperienced by the Sth ion. However, the analysis has
nate cage. Trivalent rare-earth iorR3(") readily substitute limitations due to the nonselectivity of the measurements
for the divalent alkaline-earth cation and charge compensaipon which it was based. Nara and Schlesiffjatso at-
tion is required. In CafR3" crystals, the well-known tempted crystal-field analyses, but, as with Rabbiner, the
C.,(F7) center is predominant. This center consists of aquality of the data precluded any serious analysis.
R3*-F~ pair with the charge-compensating fluorine ion lo- At high concentrations of rare-earth ions in GaRulti-
cated in the nearest-neighbor position along[tt@0] direc- R3" ion centers exist which are known to be anion
tion from theR3" ion.18 SrF,:R3" is less simple with ions  exces$!~2*For ions heavier than Gd, it is predicted that
up to Dy** having a predominant,,(F~) center. Between hexamer clusters are the predominant form of defect cluster-
Ho®" and EF' a changeover from the tetragor@}, (F-) ing, as appears to have been observed in,@Ef",>-**and
center to a predominant center 6f, symmetry occur§®  in CaR:Lu®" crystals codoped with Gd.?’ Previous laser-
This center consists of B*"-F~ pair with the charge com- selective excitation measurements of @&fF" have iden-
pensating F ion located in the next-nearest-neighbor posi-tified two cluster centerThe arbitrarily labeledR center is
tion along thg111] direction from theR®" ion (the so-called  a negatively charged cluster which consists of twd'Hons
J centey. and three F ions distributed in such a manner that the two
Samarium often exists in mixed valence states wherEW" ions experience different site potentials. The remaining
doped into alkaline-earth fluoride crystals due to the partiatenter, labeled, is a symmetric cluster of three Euions
reduction of SmM" during the growth procedure. Divalent with four F~ ions?®?° These clusters, well known for B,
Sn?* in CaF, and Srk has been studied extensivéiee, for  are reported here for Sth centers in Caf having observ-
example, Ref. 1D This interest was largely motivated by the able exchange splittings in their infrared-absorption lines. As
success in obtaining laser action from the divalent species d@he concentration of clusters increases, there is a correspond-
77 K (Refs. 11 and 1Rand optical memory applications ing increase in the population of cubioonlocally charge
related to photoionization hole burning. compensatedcenters. This is found to occur through “get-
In contrast, trivalent SAT in CaF, and Srk has received tering” of the F~ ions by the cluster centers by dissociation
little attention. Early electron paramagnetic resonancef the singleR®"-F~ dipoles®
studied®* found a dominant center of,, symmetry in This paper presents optical and infrared spectroscopy of
CaF:Snt". However, later studies in CafSn?t and  Snt" centers in Caf and Srk crystals. Polarized laser-
SrR:Sntt (Refs. 15—1Y found a consistent,, symmetry  excited fluorescence has been used to infer center symme-
center that was spectroscopically distinct and thus differindgries and establish comprehensive energy-level schemes for a
in charge compensation configuration from the earlier studtotal of 16 different rare-earth ion centers. Extremely effi-
ies. Several optical studies were undertaken. The first ofient Sni* (%G, —EW " (°Dy) energy transfer has been
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observed in CafF0.15% E{':0.05% Smi'. Single- superconducting solenoid built into the can of a liquid-

electron crystal-field analyses have been performed for thBelium cryostat. The infrared beam was directed along a hol-
Oy, andC,, symmetry centers in both Caind Srk; which ~ low tube fixed through the center of the solenoid. The crys-
yield optimized parameters consistent with those observetfls were cooled by thermal contact with a copper sample
for other rare-earth ions. The calculated crystal-field waveholder screwed into the middle of this tube. As the magnet is

functions give a good account of the magnetic splitting fac2 simple solenoid, Zeeman infrared measurements could
tors measured by Zeeman infrared absorption. only be made with the radiation beam along the direction of

the magnetic field, which restricted observations to allowed

transitions for theB|k polarization geometry.
Il. EXPERIMENTAL TECHNIQUES

For all spectroscopic studies undertaken here, ,Catel Ill. SPECTROSCOPY OF Sm®* IN CaF, AND SrF,
SrF, crystals containing the appropriate quantity of SmF
were grown by the Bridgman-Stockbarger method at the
University of Canterbury. The starting materials were placed
in a graphite crucible and lowered at 4 mm'tthrough the The 4f° configuration is appropriate for trivalent sa-
temperature gradient produced by the induction coil of amarium and consists of 1001 two folramerg degenerate
38-kW rf furnace. Oriented samples for polarization studieselectronic states. Two multiplet$@®s,, at 17 800 cm® and
were cut from boules aligned using th@11) cleavage “Fs, at 18900 cm?) are accessible to Coumarin 540 dye
planes. All of the Siii"-doped Cak and Sri; samples used laser excitation. The ground multiplet 15, and fluores-
in this study were completely clear, indicating the absence ofence to all multiplets of the low lyinH; and ®F; terms
the divalent species. In all cases, Pifas added to the start (except®Fgy, and 8F;,,) could be detected with the photo-
material to scavenge for unintentional oxygen impurities. Fomultipliers used in this study.
intentional oxygen implantation, a variant on the method of The standard notation of a letter plus a numerical sub-
Hall and Schumach&Ffor the introduction of hydrogen and script is used here for labeling the crystal-field levels of vari-
deuterium into fluorite crystals was used. This involved theous LSJ multiplets. The ground multiplet is label&dwith
heating of the samples to be treated, in dry oxygen gas a@he ground state being,, and the first excited multiplet
850 °C for periods ranging between 15 min to 4 h. ®H,,, labeled byY. The levels of the'Gs, multiplet are leb-

Optical-absorption spectra showing transitions to theeledA;, A,, andA; while the levels of‘F, are denoted;
4Gs), multiplet of the Sm* ion were recorded on a Spex andB.,.

1700 0.75-m monochromator using an EMI 9659 QA photo- Al of the Sn?* energy levels have wave functions which
multiplier. Electromagnetic radiation was provided by anecessarily transform as one of the irreducible representa-
voltage-stabilized 100-W quartz iodine lamp. Spectra weregions (irreps of the appropriate double group describing the
recorded at temperatures down to 16 K using a CTl-symmetry of the local crystal environment around the ion.
Cryogenics model 22C cryodyne cryocooler. For Sm?" ions in centers of cubic symmetry, the energy

Laser excitation was provided by a Spectra-Physics 37%evels transform as one of the double dimensididll's and
dye laser pumped by a Spectra-Physics model 2045E 15-WA)T',, jrreps, or the fourfold dimensionaf'T'y irrep of the
argon laser. The resulting fluorescence was detected by @, double group. For Sfi ions in centers o€,, symmetry,
Spex 1403 double monochromator with a thermoelectrically[he energy levels transform as either t»h@or vy irreps of
cooled RCA C31034A photomultiplier using photon- theC, double group, while SAt ions in centers of trigonal
counting techniques. Either Rhodamine 560 or Coumarisymmetry transform as either thg, or ys¢ Cs, double-
540 dyes were appropriate for excitation@s, (Coumarin group irreps. ’

540 can also excite thé;, multiplet at 18 900 crm'). For The polarization behavior of Kramers ions@,, andCg,
long-wavelength fluorescence to tfig multiplets, an RCA  symmetry centers was presented by Cockoeofil” for the
7102 photomultiplier cooled te-100°C in a Products for case of emission of electric dipole character. When consid-
Research model TE 176-RF liquid nitrogen refrigerationering emission of magnetic dipole character, the transverse
chamber, was used to detect fluorescence on the Spex 17@dcillation of the magnetic vector of the propagating electro-
single monochromator. magnetic wave gives rise to inverted polarization ratios. Ob-

Fluorescence lifetimes were recorded using a Photoyigusly, the absorption and emission features of Sians in
chemical Research Associaté3RA) model LN100O nitro-  centers 0f0,, symmetry do not display any intensity depen-
gen laser to excite a PRA model LN107 dye laser. The nigence upon either the orientation of the crystal or the polar-

trogen laser has an output energy of up to 110 glleper  jzation of the exciting laser beam.
pulse. A Spex 1700 single monochromator with an EMI

9659 QA photomultiplier(PMT) was used to detect emis-
sion. The PMT signal was amplified and stored on a Hitachi
model VC6275 digital storage oscilloscope.

Infrared absorption spectra were measured with 0.1 Measurement of absorption gives the clearest picture of
cm Lresolution on a BioRad FTS-40 Fourier Transform in- the defect center distribution inR™ activated crystal. In an
frared spectrometer. The crystal samples were mounted onabsorption measurement, there is no need to correct for the
copper holder and cooled by thermal contact with the 10-Kdiffering quantum efficiencies of @3* ion in a given center.
stage of a CTS LTS 0.1 closed-cycle helium cryostat. Zeeln this case, we detect ttfels,,— “Gg/, absorption transitions
man spectra were measured with a 4-T Oxford Instrumentsf the Sni* ion centered around 17 800 ¢ These transi-

A. Energy levels of Smi* ions in centers ofOy,, Cg,,
and C3, symmetry

B. Absorption, laser-selective excitation,
and fluorescence spectra
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FIG. 1. (a) and (g) 16-K, “Gs, optical-absorption spectra for
CaF,:0.05% Sm" and Srk:0.05% Sni' respectively(b) and(h)
16-K, Gy, laser excitation spectra monitoring all fluorescence
in zero order of diffraction for Caf0.05% Smi* and
SrF,:0.05% Smi'. (c) and (i) 16-K, “Gs, laser excitation spectra
monitoring all fluorescence in zero order of diffraction for
CaF,:0.05% Sm"™ and Srk:0.05% Sm"™ crystals which have
been oxygenated for 30 min. Laser-selective excitation spédfra
for the C,,(F™) center(monitoring at 14 333 cm), (e) for the O,
center(monitoring at 12 804 cmt) and(f) for the C,,(0%") center
(monitoring at 13 900 c) in Cak:0.05% Sm'. Laser-selective
excitation spectrdj) for the C4,(F~) center(monitoring at 16 731
cm 1), (k) for the O, center(monitoring at 16 606 cm®) and (1)
for the C5,(0?7) center (monitoring at 16575 cm') in
SrF»:0.05%Sm*.
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FIG. 2. (a) and(f) 16-K, “F4, laser excitation spectra monitoring
all fluorescence in zero order of diffraction for Ga#05% Smi"
and Srk:0.05% Smi'. (b) and (g) 16-K, “Fy, laser excitation
spectra monitoring all fluorescence in zero order of diffraction for
CaF,:0.05% Sm" and Srk:0.05% Smi* crystals oxygenated for
30 min. Laser-selective excitation spectea for the C4,(F™) cen-
ter (monitoring at 17 837 cm?), (d) for the O,, center(monitoring
at 17653 cm?) and (e) for the C3,(0?") center(monitoring at
17511 cm?Y) in CaR:0.05% Sm". Laser-selective excitation
spectra(h) for the C,,(F~) center(monitoring at 17 839 cmb), (i)
for the O, center (monitoring at 17699 cmb), and (j) for the
C;,(0%7) center (monitoring at 17544 cm) in
SrF,:0.05% Smi*. vg denotes a cubic center resonance vibration.

Comparison of this spectrum with laser excitatifluores-
cence detected absorptjospectra employing both broad-

tions are nominally spin forbidden, but this selection rule isband and frequency-selective detectishown in Figs. (b),
broken down via intermediate coupling, and transitions arel(d), and Xe)] shows that there are two discrete fluorescing
observed at around five percent of the total transmissiomgenters. The two dominant peaks in both the absorption and

through the crystal.
Figure Xa) shows the®Hs;,—*Gs, absorption spectra of
CaFR:0.05% Sm* using an optical path length of 20 mm.

excitation spectra, at 17 837 and 17 908 ¢nare associated
with the expectedC,,(F~) symmetry center as determined
from the polarization behavior of the fluorescence transi-

Five absorption transitions are readily apparent at frequertions. The 17 653-cAt feature is a cubic center transition.

cies of 17653, 17809, 17828, 17837, and 17908 tm

(b) @

The observation of transitions corresponding to a cubic cen-

N

FIG. 3. 16-K unpolarized fluorescence spectra
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(©) *Hizp (F) ®Hign °Fip and ®Fgp, (9) OFspa,
and (h) ®F,,, multiplets of theC,,(F~) center in
CaF,:0.05% Sm" crystals.v denotes a transi-
tion terminating on a vibronic level.
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TABLE I. 16-K calculated and experimental energy levels, and i) magnetic splitting factors of th€,,(F~) center in Cak:Sntt
and Srk:Snt*. The energy levels are as measured in(ait cm %) and the magnetic splitting factors are for an applied field of(éxcept
for levels of the®H,5, ®H;j,, and ®H,y,, multiplets, which are at 3 JT The uncertainty on the measured splitting factors-&2 unless

otherwise stated. The levels denoted T are from infrared absorption spectra. The splitting factors that areadenadukben calculated

assuming a first order Zeeman interaction ofgge the text

CaF,:Snt* SrF,:Snet
State Energy S(119) Energy S(111)
Multiplet and Symmetry  Calc Expt Calc Expt Calc Expt Calc Expt
Hg), Z1(7e) 10 0 0.8 0.6 7 0 0.8 0.7
Zo(y7) 50 47 0.8 - 33 35 0.2 -
Zs(y7) 366 - 0.6 - 259 - 0.7 -
., Y1(ve) 984 985 2.4 1.5 992 990 2.3 2.1
Yo(v7) 1169 1160 3.1 - 1113 1108 3.1 -
Y3(v7) 1334 1323 1.8 - 1276 1283 1.8 -
Ya(ve) 1402 1418 3.2 - 1300 1309 3.0 -
Hg, X1(ve) 2208 2215 3.8 3.8 2212 2216 3.8 3.7
Xo(ve) 2375 2376 4.2 4.4 2324 2330 4.3 46.4
X3(v7) 2393 2403 3.7 - 2342 2345 3.9 -
Xa(v7) 2530 2537 3.9 - 2477 2486 3.9 -
Xs5(6) 2627 - 5.2 - 2519 2527 5.1 -
H,0 W, (ve) 3496 3504 5.1 4.9 3510 3513 5.0 4.8
W,(y,) 3653 3648 3.0 - 3621 3619 3.3 -
Ws(ve) 3740 - 5.7 - 3688 - 5.6 -
W, (ys) 3792 3795 4.7 - 3740 3745 4.7 -
Ws(7) 3809 3814 3.0 - 3756 3760 2.6 -
We(y5) 3975 - 6.5 - 3863 3824 6.0 -
H,3 Vi(ve) 4859 4866 7.0 6.9 4881 4885 7.0 6.8
V,(v7) 4976 4981 2.6 - 4969 4871 3.2 1.8
Vi(y7) 5131 5125 4.0 - 5092 5078 5.0 -
Va(ve) 5215 - 2.8 - 51574-) 5154 6.2 6.40.3
Vs(v7) 5216 5217 1.6 - 5167s) 5181 4.8 -
Ve(ve) 5240 5238 6.1 - 5189 5198 6.1 -
Vo(y;) 5320 5300 8.6 - 5208 5210 7.7 -
H150, 5F1)p and 6F5), Si(v7) 6231 6230 7.7 7.7 6246 6241 7.4 7.4
S,(ve) 6281 6286 6.5 6.4 6281 6282 6.4 6.5
Ss(ve) 6549 6527 1.8 240.3 6487 6466 3.8 370.3
Sa(7e) 6583 6580 3.7 - 6521 6500 6.0 -
Ss(7) 6847 6651 75 - 6596)(s) 6619 5.3 6.50.5
Se(76) 6667 6660 4.8 - 6640y;) 6636 7.2 -
S:(7e) 6692 6693 4.8 - 6655);) 6650 5.7 6.6:0.5
Ss(v7) 6766 6768 5.1 . 6701 6702 55 -
So(7e) 6859 6852 3.9 - 6787 6787 4.7 -
Sio(¥7) 6878 6885 3.3 - 6796)s) - 4.1 -
S1(y7) 6916 - 6.9 - 6812 - 3.2 -
F), Ry(y7) 7282 7293 1.9 1205 7220 7228 2.0 1:80.3
Ro(ye) 7340 7345 3.6 2805 7274 7274 3.6 280.3
Rs(y7) 7381 7375 3.8 3805 7311 7299 3.7 390.3
5F,), Qi1(y7) 8130 8126 2.6 35 8076 8075 2.9 3.2
Q(76) 8151 8156 3.8 4.4 8094 8096 3.3 4.0
Qs(7) 8156 8178 4.1 4.3 8103 8112 3.7 4.1
Q4(7e) 8250 8246 3.2 4205 8185 8173 3.1 390.3
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TABLE I. (Continued.

Cak:Snr* SrR:SnP*
State Energy S(113) Energy S(113)
Multiplet and Symmetry Calc Expt Calc Expt Calc Expt Calc Expt
OFy, P1(ve) 9284 9269.9t 62 6.0 9240 9234.2% 4.6 5.2
P,(ve) 9286 9288.4t 53 53 9250 9244.0% 4.8 5.1
P3(y7) 9339 9356.4t 5.4 5.4 9277 9294.5% 5.3 4.9
P4(ve) 9359 9372.3t 4.9 450.5 9299 9310.0t 4.3 440.3
Ps(y7) 9410 - 53 - 9346 9345.7t 5.3 -
51 O4(v7) 10585 - 9.2 - 10577 - 9.1 -
O1(ve) 10702 10696.61 4.6 - 10647 10653.5t 8.2 -
Os(v7) 10712 - 5.4 - 10650 10669.4t 8.7 -
O4(vs) 10730 10733.7t 3.2 - 10683 10672.9t 5.3 -
Os(vs) 10785 10767.4t 5.7 - 10730 10704.8t 5.7 -
O¢(v7) 10794 - 6.4 - 10735 - 6.1 -
“Gsy A(y7) 17538 17837 15 - 17831 17839 14 -
As(ve) 17927 17908 21 - 17 962 17934 2.0 -
As(y7) 18219 18240 2.2 - 18175 18195 2.0 -
“Fap B1(ve) 18944 18950 0.8 - 18943 18949 0.7 -
By (y7) 18983 18976 0.9 - 18969 18963 0.8 -

ter is not unexpected as the magnetic dipole transition motwo features at 17 839 and 17 934 chwhich are analogous
ment is nonzero between states for whisd=0 or =1.  to those in CaESn?" [see Fig. 1g)]. The “Gs, broadband
Nonlocally charge-compensat&®?* centers have been ob- and selective excitation spectra, which are shown in Figs
served previously in fluorite-type crystals, and are welll(b) and 1), indicate that these transitions are associated
documented?33 with aC,, (F") center. In addition, a weaker cubic symmetry
Two peaks in the absorption spectrurig. 1(a)], at  center is present. The selective excitation spectrum for this
17809 and 17 828 cnt, are associated with nonfluorescing center is shown in Fig. (k).
Snt* ion centers. These transition are labe@@&ndR, re- Figures Za), 2(c), 2(d), 2(f), 2(h), and 2j) show the*F5,
spectively. Analogou® andR centers have been previously excitation spectra, which display similar defect distributions
observed in CafEW®",* and have been assigned as trimeras observed fofGs,. The measured levels for tH&s, and
and dimer centers, respectivéf?°3*For these CafESn?™  “Fy, multiplets in Cak:Snt" and Srk:Snt* are given in
analogs, the optical excitation of the 3mion can be Tables | and Il. In the'F;, excitation spectra, sharp cubic
quenched by cross-relaxation procesSes. center vibronic transitions can be observed with energies of
By contrast, the®Hs,—*Gs, absorption spectrum of a 139 and 150 cm' for the Cak and Srk hosts,
20-mm-thick Srk:0.05%Sni"™ crystal is simpler with only respectively®® These are labeled with the notatiep. After

© ) @ .

e S e e S FIG. 4. 16-K unpolarized fluorescence spectra
14000 14200 14400 15200 15400 15600 16400 16600 16800 17400 17600 17800 - for the () ®*Hgyp, (B) ®Hopp, (©) ®Hgp, (d) ®Hypypm,

(© ®Hizp () *Hisp °Frp and °Fyp (9) Fsp
and (h) ®F,,, multiplets of theC,,(F~) center in
SrF,:0.05% Sm" crystalsv denotes a transition
terminating on a vibronic level.
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FIG. 5. 16-K unpolarized fluorescence spectra
for the (@) ®Hgp, (b) ®Hyp, (C) ®Hgp, (d) CHyypn
(® ®Hizz () Hisp °Frp and °Fyp (9) °Fs
and (h) SF;, multiplets for the O, center in
CaF,:0.05% Sm". vg denotes a cubic center
resonance vibration.

FIG. 6. 16-K unpolarized fluorescence spectra
for the (&) *Hsy, (b) ®Hypo () *Hop () ®Hygpp,
(® ®Hizz () *Hisp °Frp and °Fyp (9) °Fsp
and (h) SF;, multiplets for the O, center in
SrF,:0.05% Sm". vy denotes a cubic center
resonance vibration.

FIG. 7. 16-K unpolarized fluorescence spectra
for the (a) ®Hs, (D) ®Hyjp (€) ®Hgpp (d) ®Hygp
(®) ®Hizp () *His °Fip °Fap and °Fgp, and
(9) 5F;, multiplets of theC,,(O?7) center in
oxygenated CafF0.05% Smi" crystals. The*
notation indicates an unassigned transition.
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30 minutes treatment of both CaB.05% Sm* and 2. On center in CaR:0.05% Sm* and SrF,:0.05% Snit
SrF,:0.05% Sm* in a dry oxygen atmosphere, a single cen- crystals

ter associated with © charge compensation becomes ap-  Centers of cubic symmetry are not normally observed in
parent. The 17 511-cit excitation peak was observed pre- optical spectra, as the selection rules are restrictive due to the
viously in Cak:Snt* crystals which were treated with lack of an electric dipole moment. However, for $nthe
oxygen?® The spectral character of this center is consider+elevant optical absorption transition $ls,,— *Gs/, which

ably different from the regulat,, centers by having a much satisfies theAJ=0 magnetic dipole selection rule and tran-
larger axial distortion. This is a feature consistent with thesitions between these states for centers of cubic symmetry
placement of an & ion in the nearest-neighbor position are observed.

along the[111] direction from the rare-earth ion, thus pro-  Figures 5 and 6 show laser-excited selective fluorescence
viding a center withC5, symmetry. We denote this center as for Oy, centers in CafESn?* and Sri;:SnP* crystals. That
C,,(0%7). Figures 1c), 1(f), 1(i), and 1I) and 2b), 2(e),  the Sni' ions are in centers of cubic symmetry is confirmed
2(g), and 2j) give the appropriatéGs,, and *F5, broadband by their simple energy-level structure and the lack of polar-

and selective excitation spectra. ization dependence to the fluorescence in eitlidr])- or
(100)-oriented crystals. As has been observed previotfsly,

1. C,(F™) center in CaF:0.05% Sni* and SrF,:0.05% Smi*

(a}
crystals
Absorption and laser excitation spectra of th@&, and

“F5, multiplets indicate that the dominant center in both ® 1
CaF, and Srk crystals is theC,,(F™) center. This is con- 23
firmed by polarization studies of the,,(F~) center fluores- ©
cence. In(100-oriented crystals, polarization ratios of 2:1
are obtained in a geometry consistent with a Kramers ion in @
a tetragonaC,, symmetry center and tHls,,— *Gg), pump

transitions being magnetic dipole in charactérhis is not o
unexpected given the magnetic dipole selection rdig, .
=0,x1. )

Fluorescence to théHg, multiplet (Figs. 3 and % was

recorded for excitation of th&Gs,A; state, while for record- T e e racoo
ing the fluorescence spectra of the remairfihg and acces- Wave numbers (o)

sible °F; multiplets, theZ;— A, transition was excited. As

obseryed previously, the polgrlzatlon dependence of'the CaF:0.15%L&":0.05% Sm* monitoring all fluorescence in zero
C4E’(F ) center fluprespence is degraded from the Opt'munbrder of diffraction. 16-K,*G;, selective excitation for th@ cen-
ratio ex.pecFed. This arises from the Iaé:k of a p6ure elect.rlc Ofers in (b) CaR:0.15% L& :0.05% Srd* monitoring at 15601
magnetic dipole moment for thtGg,,— °H; and °F, transi- cmL, (c) CaR:0.15% C&":0.05% Sri* monitoring at 15607
tions. A magnetic dipole intensity is obtained becausd of ¢yl (4) caF:0.15% EG':0.05% Smi* monitoring at 16 934
mixing between the relevant states through the crystal-fieldm=1 (¢) car,:0.15% Gd&*:0.05% Sm* monitoring at 15614
interaction. The measured crystal-field states of the’'Sm em Y, (f) CaR:0.15% TB*:0.05% Sm* monitoring at 15620
multiplets under 20 000 cht are given in Table I. cm?!

A

FIG. 9. (a 16-K, %Gy, excitation spectra for
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TABLE Il. 16-K calculated and experimental crystal-field en-  TABLE lll. 16-K state energiesin air cmi %, =1 unless other-
ergy levels of theOy, centers in CaESnt" and Srk:Snt* (as  wise stategland polarization ratioéPR) of the C,,(O?”) centers in
measured in air;=1 cm %), The value in round brackets is tenta- CaR:Snt* and Sr:Snt™.
tively assigned, and has not been included in the fit.

State PR State PR

State Cak:Sn?* Sri:Sne* Multiplet Label energy ZX/ZY energy ZX/ZY
and
Multiplet ~ Symmetry Calc  Expt  Calc  Expt ®Hs/o Z 0 13 0 11
Z, 35 11 45 0.7
®Hs/o Zy(T) -8 0 0 0 Z, 421 13 477 08
Z,(T'7) 102 96 115 93
5,5 Y, 957 1.1 969 0.9
*Hoip Y1(I'e) 910 (930 944 955 Y, 1322 09 1294 09
Y,(I'7) 1143 1130 1104 1093 Y, 1432 1.4 1449 0.9
Y3(Tg) 1305 1314 1265 1284 Y, 1515 1.3 1527 1.1
SHgy X;(I'e) 2150 2163 2175 2185 6Hg X, 2001 12 1989 1.2

X,(l'g) 2339 2331 2309 2333

X, 2166 1.0 2176 1.1
Xs(Tg) 2511 2523 2469 -

X3 2401 0.7 2380 11

OH,1/ W,(I'g) 3510 3512 3518 3520 X, 2587 15 2582 1.1
W,(T'g) 3745 3731 3708 3705 Xs 2689 0.7 2710 1.1
Ws(I's) 3753 - s8rig - 3rla 5H, 1 W, 3467 09 3481 12
Wa(I'7) 3887 i 3830 3830 W, 3611 0.7 3612 1.2
H 13 Vi(I'g) 4849 4849 4870 4872 W, 3840 1.1 3606 1.3
V,(I'5) 4980 4967 4968 4967 w, 3921 1.2 3941 1.2
V(L) 5207 5213 5168 5146 W5 4043 - 3980 1.1
Vu(T'7) 5229 5237 5174 5161 We 4117 1.4 4135 08
V(L) 5273 - 5218 5192 .
His V, 4854 1.0 4872 1.1
SHism Fip Si(Ig) 6157 6154 1677 6176 V, 4916 1.0 4934 1.1
and °F 3 Sy(Te) 6262 6258 6269 - V, 5063 1.3 5049 -
S3(Ie) 6566 - 6527 - V, 5274 - 5199 -
Sy(T) 6725 6714 6689 6682 Vs 5380 . 5247 .
S5(T') 6758 6736 6703 6718 Ve 5490 . 5420 .
Se(I'7) 6855 6894 6784 6817 V, 5734 1.3 5758 1.3

S;(Tg) 6927 6914 6852 6848
6Hls/z. 6F1/2, GF3/2, S, 6184 1.0 6222 0.7

OFs), Ry(T) 7245 7260 7215 7227 and®Fy,, S, 6304 08 6337 0.9
Ry (') 7381 7362 7334 7316 S, 6338 0.9 6363 0.9
®F,p QuI'; 8119 8117 8087 8087 S, 6515 07 6479 06
Q,(T'g) 8129 8144 8106 8109 Ss 6601 11 6514 0.6
Qs(Ty) 8275 - 8234 - S 6869 1.0 6575 0.8
Gs)y A(l;) 17665 17653 17713 17699 2'78 3222 é:g gzgg 2:2
A,(I's) 18041 18053 18057 18070 s, 7394 14 7316 0.8
*Fa B,(I's) 18841 18842 18871 18871 S,y 7562 0.7 7356 1.0
S;. - - 7365 1.1
S, - - 7533 0.7
the cubic center in Cagkcrystals is present in significantly Si3 - - 7569 0.8
greater concentrations than in Sideystals. This is attributed 5
to the greater degree of defect clustering in the Qadst. It Frre Q, 8151 1.6 8130 0.9
has been assert®dand recently proveff?° that clustering Q 833 10 8226 07
in the fluorites is anion excess. Thus, as the extent to which Qs 8242 09 8232 07
clusters dominate the defect distribution increases, there is an Qs 8323 1.0 8303 06
associated increase in the cubic center concentration. “Ge A, 17511 ) 17544 )
For laser excitation of either th&,— A, or A, transitions A 18095 ) 18126 )
of the cubic center in CaESnt" and Srk:Snt*, 23 and 25 A2
transitions, respectively, can be observed betweeri"Sm s ' i i )
electronic statesFigs. 5 and & Table Il gives the crystal- “Fapp B, 18867 - 18899 -
field energy-level assignments. The selection rules for rare- B, 18981 - 19032 -

earth ions in centers of cubic symmetry allow magnetic di
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TABLE IV. 16-K excitation frequencies théG, multiplet of
the Cak:0.15%R%":0.05% Sm' (whereR=La, Ca, Eu, Gd, and
Th) Q andR centers. All frequencies are in air cth(=1).

Center State La:Sm Ce:Sm Eu:Sm Gd:Sm Th:Sm

{©
. Q Ay 17810 17811 17813 17813 17812
2 34
o : A, 17905 17900 17887 17885 17881
4l_u#¥ Aj 17965 17956 17960 17957 17954
© R A, 17830 17830 17829 17828 17828
7 A, 17894 17893 17891 17889 17888
—}\_-M‘v Aj 17928 17920 17908 17906 17898
‘ : : Ay 17938 17931 17922 17918 17913
17700 w;‘r:ggmmgz‘gg 18000 Ag 17953 17947 17942 17941 17935
FIG. 10. (a 16-K, “Gs, excitation spectra for
CaF,:0.15% L&":0.05% Sm"™ monitoring all fluorescence in zero
order of diffraction. 16 K,*Gg, selective excitation for th&® cen-
ters in (b) Cak:0.15% L&7:0.05% Sm' monitoring at 15613
cm™l, (c) CaR:0.15% CE&7:0.05% Sm" monitoring at 15617
cm ! (d) CaR:0.15% Ed™:0.05% Smi* monitoring at 16 942
cmL, () Cak:0.15% Gd*:0.05% Sm*™ monitoring at 15 628
cm tand(f) CaR:0.15% TB:0.05% Sm™ monitoring at 15 637
cm L
2
© s |F® 1 @ 1
3
ISt
161I00. . '16;00' 16(;00 I '164;50 ' '16;50. I 17;2(; - 17250 17280
(d)
5 4 FIG. 11. 16-K fluorescence spectra for
EW*(°Dy) to (a) "Fo, (b) "Fy, () Fy (d) F, (€)
312u1 F,(f) "Fs, and(e) 'Fg of the heterogeneou®
center in Cak:0.15% Ed":0.05% Snmi', v in-
o ammo 13500 T yass0 a0 15500 15350 16400 15450 dicates awbror_n_c sideband, and thaotation an
@ 4 unrelated transition.
5
24
12;00 .12(;00 o '12;00
Wavenumbers (cm™)
@ 3 ® 1 @ !
3
6 2 4 42
7154 5
T T 1 LA B L B L T T T
16150 16200 16250 16300 16850 16950 17220 17250 17280
d
® ® 3 @ 4 FIG. 12. 16-K fluorescence spectra for
° EU**(°Dy) to (8) Fo, (b) "Fy, () Fp (d) Fg, (©)
67 4 32, Fy, (f) 'Fs, and(e) 'Fg of the heterogeneouR
21 center in Cak:0.15% Ed":0.05% Smi'. v in-
: . —— —— T — —— dicates a vibronic sideband, and thaotation an
13200 13350 13500 14450 14650 15300 15350 15400 15450 unrelated transition.

[ T I— 1
12200 12300 12400
Wave numbers (cm™)
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TABLE V. 16-K 5Dy,— F; state energieas measured in air

cm i+1) for

CaF,:0.15% Ed":0.05% Smi'.
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the Q(Eu,Sm and R(Eu,Sm centers

in

Multiplet State Q(Eu, Sm R(Eu, Sm
=N Z; 0 0
R Y, 325 319

Y, 354 377
Y, 364 384
Y, - 391
Ys - 398
F, X, 977 996
X, 994 1023
X3 1027 1034
X4 - 1060
Xs - 1071
Xe - 1077
X7 - 1093
F, A 1847 1845
W, 1853 1854
W, 1863 1865
W, 1901 1914
Wy 1920 1920
R, V, 2610 2654
V, 2749 2748
Vs 2771 2764
V, 2806 2802
Vs 2830 2804
Ve - 2815
Fs U, 3797 3811
U, 3805 3815
Us 3844 3846
U, 3918 3921
Us 3929 3931
Usg 3943 3935
U, 4005 4000
Usg - 4011
Fs T, 4912 4906
T, 4924 4913
T, 4958 4963
T, 4973 4983
Ts 4978 4987
Te 5001 5005
T, 5025 5017
Tg 5040 5031
To - 5039
Tio - 5043

have strikingly narrow linewidths, and have been associated
with resonant modes of tHe®" defect3®

Laser-excited fluorescence places the
SrF:SnteH,,Y 4 (T') state for theOy, center at 955 cmt',
however, no corresponding feature is observed for the
CaFR,:Snt" O, center. From the observed vibronic structure
we can tentatively place this state at 930 ¢nisee Fig.
6(b)]. This value is consistent with the predictions of a
crystal-field fit to all other levels that place it at 910 ¢n
(see Sec. VL

3. C;,(0%) center in CaF,:0.05% Sni* and SrF,:0.05% Snit
crystals

For Cak:Snt" and Srk:Snt* crystals treated in an at-
mosphere of dry oxygen gas, an additional center is ob-
served. Oxygen charge compensated centers have been ob-
served previously in both Cafsnt® and Srk:Sntt
crystals by EPR techniqu¥s’ and also in optical
experiments®2%37-38However in previous studies the oxy-
gen was generally introduced as an unintentional impurity. In
this study, the deliberate and controlled addition of oxygen
allows the G~ charge-compensated centers to be introduced
and isolated without undue complication of the spectrum re-
sulting from multiple 3~ charge-compensating configura-
tions. The recorded fluorescence spectra of these centers is
shown in Figs. 7 and 8.

The & charge-compensated centers observed here are
characterized by a large axial distortion. This would tend to
support the assertion that the most commonly observed po-
sition for the G~ ion is the nearest-neighbor substitutional
position along the(111) direction from theR3* ion. This
results in a center o€;, symmetry. Polarization of the 39
and 42 fluorescence transitions observed for the &nters
in CaR:Snt" and Srk:Sntt, respectively, show only a
weak polarization dependence f¢tl11)-oriented crystals,
and no effect for100)-oriented crystalg§Table Ill). This is
consistent with a trigonal symmetry center.

IV. SPECTROSCOPY OF CLUSTER CENTERS
IN CaF,:0.15% R®%:0.05% Snt*; R®*=Ladt, Ce*",
Eu®*, Gd®" AND Tb3*

Laser-selective excitation studies of GaRS' have
shown the presence of anion excess diftfR@rand trimer(Q)
centergh?$28293134Tha R center has been shown to consist
of two R®" ions and three Fions arranged such that the two
R3" ions experience dissimilar crystal fields while te
center is a symmetric cluster of thrB8" ions with four F
ions. Analogous centers are present in £8RT" ions,
which, in this case, do not fluoresce due to efficient energy-
transfer cross relaxation. It has been established that these
Snt" centers are the principal electron traps for photoion-
ized Sni" ions in moderately doped sampi&& for which
both the divalent and trivalent species are present. Thus they

pole transitions between crystal-field states transforming aplay an important role in persistent spectral holeburning of
I's, I';, and I'g irreps of the O, double group except CaF,:Sn?¥"/Sn?*, where the holeburning mechanism is
I'¢—T,. However, as can be seen in Table II, such transiphotoionization of the SAT ions1°

tions do occur(albeit weakly possibly because the nonlocal

As the homogeneous S clusters do not fluorescence,

charge compensation provides a weak axial distortion. Assahe energy-level structure of these centers cannot be readily
ciated with zero-phonon transitions are transitions that termiebtained using laser-selective excitation. Here, we have
nate on vibronic states of the lattice. These phonon modesodoped the parent CafSnt" crystals with additionaR3*
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FIG. 13. 16-K unpolarized fluorescence spec-
tra from Sni*(*Ggy) to the (@) SHsp,, (b) CHop
(€) *Hopo, (d) ®Hy1/ (€) *Hyzp (F) OF3 (9) OFspo,
and (h) F;, multiplets of the heterogeneou®
center in Cak.0.15% L&':0.05% Smi" crys-
tals.

FIG. 14. 16-K unpolarized fluorescence spec-
tra from Sni*(*Gg)y) to the (@) ®Hsp,, (b) CHopp
(©) ®Hop (d) *Hyzpp (€) *Hyzn () ®Higin OFyp,
and®F3,, (g) °Fs,, and(h) 8F;, multiplets of the
heterogeneous R center in CaF:0.15%
La®":0.05% Smi* crystals.

FIG. 15. 10-K infrared-absorption spectra for
transitions to(@) ®Hz,, (b) ®Hgpp, () ®Hyqp (d)
®Hiz (€) *Hispp Fuz and °Fyp (f) °Fsp ()
8, (h) SFgy, and (i) 6F;, multiplets in
CaF:0.05% Sm"™. The numerics indicate
C,,(F7) center transitions, while th® and R
centers are indicated with lines.
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TABLE VI. 16-K state energies for théH; and °F; multiplets TABLE VII. 16-K state energies for théH, and °F, multiplets
of the heterogeneou® centers in Caf0.15% R®":0.05% Smi"  of the heterogeneouR centers in Cag0.15% R3":0.05% Smi*
whereR3*"=La%", C&", G", and TH". All energies are as mea- whereR®"=La%", C&", Gd®", and TE". All energies are as mea-
sured in airlcm™1x1). sured in airlcm™1x1).

Multiplet State La:Sm Ce:Sm  Gd:Sm  Th:Sm Multiplet State La:Sm  Ce:Sm  Gd:Sm  Th:Sm

®Hs), Zy 0 0 0 0 Hg, Z, 0 4% 0 0
Z, 30 29 31 26 Z, 54 a9 37 22
Zs 102 90 80 73 Zy 72 70 67 68
Z 109 103 82 98
H,,, Y, 968 966 966 964 Zs 127 123 106 -
Y 1039 1034 1031 1025
Y2 1050 1053 ] ) SH.,, Y, 985 983 976 969
3 Y, . 1022 1011 1010
Y, 1126 1120 1111 1111 Y, 1042 1037 1024 1018
®Hg) X, 2169 2167 2167 2163 Y4 1058 1155 1045 1037

1077 1067 1101

Xa 2209 2204 2198 2191 Ye 1132 1126 1107 1112

X3 2355 2350 2346 2342

X4 2431 2428 2426 2420 ®Hgyo X4 2180 2180 2169 2163
Xs 2460 2463 2465 2461 X2 2217 2213 2200 2191
. X3 2367 2362 2347 2343
Hi1 W, 3442 3438 3433 3428 X4 2439 2434 2420 2415
W, 3575 3574 3574 3572 Xs 2453 2451 2444 2435
Ws 3642 3638 3635 3631 ®H,10 W, 3456 3451 3440 3432
W, 3669 3670 3671 3671 W, 3501 3491 i i
Ws 3726 3718 3710 3697 W, 3525 3520 3512 3504
W 3815 3808 3801 3808 W, 3553 3547 3533 3525
%H13 V, 4919 4917 4916 4914 wz 35_79 33517 f 3?5555 32:’64
V, 4964 4958 4950 4943 W, 3649 3642 3633 3627
V3 4989 4987 4991 4990 Wy 3653 3648 3636 -
V, 5028 5024 5026 5029 W, 3690 3686 3682 3676
Vs 5046 5044 5044 5037 Wiq 3734 3729 - 3698
Ve 5105 5100 5098 5088 5H, 4/, V, 4936 4934 4927 4923
®Hisn S, 6281 6286 6284 6282 xa ggg; ‘S‘ggg jggg 4970
®F .y and S, 6329 6330 6322 6318 V4 030 023 014 0-08
Far S, 6384 6385 6370 - ° > > > >
Ve 5033 5029 5026 5022
S 6399 6399 6393 6389 V; 5076 5072 5047 5041
S5 6475 6475 6464 6456 Vg 5097 5092 5080 -
Ss 6543 6538 6530 6525 Vg 5114 5107 5087 5074
S; 6612 6612 6612 6612 Vio 5141 5134 5119 5112
S gg‘z‘i 2(75‘2"2 gsgg gggf %Hispo S, 6287 6293 6286 6285
So ° 8, and S, 6369 6370 6349 6341
OFg) R; 7168 7168 7163 7163 Far S 63:80 %33%% %35564;1 6:9,59
R, 7194 7193 7188 7187 s: 6405 6403 6388 6382
%71 Q, 7945 7943 7938 7935 278 PO o o St
Q. 8048 8045 8042 8043 s 6653 6643 6628 6624
Q; 8059 8056 8051 8050 s, 6713 6704 6712 6711
Q, 8085 8082 8080 8076 S, 6728 6726 6729 6724
5Fs), R, 7173 7170 7155 7151
R, 7190 7188 7173 7167
ions to obtain heterogeneous cluster centers in order to pro- R, 7199 7196 7181 7176
mote dgtectable quor_escemI;}e+ from thg modifRezhdQ cen- o, o 2047 2942 2997 2924
ters. With the exception of EU, these ions were chosen for 0 8045 8043 8029 8027
having suitable energy-level schemes such that no energy- Qz 8066 8061 8047 8044
transfer processes should be apparent. In the case %f Eu Q. 8076 8072 8058 8056

codoping, almost complete energy transfer from3Sno
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TABLE VIl 16-K “GgpA; decay times (in mili-  as is appropriate for rare-earth ions experiencing identical
seconds,*0.4) for the C,,(F’), O, and C;,(0°) centers in  electrostatic site potentials. By contrast, fit®s, states are
CaR,:Sn?" and Sri:Sn" and for the heterogeneol® and Q  detected for theR center due to the differing potentials ex-
centers in CanlS% R3+005% Srﬁ+, where R3+:La3+, penenced by the ions in that center.

Ce3*+, EL‘3+vC5_°G+_' and T6". The Cah:0.15% Ed":0.05% For excitation of the SAT, *Gs,Z,— A, transition of ei-
S, 4Gg, lifetime is given in microsecondé+0.3). The brack- ther theR or Q center in Cak:0.15% EG:0.05% Sm"* (at

eted values are the homogeneoBsand Q center values for 17813 ang 17829 ci, respectively, efficient and com-
Cah:0.1% Ed" measured in Ref. 4. plete energy transfer to the & D, state occuré! Such
Sntt-Eu’" energy-transfer processes have been observed
previously in doubly doped phosphate gl&s<igure 11
Center Multiplet Cak,: St SrF,: St shows theQ-center Ed* fluorescence which bears a close
similarity to the fluorescence of the homogeneQusenter

Lifetime

Car(F7) jGS/Z 10.4 10.5 in Cak,:EUW*".* Figure 12 shows the heterogenedtsenter

On Gs2 26.3 22.5 fluorescence for Caf0.15% Ed+:0.05% Sm*. Table V
C4,(07) “Gsy2 6.3 5.3 gives the energy-level schemes of these centers. A broad
Q(La, Sm Gy 7.8 feature at 16 837 cit is assigned as a transition terminating
Q(Ce, Sm “Gesa .7 on a pseudolocalized vibrational mode of the defect. The
Q(Eu, Sm “Gesz 3.4 us inferred vibrational frequency is 105 ¢rh 9 cm ! larger
Q(Eu, Sm *Do 8.4(10.1-0.1) than that measured for the homogenediscenter in
Q(Gd, Sm “Gsy 7.7 CaFR,:EUW*".% It is reasonable to assume that this effect is
Q(Tb, Sm 4Gy 7.8+0.2 associated with the replacement of one of thé'Hons with
R(La, Sm 4Gs)y 7.3 a lighter Sni* ion.
R(Ce, Sm 4Gy 7.3 Doping Cak:Sn?" with La®", ce*, Gf" or Tb*"
R(Eu, Sm 4Gg)y 6.5 us yields heterogeneous clusters for which the3Srion fluo-
R(Eu, Sm Dy 10.5(10.4:0.1) resces exclusively. This conveniently allows us to infer the
R(Gd, Sm Gy 74 energy levels of the analogous homogeneous'Scenters
R(Th, Sm 4Gy 7.5+0.2 which can be detected by optical and infrared absorption

(Secs. lll and V). Representative fluorescence spectra are
shown for the Q and R centers of Caf0.15%
EW is observed. The Bli codoped samples also allow the La**:0.05% Sm" in Figs. 13 and 14, while the Sthen-
unambiguous assignment of the @mcenters to their €rgy levels inferred for all four SyStemS are given in Tables
CaR:EU** analogs. In this case, tH&:, excitation spectra V! and VII. In both centers, fluorescence to thids;, mul-
were recorded monitoring the EU®D,—F,) fluorescence tiplet shows transitions to thé,,(F~) andOy, centers as the
(via efficient phonon-assisted energy-transfer proceSses, vibrational sidebands of these centers overlap@and R
while in all others cases the Sh{*Gs;,—°H-,) fluorescence center absorption transitions.
was monitored. Figures 9 and 10 show @&, excitation
spectra for the heterogeneoQsandR centers, respectively.
The measured transition frequencies show small shifts
from those measured for the homogeneous®'Swiusters
(Table IV). These“Gs, multiplet splittings are generally
consistent with the models propod&ébr the Q andR cen- The 16-K fluorescence lifetimes of th&G, multiplet
ters in that onlyd + 1/2 states can be detected for Reenter have been measured for ti@y,(F), O and Cs,(0?)

V. FLUORESCENCE LIFETIMES

. @ ® g6 ©
34 2.0 2 3
24 2 |/ 04
1.6 4

14 1 4 5 02
—_ 1 1.0 4 1
2] 0 T T 1 T T T 1 0.0 + T L
c 1000 1200 1400 2200 2400 2600 3400 3475 3550
S12 (d € 57 M . .
g 4 FIG. 16. 10-K infrared-absorption spectra for
s e{12 I3 3 | gransitionssto(a) 6I(;|7,2, (b) 6I—6|9,2, ) 6';11/2, (d)
g e 25 Higz (€) "Hisp “Fip @nd °Fgpp, (F) “Fspp (9)
2 N s ' 1 ;3 ®F () ®Fgp and (i) °Fyy, multiplets in
E7 T ' ‘ 0 ' ‘ SrF,:0.05% Sm". The numerics indicate
c 4800 5000 5200 5400 6200 6400 6600 6800 7225 7275 7325 _ L.
& 3 © 0] C,,(F7) center transitions.
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FIG. 17. Representatiid11) Zeeman infrared spectra for tran- Wavenumbers {om)

sitions to the®F;;, multiplet in Caf:0.05% Sni™. FIG. 18. Representativd11l) Zeeman infrared spectra for tran-
sitions to the®F,, multiplet in SrR:0.05% Smi*.

centers in CafESntt and Srk:Sntt, as well as th&- and

R-cluster centers in codoped CaErystals. The measured arising from the large axial perturbation.

St lifetimes (excepting that of the heterogenous clusters  Eor the Cak:0.15% Ed*:0.05% Sm" RandQ centers,

in CaF,:0.15% Ed*:0.05% Smi*) presented in Table VIl the Sii*(“Gyy) lifetime is determined by the energy transfer

are entirely radiative as thtSs,—°F 11/, energy gap is 7500  rates to the Eti (°Dy) level of 294 and 154 m¢ for the Q

cm !, assuming no interaction between tR&" centers at andR centers, respectively. It is notable that the heteroge-

the low concentrations used here. Therefore, the decay ratggous Q-center energy transfer rate is faster and the

are determined Only by the radiative transition probabilities.Eu3+(5D0) lifetime Shorter' than the Corresponding values in

This is reflected in the measured decay rates with the O the heterogeneouR center. Further to this, the heteroge-

charge-compensated centers having the shortest lifetimefeousQ center E&*(°D,) lifetime of 8.4+0.1 ms is shorter
than the homogeneou@-center lifetime in CaREUW*" (Ref.

TABLE IX. Optimized free-ion and crystal-field parameters for 4) (as shown in Table VI)L Both of these factors tend to

the C4,(F") andOy, centers in CafzSn?'* and Srh:SnP'*. Those  indicate a reduced separation for @ecenter rare-earth ions
in square brackets were not varied but were held at the values 'Eompared to those of thR center.

Ref. 44.

CaF,:Snt" SrF,:Sn?t
Parameter C o C o VI. INFRARED AND ZEEMAN INFRARED ABSORPTION

- i i i i OF CaF,:Sm* AND StF,:Sm**

:; ;g :4213 ;2 22; ;Z 23(2) ;Z 322 Trivalent samarium has 11 multiplets in the
£ 29972 40429 40077 40809 800—11000—crf_11 infrared-absorption region‘?H7_,2_15,2 and

o [21.6 [21.6 [21.6 [21.6 ®F./2.11/2 and Figs. 15 and 16 show the absorption trans+|t|ons
B [—724] [—724] [—724] [—724] to these levels. The spectra recorded for £aB5% Sm

y (1700 (1700 [1700] (1700 are 3|gn|f|cantly+ more complicated than thc_Jse ShOV\_lr_1 for
12 [201] [201] [201] [201] SrF,:0.05% Smi™ because of strong absorption tr.ansmons
3 (13] [13] [13] [13] due to theQ- and R—clu_ster centers. The level assignments
T4 [34] 34 (34 [34] are r_n_ade by comparison wlth laser-selected fluorescence

s transitions from the’Gs,, multiplet (Sec. 1l), and serve to

T7 [—193] [—193] [—193] [—193] confirm the inferred energy-level structures. The homoge-
T [288] [288] [288] [288] neous Sm" Q- andR-center transitions are made by com-
T [330] (330] [330] [330] parison with the codoped samples, and shifts of up to several
Mt [2.4] [2.4] [2.4] [2.4] wavenumbers are observed. Fluorescence transitions to the
Pt [341] [341] [341] [341] ®Fy/, and °F;;,, multiplets could not be observed due to the

4 1166 1174 1168 172 limited range of the IR photomultipliers used. Infrared ab-
B 746 - 472 - sorption has positively identified seven and nine of these
B4 590 - 545 - levels for theC,,(F~) centers in Caf0.05% Sm* and

BS 617 - 489 - SrF,:0.05% Sm*, respectively(see Table)l
B¢ —1227 —2112 —1204 —1890 Zeeman infrared-absorption measurements were made on
BS 670 945 562 776 the C,, symmetry centers wit{111-oriented crystals of

. 11 16 13 16 CaF>:0.05% Smi' and Srk:0.05% Sni*. For the magnetic

n 49 26 53 28 field directed along thé111) crystallographic direction, all

C,, centers are magnetically equivalent, and the*Swite
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symmetry is reduced t€,. In such a field, a spectral line 35(2111)=sf+ 253
splits into four components corresponding to the Zeeman
splitting of the two doubly degenerate levels. Representativ€rystal-field fits to 49 and 53 energy levels of t8g,(F")
splittings are shown for th€H,,, multiplet in Figs. 17 and 18 centers and 26 and 28 energy levels of g centers in
for CaR:Sn?* and Srk:SnP" respectively. The small Cak:Snft and Sr:Sn?* were performed using the com-
ground stateZ, (ye) splitting of 1.1 cm* for CaR:Sn?", or  bined results of the laser-selective excitation measurements
1.2 cm® for SrR,:Sn?" at 4 T, is not resolved for the and infrared absorption measuremefsse Tables | and )
higher-lying levels within a multiplet because of the largerin these calculations, th€ configuration was truncated to
homogeneously broadened linewidths for these transitionshe lowest 250 electronic levels as a reasonable approxima-
The measured Zeeman splitting factors are given in Table fion to the entire configuration. For th&,, symmetry cen-
alongside the calculated values from Sec. VII below. ters nine free parameters were employed in the fits to obtain
standard deviations of 11 and 13 thfor the Cak and Srk
hosts, respectively. The optimized crystal-field parameters,
VIl. CRYSTAL- AND MAGNETIC-FIELD ANALYSIS shown in Table IX, compare well with the results of previous
OF C,,(F7) AND O, CENTERS crystal-field fits for other rare-earth iohg:®" 13
] ) _ . Analysis of the optimised crystal-field wave functions
Crystal-field analyses have been carried out to assist i@hows considerabld mixing due to the crystal field. This
the determination of the symmetry of the energy eigenstateg.counts for the multipolar character of the emission from
and to c_)btaln wave f_unctlons for _the Zeeman analysis. TheG5/2 as most wave functions contain components which
crystal-field Hamiltonians appropriate f@, andC,, Sym-  giginate from states ai=2, £, or 2. Thus emission of both
metry, in terms of the Racah tensor operdfdrare of the  gjectric and magnetic dipole characters is to be expected

form leading to degraded polarization behavidf?
Ho,= B CYY+ JB/14C +C“))] The cubic center fits yield 16-cm standard deviations in
both cases, with crystal-field parameters that are close to one
+B[CY —\T7/2CP+C%)], third larger than theiC,, symmetry counterparts. This de-
y o a4 . . crease in the magnitude of the cubic field in g, site can
He, =Ho,+ BACH+BA[Cy" — V7/10CL" +CL )] be attributed to a relaxation of the ligands in the cage around
6 ~(6) €)1 ~(6) the R®" in order to accommodate the Rnterstitial in the
+BA[Co” + V14 Cy +C2)) ] neighboring cag# Within this, the magnitude of the cubic

The chosen tensor combinations are the invariant scalars grystal-field parameters are perfectly reasonable, and the dif-
the point group symmetry reduction chain $@0  ferences between these values and those o€tjjesymme-
—D,—C,. The parameters of this Hamiltonian are linearly try centers may be attributed to the fact that the alkaline-

related to those used earfiday the relationships earth fluoride lattices are overpacked.
Table | gives the calculated and measu(gill) Zeeman

2_p2
Ba=Bo, splitting factors for theC,, symmetry centers in CaFand
5 SrF. In general, good agreement is obtained between theory
B4A=1—ZB4, and experiment. For thE,(ys) andP,(ye) levels in Cak,
second-order Zeeman effects have been neglected as the
s 7 6 crystal-field splitting of these states is poorly accounted for
BA:§ Bo: by the fitting program. As a consequence of this, the program

overestimates the second-order Zeeman effect between these
4 oa T _4 states. Good agreement between the measured and calculated
Bc=B"+ 1_250' splitting factors is obtained with just the first-order interac-
tion (see Table)L
1
BE=BS+ 5 BS.
VIIl. CONCLUSIONS
The crystal-field fitting routine using this Hamiltonian was o tica1 apsorption, and laser selective excitation and fluo-
supplied by Dr Mike Reid. For the Zeeman analyses thgggcence has yielded energy-level schemes for six centers in

combined crystal- and magnetic-field perturbation matrice aF»:SnP* and Sri:Sn* crystals. The defect center distri-
were simultaneously diagonalized with the addition of they, tjon that has been determined consists of the well-known

Zeeman interaction term C4,(F") center plus a nonlocally charge-compensated cubic
_ ) center in both the CgFand Srk host crystals. After brief
Hzeemai= 1e(L +25)-B, treatment in dry oxygen gas, an additional center is created.
where ug=0.4669 cmm /T is the Bohr magneton. The mag- This center has trigonal symmetry due to a charge-
netic splitting factors of a given Zeeman split level is de- compensating & ion in the nearest-neighbor substitutional
fined in terms of its splitting\E in a magnetic fieldB by  position along th€111) direction from theR3" ion.
s=AE/ugB. For magnetic fields applied along th#&11) In CaR,:Snt*, two additional centers are observed that
directions ofC,, symmetry centers, the magnetic splitting do not fluoresce. As the energy gap below the exci@g,
factor iss(111y, which is related to the parallel and perpen- multiplet is 7500 cm?, direct multiphonon processes will be
dicular splitting factorss; ands, by negligible. Also, a greater number of electronic transitions
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are observed than expected for a single’Sion. This sug-  count for magnetic splitting factors measured by Zeeman
gests these features are associated with dimer and trimer cehfrared-absorption measurements.
ters, analogous to those observed in CBEE®*. The optical
excitation can thus be destroyed by energy-transfer cross-
relaxation between the Sinions that comprise the cluster.
Codoping CaF:0.05% Sm" crystals with 0.15% of Laf This research has been supported by the University of
Cehk;, Euk;, GdR; and Tbk yields heterogeneous clusters Canterbury and the New Zealand Lotteries Board. The au-
for which Sn?" emission is observed other than in thors would like to thank Dr. Mike F. Reid of the University
CaF:0.15% Ed*:0.05% Sm*. In this case, efficient and of Canterbury for supplying his crystal-field fitting programs
complete energy transfer from Sh{*Gs,) to E**(°Dy) is  and Dr. Glynn D. Jones for many informative discussions. In
observed. addition, we would also like to thank Dr. Steven P. Jamison
Crystal-field analyses of th®,, and C,,(F~) center en- for drawing our attention to the existence of cubic center
ergy levels give good comparison with oth@f* ions in  resonance vibrational modes. Technical assistance has been
these crystals. Magnetic-field calculations using wave funcprovided by R. A. Ritchie, W. Smith, R. Culley, and C.
tions derived from the crystal-field analyses, accurately acRowe.
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