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Laser-selective excitation techniques have been used to establish sets of energy levels for both the fluoride
and hydrogenic varieties of the tetragonal symmé@y,) centers and for five multihydrogenic centers ob-
served in SrETh®" and Cak:Tbh®". Infrared-absorption measurements identified additional energy levels for
the principalC,, F~ centers and crystal-field fits are reported for these. Polarization studies of the various
spectral lines of the&C,, F~ centers were used to determine the symmetry labels of energy levels, up to the
D, multiplet. Both electric- and magnetic-dipole contributions to the intensities of absorption and fluorescence
lines need to be included to account for the observed polarization behavior. The multihydrogenic ion centers
exhibit varied forms of bleaching behavior associated with light-induced hydrogenic ion motion. One center is
strikingly unusual as it increases in intensity on irradiation in the region dfDismultiplet transitions.>D,
multiplet fluorescence lifetimes are closely similar for the &hd D~ varieties of all the hydrogenic centers,
indicating essentially radiative lifetimegS0163-182807)06827-9

I. INTRODUCTION through direct observation of the 14:0.2 GHz (0.48
cm™ 1) microwave transition between them, with a ground-
In this paper, we present a laser-selective-excitatiorstateg, value of 17.95:0.05.

(LSE) spectroscopic study of Pb in CaF, and Srk; crystals, Previous LSE studies of other trivalent rare-earth ions in
both before and after hydrogenation. Previous studies ofaF, have established that rare-earth ions preferentially form
Tb%* spectra in Cafinclude an initial 77-K fluorescence tetragonal symmetry ) centers, with additional trigonal
study? with the spectra interpreted in terms of a single centesymmetry 8) centers present for rare-earth ions toward the
comprising TB* ions in cubic symmetry sites. This was jus- lutecium end of the lathanide series. Thg tetr'agor.\al symme-
tified on the grounds that lower-symmetry 3fbcenters Uy centers have a charge-compensating i#n in the
would exhibit more electric-dipole-allowed transitions than "€arest-neighbor interstitial position located in {860 di-
were observed. Subsequently cubic-symmetry crystal-field€ction from the rare-earth ion. . _
energy levels for TH" were derived, and found to be in For particular rare-earth ions, the principal trigonal cen-

close agreement with those observed. The conclusion Wb{grs can be different in Sgkand Cap; . The principal trigo-

: St )
that any charge compensation is too remote to alter signifi'jal symmetry center observed in GaEr" is the trigonal

. B center’ while that observed in SEFEr" is the trigonal
cantly the energy levels from the proposed cubic symmet% center, and these are spectroscopically distinct. The
patterns. ] .

PPV . centef has a next-nearest-neighbor interstitialibn located
ATTK qu_orescence studhof CaF%.Tb ' \.N'th argon-on iy, the(111) direction from the E¥*, while a definitive model
laser and nitrogen-laser nonselective excitation of g for the trigonalB center of Cak has not been established.
and °D; multiplets,

S revealed a second, weaker intensity|, contrast, the principal trigonal symmetry center observed
Th*" center, whose transitions appeared on the longsor Ho 3+ is the trigonalB center in both CafHo®" and
wavelength side of those of the principal center previoustSrFZ:HOSﬁlo

observed. Room-temperature and 125-K fluorescence Preliminary laser selective excitation results for3Th

studie$ of CaR,:Th*", with excitation of the°D, multiplet  \yere reported in an earlier brief accodhin this paper ex-
by the blue lines of an argon-ion laser, identified two mainperimental LSE spectra are presented in Secs. Ill and 1V, the
groups(l and II) of emission lines. By comparison with the pleaching behavior of low-symmetry hydrogenic centers is

fluorescence of TH ions observed for other host crystals of described in Sec. V, and fluorescence lifetimes ot Teen-
known rare-earth site symmetry, these two groups were tefers are reported in Sec. VI.

tatively assigned to centers &f,, andC5, symmetry.
An electron paramagnetic resonan&PR) study’ of

. 3+
C_an.Tb revealed one tetragonal symmetry center and one Il. EXPERIMENTAL TECHNIQUES
trigonal symmetry center. The tetragonal center was ascribed
to Tb®" ions having nearest-neighbor interstitial ons. For CaF, and Srk crystals containing 0.05% molar concen-

this center, the separation of the two lowest electronic stateations of TH* were grown by the Bridgman-Stockbarger
was measured as 5.188.006 GHz(0.17 cml), with a  method. Appropriate amounts of the host alkaline-earth fluo-
ground-statey, value of 17.77-0.02. ride and Thl were placed in a graphite crucible and lowered
An EPR stud$ of SrF,:Tb®" identified two tetragonal through the temperature gradient produced by the heating
symmetry centers. The separation of the two close-lyingcoil of a 38-kW Arthur D. Little R.F. furnace, at a lowering
ground levels of the principal tetragonal center was measureste of 7 mm h* over 18 h. Oriented crystals for polarization
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studies were cut from boules aligned by th@it1) cleavage All laser-excited spectra were recorded with crystals
planes. mounted on the cold finger of a Cryosystems LTS22.1

High-pressure  hydrogenation of GaFb®* and closed-cycle cryostat. The sample temperature could be var-
SrF,:Th®" crystals was carried out at 15-atm hydrogen presied from 10 to 300 K, with most spectra recorded at 10 K.
sure in a stainless-steel furnace with the crystal samples As polarization studies of laser-excited fluorescence spec-
heated to 900 °C for 1.25 h while in contact with moltentra can conclusively identify the rare-earth ion site
aluminum. The cost of deuterium gas precluded similar highSymmetries'* polarization spectra were recorded using a
pressure deuteration treatments. Deuterations of, ChE"  Spectra-Physics model 310 polarization rotator to vary the
and Sr:Th" crystals involved heating the crystal sampleslaser polarization direction and a polarizer sheet as a fluores-
in contact with molten aluminum to 850 °C inZaatm pres- cence analyzer. A polarization scrambler equalized the spec-
sure of deuterium for up to 55 h. trometer response for the different linear polarizations.

The termhydrogenidis used to denote both the hydrogen ~ 10-K °D, multiplet fluorescence lifetimes of 7b centers
and deuterium isotopes, while Hand D~ specify the re- Were measured using a Photochemical Research Associates
spective ions of a particular isotopic species. The relativdPRA) LN107 dye laser system pumped by a PRA LN1000
H~ or D~ ion concentrations present in the hydrogenatedPulsed nitrogen laser. The dye laser output comprised 500-ps
and deuterated crystals were determinedédyneasuring the ~Pulses of 0.04-nm spectral bandwidth and }0Daverage
line strength of the respective 1919- and 1384-¢mecond-  €nergy. Coumarm 481 dye was appropriate for the excitation
harmonic absorption transitions of the maly symmetry of the °D, multiplet. The fluorescence_z decayg were recorded
centet? and(b) scaling these by factors of 23 and 39, respecPy & Spex 1700 monochromator equipped with a thermoelec-
tively, to obtain the corresponding relative line strengths fortrically cooled EMI 9558 photomultiplier tube. A Hitachi
the H and D fundamentals. From these, the relative popu-model VC6275 digital storage oscilloscope averaged each
lations of H and D™ T4 centers could be estimated. The fluorescent transient for 256 shots. The mteg.rated transients
samples hydrogenated at 15-atm pressure were found to ha¥¥¢"e least-squares fitted to single exponential decays on a
seven times higher concentration T centers than did the constant background for the fluorescence decay times.
samples deuterated &tatm pressure.

10-K infrared-absorption spectra were recorded at 0.1- Ill. SPECTROSCOPY OF Tb3*
cm ! resolution with a Digilab FTS40 Fourier transform in- BEFORE HYDROGENATION
frared interferometer equipped with a closed-cycle
conduction-type helium cryostat. Zeeman infrared- ] ] ]
absorption measurements were made with a 4-T supercon- The 4f° configuration, appropriate for b, has the
ducting solenoid built into the can of a helium cryostat. The "D4 multiplet in the 20 000-cm' region. A notation of a
infrared beam was directed along a tube fixed through théetter plus a numerical subscript is adopted for labeling the
center of this solenoid, and the crystal samples were coole@ystal-field levels of various®* 'L ; multiplets. The ground
by thermal contact with a copper sample holder screw-fittednultiplet F ¢ is labeledZ, with the ground state being,
into the middle of this tube. With this arrangement, no low-and the first excited multiplefFs labeled byY. Higher-
temperature infrared transmitting windows were required. energy multiplets include thér, through ‘Fq set labeled

A Spectra-Physics 375 dye laser pumped by the ultravioby X through T. The levels of the’D, multiplet are labeled
let lines of a Spectra-Physics 2045 argon-ion laser was usei,A;... in order of increasing energy.
for laser excitation of Th". Coumarin 480 dye was appro-  For particular centers, the Tb levels have wave func-
priate for laser excitation of the electronic transitions to thetions transforming as one of the irreps of the appropriate
5D, multiplet of TB**, with the laser power being typically point-symmetry group. For centers having®Thons in sites
5-10 mW. A birefringent tuning element in the dye laserof C,, symmetry, the energy levels transform as one of the
gave a spectral linewidth of 1 cm, and allowed continuous five irrepsy; to ys of the C,, point group, where the irreps
tuning of the laser through the fluorescence range of the dyey; to vy, are all of single dimension, whilgs is of double

The excitation spectra for identifying new ¥bcenters  dimension.
were obtained by scanning the dye laser over the appropriate The relative polarization intensities of electric- and
absorption region of thé€D, multiplet and monitoring fluo- magnetic-dipole allowed fluorescence transitions for various
rescence from all the centers present with a 3-nm resolutioglectric-dipole-allowed excitation transitions 6f,, symme-
0.25-m Bausch and Lomb monochromator equipped with &y centers in the (100-polarization geometry are
thermoelectrically cooled EMI 9558 photomultiplier. For reproducedf in Table 1. These intensities assume equal
most of the measurements the monochromator was set to 54®pulations of the three possible orientations of such centers
nm, appropriate for detectingD,— 'Fs fluorescence transi- in alkaline-earth fluoride crystals. In the polarization tables
tions. Additional Corning 2-64 filters were included to im- the various polarization geometries are specified by
prove rejection of scattered pump laser radiation from thex(ab)z, in which x defines the direction of propagation of
excitation spectra. the incident laser beanz, is the direction of propagation of

A Spex 1403 double monochromator equipped with athe analyzed fluorescenca(y or z) defines the polarization
thermoelectrically cooled RCA 31034A photomultiplier re- (electric vectoy of the incident laser light, ant(x or y)
corded the site-selective excitation and fluorescence spectekefines the polarization of the fluoresceneepolarized ra-
under computer control. Photon-counting technigues werdiation has thde vector along the fourfold symmetry axis of
used to give the high sensitivity needed to detect weak fluothe C,, center andr-polarized light has it& vector perpen-
rescence lines. dicular to this symmetry axis.

A. Energy levels of TB* centers
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TABLE |. Relative polarization intensities for tetragona {,)
centers in(100)-oriented crystalsy,=vy1, ¥2, ¥3, Ya» Of V5. Ya
=7%1, Y2, Y3 OF y4. The E-vector polarizations of the electric-
dipole transitions are identified as eitheror o, while those of the
magnetic-dipole transitions are eith@r) or (o).

(@

. . T T T
Ca?* Mixed 1
—T ¢, F

. . . G F g
Pump transition Fluorescence transition Polarization geometry |
Electric dipole Electric dipole x(yy)z X(yx)z
T C,F
Ya— Ya(m) Ya— Ya(™) 1 0 )
Yae vs(0) 0 1 ]
¥a—75(0) Ya— Ya(m) 0 1 CF
Yae> vs(0) 2 1
Electric dipole Magnetic dipole — " T
, 20400 20600 20800
Ya= Ya(7) Y1 v2(7) 0 1 Energy (cm™)
Y3 Va( ) 0 1
¥5— ys() 0 1 FIG. 1. 10-K excitation spectra of théD, multiplet for (a)
Vo v5(0) 1 0 SrF,:0.05%TE" and (b) CaF;:0.05%TE", recorded while moni-
Ya— vs(0) vie yo(7) 1 0 toring the fluorescence of all #b centers at 545 nm.
¥a va(7) 1 0
¥5— ¥s(m) 1 0 center has been identified for many other rare-earth ions in
Ya 5(0) 1 2 Cak and Srk, including EF', Ho*", PP", and

Nd3+ 7,10,13,17

Of other centers present, the two strongest minority cen-
ters have excitation lines of comparable intensity. One is the
trigonal C;, F~ center, whose HY analog had been re-
ported as the trigond centet®in SrF,:Ho®". The two prin-

B. Laser selective excitation and fluorescence spectra

Absorption spectroscopy is the most direct way of deter

mining rare-earth energy levels. However, for3T5bthe ab- (ipal 5D, multiplet excitation transitions report¥dfor this
;orptlon transm'ops to energy levels qf thB, and °D; mul- Ca, F~ center are more than 100 ctilower in energy than
tiplets are sufficiently weak tq require crystal§ of at Ieastany of those of the principaC,, F~ center. The other mi-
30-mm thickness to record satisfactory absorption spectra Q{ority center is spectroscopically similar to the main
the principal centers and minority hydrogenic centers mayc, F~ center, with its three reportétienergy levels all
remain undetected. In contrast, laser excitation gives engphout 20 cm? lower in energy than the corresponding en-
hanced sensitivity spectra, and is preferred for observing thergy levels of the mailC,, F~ center. It is believed to be an
very weak absorption lines of dilute fluorescing centerson-axis C&" modification of theC,, center produced by
Such excitation spectra are obtained when the laser fraraces of Cafin the Srk starting material from which the
quency is continuously scanned while selectively monitoringSrF,:Tb®" crystal was grown. Comparable excitation transi-
the fluorescence. Either a spectrometer is tuned to a partictions of mixed Pt" centers have been reportéds satellites
lar transition, specifically to record the excitation spectrumto transitions of the parer€,, F~ center. Such an on-axis
of the corresponding single center, or broadband wavelengtBa* Th3* center may well account for the second tetragonal
selection is used to detect all fluorescing centers present. center detected by EPRThe corresponding CaFTb®" ex-

Only the "Fs—°D, absorption transitions of P lie  citation spectrum shows two principal centers present at
within the tuning range of coumarin 480 dye, and the lasecomparable strengthig=ig. 1(b)]. These are the tetragonal
excited fluorescence spectra were obtained by pumping the¢€,,) symmetryA center and the trigonalds,) symmetry
transitions. Visible green fluorescence was observed wheB center.
exciting the strongestFs—°D, transitions and is from the
°D,— 'Fs transitions which dominate the fluorescence spec-
tra of all centers, as observed for other*Tksystems>1®
The °D,—'Fs fluorescence transitions are magnetic dipole
allowed with AJ=1, giving them a significant magnetic- Site-selective excitation spectra were obtained by moni-
dipole character and strong chiro-optical activity. This is atoring specific®D,— 'Fs fluorescence transitions of each cen-
reason why TB" emission has been applied extensively as aer (Fig. 2). The excitation spectra of all these centers have
probe of lanthanide-ion coordination behavior in solutionsadditional broad vibronic bands higher in energy than the
and chiral system®¥ °D, multiplet excitation spectra for all sharp electronic transitions. Such vibronic sidebands have
Tb®" centers present were obtained by scanning the lasebeen analyzed for Pf C,, centers'® and arise from host-
while monitoring the fluorescence over a 30-nm wavelengtHattice phonons coupling to rare-earth electronic states. As
range centered around tiB,—’F5 fluorescence maximum the bands observed here for®fdo not have a well-defined
of 545 nm. lattice phonon structure, they were not analyzed in detail.

In the Srk:Th®" excitation spectrum, the lines of the te-  LSE fluorescence studies were carried out for several spe-
tragonal symmetnC,, F~ center dominat¢Fig. 1(a)]. This  cific Tb®" centers, principally for th€,, F~ center, present

C. Site-selective excitation and fluorescence spectra
of Th3* centers
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FIG. 2. 10-K excitation spectra of tmD, multiplet for (a) the 14600 ' 14800 ' 15000 ' 15200

C,, F~ center of Srg:0.05%TB" (monitoring A,— Y, at 18 494
cm™Y), (b) the minorC,, F~ mixed center of SrfE0.05%TH*

(monitoring at 18 490 cm), (c) the Cs, F~ center of FIG. 3. 10-K fluorescence spectra of thg, F~ center in the
SrF,:0.05%TB* (monitoring at 18 459 cmb), (d) theC,, F~ cen- SIF,:0.05%TB* crystal, showing the (8 5D,—7Fg, (b)

ter of Caf:0.05%TB" (monitoringA;— Y, at 18468 cm?), and  sp”, 7¢ (©) °Dy— Fy , (d) °Dy—"F, , () D,—F,, and(f)

(e) the C,, F~ center of Cak:0.05%TB" (monitoring at 18 459 A e e e ot
cm™Y). Excitation transitions ifa) and (d) are identified by their

specific originating’Fg and terminating®D, levels, with 1/2 used

for the overlappingd; andA, levels. The mixed center transitions
are indicated inb).

Energy (cm’ b

5D,— "F, and ’F, transitions. These were recorded while exciting
the Z,— A transition at 20 640 cm'. Terminating levels of tran-
sitions are identified by numerical scripts. Originating levels are
indicated symbolically by a circumflex foA, (), a tilde for
the degenerate leveld, and A; ("), a macron forA, alone

in both Cak:Th®" and Srk:Tb®". Fluorescence spectra of ( ), and no symbol fo, .

the °D,— ’F; transitions were obtained by selective excita-

tion of the °D, multiplet. The similarity of the fluorescence 2. Infrared-absorption spectra

spectrum of the minor tetragonal symmetry center of

SrF,:Th*" to that of the principaC,, F~ center supports its Infrared spectra show absorption transitions between the

attribution to a Cafin SrF, mixed center. ground state and several levels of ttig, ’F,, and 'F; mul-

tiplets, and these are included in Table Il. The transitions to

D. Cy, F~ centers in SrF, and CaF, singlet crystal-field levels identify somg; and y, levels,

which are not otherwise observed as they do not terminate

] o ) _ fluorescence transitions from the emitting levels of B
10-K laser-selective excitation of theD, multiplet in multiplet.

both Cak and Srk produces fluorescence linéSigs. 3 and
4), which are assigned &p,— ’F, transitions to the various

7 i H 5
.TJ t_mul:lplet_st_(Tabee I'I[)H é':l' he;nerg;es of théti%v_ls [I)4 e)i' red absorption transitions, thé;, X,, andW; upper levels
citation transtions for 4p 7 CENlers give 4 €VEIS  are all assigned ags levels from their Zeeman splittings.

listed in Table Il. Sharp fluorescence lines were observed i L .
transitions to the lower levels of thé, Fe, ’F,, and 'F rIEurthermore, the two almost coincident singkgt and Z,

multiplets, whereas broader fluorescence lines were observé&jound levels show a Zeeman splitting through the magnetic
in transitions to other levels of thes&, multiplets. When ~Moment produced by the Zeeman interaction between them.
the crystal temperature is raised, many of the fluorescencé11) values of 9.87 and 10.18 were derived for these ground
lines increase in intensity, and additional lines appear. Thidevels from measured Zeeman splittings of infrared absorp-
indicates that there is more than one emitting level for thetion transitions ofC,, centers in(111)-oriented Cag:Tb®"
upper °D, multiplet being excited. and Srk:Tb®", respectively.

1. Site-selective fluorescence spectra

Zeeman infrared spectroscopy was used to distinguish be-
tween doublet §5) and singlet levels. Of the observed infra-
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FIG. 4. 10-K fluorescence spectra of thg, F~ center in the
CaF,:0.05%TB" crystal, showing the (8 °D,—'Fs, (b)
°D;—'Fs, (¢) °Dy— 'Fy, (d) °Dy—F3, (¢) °Dy;—F,, and(f)
5D,—'F, and’F, transitions. These were recorded while exciting
the Z,— Ag transition at 20 710 cm'. Terminating levels of tran-

sitions are identified by numerical scripts. Originating levels are

indicated symbolically by: a circumflex fok, (), a tilde for A,
(7), a macron forA, (), and no symbol for, .

3. Electronic energy levels and their irrep labels

From these fluorescence spectra, together with the supple-
mentary infrared absorption results, 20 and 22 electronic en-

ergy levels were identified for th€,, center in Srk and
Cak, , respectively, as listed in Table II. Tl irrep labels

for the TB" energy levels were assigned by considering the

appropriate transition selection rules. As the EPR restlts

indicate, the ground state consists of almost coincident sin-

glet levels, henceforth labeled; and Z,. In Srk:Tb®",
transitions from either of these ground levels of tig mul-
tiplet to the lowest levelA; of the °D, multiplet are not

observed, indicating zero electric- and magnetic-dipole mo-

ments for these transitions. Hence, both the uppgrand
each of the loweZ; andZ, levels must be singlets. Addi-
tionally, because a fluorescence line from #elevel of the
D, multiplet to the singlety, level of the 'F, multiplet is
observed, théd; level is necessarilyy;, and hence th&;
andZ, ground states are each eithgyor v,.

In CaF:Tb®", as none of thez,, Z,—A,; and Z;,
Z,— A, transitions were observed, both tAg andA, levels
must be eithery, or y,. From these initial irrep assignments,

K. M. MURDOCH, G. D. JONES, AND R. W. G. SYME
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TABLE II. Experimental 10-K energy levels for th€,, F~
centers in Caf20.05%TH " and Sri:0.05%TB" crystals. They are
for vacuum in units of cm?, with an uncertainty of-0.5 cm .

The calculated levels were obtained by fitting a parametric Hamil-
tonian to the experimental levels, which includ€d, symmetry
crystal-field terms. All the energy levels are labeled by tl@&j

symmetry irreps.

CaPk,: Th%" SrE,: T3t
Multiplet Level Irrep  Calc. Obs. Calc. Obs.
Fs Zi s 1.8 0.0 2.2 0.0
Z, Ya 1.9 0.0 2.6 0.0
Zs ¥s 193.9 125.6
Z, Y1 227.6 2150 1347 1287
Zs V3 250.8 139.6
Zs Vs 292.0 183.3
Z, V2 3235 221.4
Zg 1 558.7 383.8
Zy Ys 569.5 388.6
Zio  Va 579.7 394.3
Fs Y, vy,  2158.1 2164.2 2103.9 2109.5
Y, vy, 2158.1 2106.6 2113.2
Y, ys 22231 22313 2151.0 2160.0
Y, y3 2291.7 2283.2 2183.6 21857
Ys  ys 22912 2298.7 22125
Ys v,  2408.2 2284.5
Y, vs  2514.5 2383.6
Yg ya  2595.9 2453.6
Fy X. y1  3406.6 3407.1 3348.0 3348.38
X, vsa  3436.6 34295 3367.7 3361.6
X3 vs  3506.8 3505.7 34415 3437.8
X, ys 3525.2 35224 34382 34412
Xs 7y, 3598.2 3597.0 3502.3
Xs ys 3767.3 3639.4
X; y, 40165 3838.4
F, W,  ys;  4417.2 44079 4368.7 43534
W, y; 45433 45482 4475.8 44722
W;  ys 45589 45551 4486.5 4497.1
W, y, 47228 4480.7
W;  ys 47406 4591.3
=N T, v, 60629 60705 5939.5
D, A, y; 206359 20632.4 20590.2 20587.2
A, 7y, 20659.4 20645.7 20591.1 20603.0
Ag vs 206457 20666.0 20587.5 20604.1
A, va 20646.5 20672.0 20613.9 20616.6
Ag ys 207259 20710.3 20656.3 20640.2
Ag ys 20756.2 20743.5 20678.0 20666.1
A, y1 20785.0

the irrep labels of other levels were inferred.

The interpretation of measured polarization ratios ob-
tained from polarized fluorescence spectra can lead to defini-
tive assignments of irrep labels for experimentally deter-
mined energy levels. Such assignments have been
successfully made for H6 and P#* C,, centers in Caf
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TABLE Il. Free-ion and crystal-field parameters, in units of g3+ The resulting energy level fits have rms deviations of

cm* for the C, F  centers in Sri0.05%TH" and  |egs than 13 cm! for 20 and 22 fitted levels for SgFand
CaF,:0.05%TB". Uncertainties in the parameter values are glvenCaF2 respectively.

in parentheses. Parameter values in square brackets were fixed dur-

ing the fitting. 5. Ground-state wave functions

CaFk, SrF, The ground-state energy levels of the®*TiC,, F~ cen-
ters are noteworthy in comprising two orbital singletsand

Fj [90 424 [90 424 v4 separated by just 0.17 and 0.48 ¢mfor Cak and

F 58572 (39 58 934 (30 SrF, , respectively. The crystal-field fit of Table Il shows

6 )

F [47 252 [47 252 these almost degenerate singlet levels. The cubic-crystal-
¢ 1686 © 1698 ™ field J=6 energy-level diagraflis applicable to the ground

B —1330 (30) —1101 (32 multiplet of TB**. The cubic-crystal-field paramete®$, and

BS 624 (20) 474 (20) Bg of Table 11l correspond to a fourth to sixth degree ratio
B2 807 (23 482 (20) X of close to 0.82, for which thd=6 diagram has the three
B4 504 (24) 450 (23) lowest energy level§',, I';, andl“gz) coincident in energy.

BS 445 (30) 334 27) Inclusion of the second-degree crystal-field teBRC

gives two lowest-lying energy leveB;y; andI'{?)y, with
crystal-field wave functions closely approximating

and Sr; .2%13 However, for the TB" C,, F~ centers here, ) .

the selective excitation of transitions gave a wide range of

polarization ratios, often quite differentgfrom the 2:1 anqu:l F373:$(|6>+|_6>) and I'sy,: ﬁ(m)_ |=6)).
ratios or 0:1 and 1:0 ratios predicted for electric-dipole al-
lowed transitions inC,, symmetry:® Many of the weaker For these wave functions, the second-degree crystal-field en-
fluoresce.nce transiti_ons_exhibit ratios close to 1:1. I-!ence it i%rgy shifts are the same for each IeveIBé(6|ng)|6), thus

not possible to assign irrep labels from the experimentallyy,jintaining their energy coincidence. The parallel Zeeman

observed polarizatio'n. ratios on the basis of purely electriCiyieraction between these degenerate singlet levels is
dipole-allowed transitions. To account for the observed rag
al

e . ) gB, yielding an effectivey, value of 18, close to the EPR
tios, it is necessary to consider the superimposed effects Q;#

; e ” > Qlalues>® The near coincidence of two singlet levels for the
electric- and magnetic-dipole-allowed transitions, as dis
cussed in Sec. Il D 6.

ground states of TH in theseC,, F~ centers for Cafand
SrF, accounts for the observed largg;y values and for the

EPRg;, values.
4. Crystal-field analyses

Energy-level fits to the observed ¥bC,, F~ center lev- 6. Analysis of the polarization behavior of transitions
els were performed using thfeshell empirical programs of for the SrF; center
Reid, together with the reported Thfree-ion parametets To understand the complicated polarization behavior of
(Table Ill). The crystal-field HamiltoniatH cr used, appro-  spectral transitions of the ¥b C,, F~ centers, transition-
priate forC,, symmetry, has the form intensity calculations were performed to evaluate both

electric- and magnetic-dipole contributions to the transition
intensities. TheC,, crystal-field wave functions obtained
from the crystal-field fits were used, together wk[’g inten-
7~ ~4) 6r(6) _ [7/~(6) 1 ~(6) sity parameters, whose values were estimated on a point-
‘/;(C“ +Co) ]+ Bl Co ‘/:(C“ +Co)] charge point-dipole model, in a manner similar to that of
67 ~(6) 1 |1/ ~(6), ~(6) related calculatiorf§ for other lanthanide complexes. The
+BALCo" + \/:(C“ +C2a)1- Ay, parameters obtained afi@ units of 109

Hor=B2CR+ B CHY+ V& (CL +C“p 1+ BA CY

The initial crystal-field parameters for the ¥bCy, F~ cen- A2,=720, A%,=-58, A}=48 Al=-23
ter fit were obtained by interpolation from those reported for
Ho®*" and EF', and gave predicted energy levels within 16

cm ! of those observed. The agreement was sufficiently A5=12, AZ=260, AS,=—140,

good to give confidence in the irrep assignments for the vari-

ous levels, and all these are fully in agreement with the irrep AS,=0.065 and AS,=0.15.

possibilities deduced from the absence or occurrence of par-

ticular spectral lines. In the approximation that the lowest and y, singlet levels

Refinements of these crystal-field fits were made by alof the Fs multiplet (just 0.48 cm® apar} can be treated as
lowing one of the E (F* was chosenand the{ free-ion  being a single degenerate level, the transition intensity analy-
parameters and all the crystal-field parameters to vary. Thsis shows four allowed absorption transitions to tbg mul-
parameter fits all converged uniquely to those listed in Tableiplet, in agreement with the observed excitation spectra pre-
lll. These C,, F~ center crystal-field parameters for b sented in Figs. (8 and 2a). All four transitions are both
are comparable to those reported for 3Nd Ho®", and electric and magnetic dipole allowed, with the electric-dipole
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TABLE IV. Polarization ratiosx(yx)z:x(yy)z for specific excitation and fluorescence transitions of the
C,, F~ center in the SHE0.05%TB" crystal. Since theA, and A; levels could not be resolved by the
monochromator, the polarization ratios of overlapping fluorescence transitions from these levels were deter-
mined by adding the contributions from the unresolved transitions, weighted according to their calculated

intensities.
Transitions E dipole M dipole Polarization ratios
Excitation Fluorescence % Ratio % Ratio  Predicted Measured
Zi(y3)—As(vs)  Aw(y)—Za(yl) 100 0:1 0 0.14
As(vs)—Z4(y1) 99 1:0 1 0:1 99 54
Z1(v3):Zo(va)—Ae(vs)  Awly1)—Zu(y) 100 1.0 0 7.9
Z1(v3)—As(v3) A1(y1)—Ya(y2) 100 1.0 o0 9.6
As(vs)—Y1(v2) 54 1:0 46 0:1 1.17 0.48
Z1(v3),Zo(va)—As(ys)  Aily)—Yi(y2) 100 0:1 0 0.15
As(vs)—Y1(v2) 54 1:2 46 2:1 0.96 0.90
Zi(y3)—As(ys)  Aly)—Ya(y) 100 0:1 0 0.17
As(vs)—Ya(vr) 61 1:0 39 0:1 1.56 0.44
Z1(v3),Zo(va)—As(ys)  Ai(y)—Yao(y)) 100 10 o 7.8
As(ys)— Ya(y1) 61 1:2 39 2:1 0.86 0.86
Zi(v3)—As(vs)  Ax(ys)—Ya(va) 90 1.0 10 0:1 9.0:1
As(¥4)— Ya(ys) 100 1:0 1:0
10.5 3.7
Z1(v3),Zo(va)—As(ys)  Ax(¥s)— Ya(ys) 90 1:2 10 2:1 0.58:1
Az(¥4)— Ya(y3) 100 0:1 0:1
0.47 0.61
Zi(v3)—As(vs)  A(y)—Xu(y) 100 0:1 0 0.14
Z1(v3),Z2(va) —As(ys) 100 01 o 75
Zi(v3)—As(vs)  Ax(vs)—Xz(va) 99 1.0 1 0:1 99:1
As(¥4)— X3(3) 100 1.0 1:0
99 6.9
Z1(v3),Zo(va)—As(ys)  Ax(ys)—X3(ys) 99 1:2 1 2:1 0.51:1
As(v4)— X3(y3) 100 0:1 0:1
0.50 0.45
Zi(v3)—As(vs)  Awl(ya)—Xa(ys) 100 1.0 0 0:1 © 6.18
Z1(v3),Zo(v4) — As(vs) 100 12 0 2:1 0.5 0.60
Z1(v3),Zo(va) —As(vs)  Ax(ys)—Wi(ys) 0 1:2 100 2:1 2:1
As(y4)—Wi(y3) 100 0:1 0:1
0.84 1.21

contribution to the total intensity being at least two orders ofgnd 7|:5 fluorescence transitions are of mixed electric- and
magnitude larger than the corresponding magnetic-dipolénagnetic-dipole character, whereas fluorescence transitions
contribution in each case. to the other’F; multiplets are principally electric dipole in
Fluorescence transitions from tr@®, multiplet to other  character.
F, multiplets have significantly more magnetic-dipole char-  From the transition-intensity calculations, the polarization
acter than those to théFg ground multiplet. The most in- ratios of fluorescence transitions for specific excitation tran-
tense fluorescence transitions from the lowksgty,) level  sitions have been predicted, again assuming equal popula-
of the °D, multiplet to levels of the'Fs, 'F,, and ‘F; mul-  tions of the three possiblg,, center orientations. These are
tiplets are either purely magnetic-dipole-allowed transitionscompared to the observed ratios measured for the, SrF
or have magnetic-dipole intensity contributions comparableC,, F~ center in Table IV. Where there are unresolved tran-
to the electric-dipole-allowed intensities. Likewise, transi-sitions, the contributions from all the transitions must be
tions originating fromys levels, such as th&;(ys) level of  added to obtain an overall polarization ratio. This is neces-
the °D, multiplet for both Sri; and Cak, to levels of the sary for the unresolved fluorescence transitions fromAhe
Fs, 'F4, and 'F; multiplets also exhibit large magnetic- andA; levels of the®D, multiplet for Srk. As many of the
dipole intensity components. In general, th@,— 'Fs, 'Fy, observed fluorescence transitions have both electric- and
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magnetic-dipole contributions, each with quite different po- —— ——————— —
larization ratios, their net polarization ratios differ substan- n3
tially from the purely electric-dipole ratios. (@)
For the pure electric- or magnetic-dipole-allowed transi-
tions, there is very good agreement between the calculated
and observed polarization ratios, and the measured ratios ob- __MMMJ TR
tained are comparable in quality to those measured for ——c F
Ho3" and PP C,, centers in SrE'% For the mixed on
electric- and magnetic-dipole transitions, there is generally N
good agreement between the calculated and experimental ra- 5
tios. This agreement is very satisfactory considering that the 4n | /
calculations can provide only relative electric- and magnetic- [ e
dipole contributions, and the polarization ratios for the
mixed-transition-moment transitions are particularly sensi- ©)
tive to the partitioning.
Although the polarization behavior of the ¥bC,, cen- 0
ters proved more complicated than the previously studied
pure electric-dipole-allowed transition cases of 'PrHo>",
and Er®", the measured polarization ratios unambiguously
assign irreps to th¥,; andY, energy levels, and confirm the (d
C,, site symmetry of the principal Pb C,, center.

——

nl 2
/

IV. SPECTROSCOPY OF Tb*" IN CaF, AND SrF, S E SR M SN
AFTER HYDROGENATION 20400 20600 20800

Energy (cm™)

A. Excitation spectra of hydrogenic centers

Excitation spectra of all the b centers present in the FIG. 5. 10-K excitation spectra of th&D, multiplet for (a)
hydrogenated and deuterated crystals were obtained by SCafydrogenated CaF0.05%TH", (b) deuterated CaF0.05%TH",
ning the laser while monitoring theD,— 'Fs fluorescence (0 hydrogenated SEF0.05%TB*, and (d) deuterated
around 545 nm. Both the heavily hydrogenated 85" srF,:0.05%TB*. These were recorded while monitoring the fluo-
and Srk:Tb®" crystals have markedly different excitation rescence of all TH centers at 545 nm. Numerical labels identify
spectra from their parent crystals, Figga)sand 5c). The  excitation lines of specific LS centers.
excitation lines of theC,, F~ center barely remain discern-
ible among the many intense new excitation lines produceder. Figure 6 shows the excitation spectra for the
by the high-pressure hydrogenation treatment. For bot§aR:Th*":D ~ crystal. By judicious choice of the transitions
CaF2 and SrE, there are two main groups of new excitation being monitored, gOOd selectivity between the different cen-
lines. One group has lines at energies similar to those of thters was achieved. Only those hydrogenic centers with exci-
parentC,, F~ center and may be associated with it. Thetation lines in the same spectral region as those of the parent
other group has new lines in the same spectral region as tHe*" Ca, F~ center were studied here in detail. This was
trigonal C5, F~ center. because the family of hydrogenic ion centers derived from
The excitation spectrum of the CafFb®":D ~ crystal the Cy, F~ center were expected to have spectroscopic and
which had been deuterated and then stored for two years wé¥eaching behavior paralleling that of the hydrogenié*Pr
comparable to that of CaFTb®":H™, with the excitation centers:
lines of the TB* C,, F~ center of minor intensity compared  The energies of théF—°D, excitation transitions are
to the new lines produced by deuteration. As for the hydroJiSted in Table V for each hydrogenic center. Isotope shifts of
genated crystals, two groups of excitation lines occurred, agt few cm* are observed between the energies of corre-
sociated with theC,, F~ andCs, F~ centers, Fig. &). sponding transitions of hydrogen and deuterium varieties of
In contrast, the freshly deuterated SFb°" crystal had @ given hydrogenic center, and confirm the hydrogenic na-
an excitation spectrum dominated by the excitation lines ofure of these centers. Such isotope shifts are exhibited by all
the parenC,, F~ center with only weak new lines attributed hydrogenic rare-earth centefrs.
to D~ modifications of this center, Fig.(&. As is to be The principal new center observed for both deut_erated
expected from the very different storage times of the £aF CaF and Srk was expected to be tH@,, D™ center, which
and Srf; samples since deuteration, considerably more amiS derived from theC,, F~ center by the substitution of a
bient temperature diffusion of Dhad occurred in the CaF D™ ion for the interstitial F ion. However, the number of

crystal, leading to the formation of more diverse Benters lines and the energy-level patterns differ sufficiently from
for this host. those of theC,, F~ center to make such an assignment

doubtful, and this center is arbitrarily identified as a low-

symmetry LS0) center. The corresponding (B H™ center

is less apparent in the spectra of the heavily hydrogenated
Site-selective excitation spectra were obtained by monierystals, as multiple-hydrogenic ion centers have been

toring specific®D,— ’Fs fluorescence transitions of each cen- formed preferentially.

B. Selective excitation spectra
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fact that it also shows polarized bleaching suggests it is a

multi-D™-ion C,, symmetry TB" center.

‘ Corresponding L&), LS(2), LS(3), and LS5) centers
| .

LS(0)

were also observed for the Srerystals(Fig. 7). They were
identified from their comparable excitation and fluorescence
spectra, and by the relative energies of their excitation tran-
LS(D sitions. Again, the L&) center was found only for the
heavily hydrogenated crystal.
{ The broadband excitation spectrum of all centers was ob-
! s tained by monitoring the fluorescence around 535 nm, and
Ls@) indicates the relative populations of the different hydrogenic
centers present. During hydrogenation, the & D™ ions
J are expected to create first hydrogeflig, centers by their
I l | ) substitution for the interstitial Fion of theC,, F~ center,
but the LS0) center which appears strongest is of lower
symmetry tharC,,. Over time, or by longer hydrogenation
treatment, the LS center populations increase in the sequence
__J l LS(1), LS(2), and LS5), with the LS5) center observed
only in crystals with extended hydrogenation treatment. This

LS4 LS(1), LS(2), LS(5) center ordering parallels that observed
‘ for PrP*Cg centers’! The LY3) and LS4) centers remain
minority centers throughout, with their lines of only low in-

, I il IM : d_ﬁ_r,—ﬁ tensity relative to those of the B and LS2) centers.

20600 20700 20800 20900
Energy (cm’l)

LS(3)

C. Laser-selective-excited fluorescence spectra

Fluorescence spectra comprising fii— ’Fs transitions
FIG. 6. 10-K selective excitation spectra of th@, multiplet for ~ were obtained by selectively exciting each center in turn
deuterated Caff0.05%TB*, while monitoring the L#0) center  (Figs. 8 and @ Figure 9 shows the fluorescence spectra for
fluorescence at 18 429 crh the LY1) center at 18 410 cit, the ~ CaFy:Th®":H™. All the fluorescence spectra are similar, with
LS(2) center at 18 357 cnt, the LY3) center at 18 450 cit, and  the LS0) and LS4) centers bearing particular resemblance
the LY4) center at 18 402 cnt. to one another. Some of the fluorescence transitions of the
_ LS(1) and LS2) centers show various splittings, similar to
The hydrogenic L&) centers for both SEETb®* and  those reported for F¥ hydrogenicCg centers:® whereas

CaFR,:Th®" have similar excitation spectra. Each has twothe fluorescence transitions of the (0BH~ and LS0) D
strong transitions to the two lowest levels of @, multip-  centers remain unsplit.

let, accompanied by five higher-energy transitions, which are
an order of magnitude weaker. Transitions to all sevBy V. BLEACHING OF HYDROGENIC LS CENTERS
multiplet levels are therefore observed, with the third level

unexpectedly, but clearly, split into two components. The Mult_ihydro_genic r_are-egrth centgrs all exhibit polarized
observation of all seven levels of th®, multiplet in ab- bleaching, with the intensity of their fluorescence observed

sorption indicates a 79 site symmetry lower tha€,, , as to decrease on pumpir]g their excita;io_n transi_ti%"hSome_
would be obtained by an off-axis displacement of the chargle these multihydrogenic centers exhibit reversible polarized

compensating hydrogenic ion or the presence of additiond?!®aching with recovery of their original fluorescence inten-
substitutional H ions adjacent to the Fb ions. sity on switching the incident laser polarization by 90°. The

Four other hydrogenic centers were observed in both thl_g_vhole gamut of blciaching behavior has been studied already
hydrogenated and deuterated GaFystals. As these centers " detail for the P Cs centers and models proposed.
are believed to be low-symmetry multihydrogenic ion modi-
fications of the hydrogeni€,, centers, they have been la-
beled LS1) through LS4). The excitation spectra of the Bleaching was observed for (B, LS(2), LS(3), and
LS(0), LS(1), LS(2), and LS4) centers are similar, with all LS(4), centers and not investigated for the(Bscenter. No
having two strongest excitation transitions to the two lowestleaching was found for any of the parent hydroge@Gig
levels of the®D, multiplet (Fig. 6). A further center, L&), centergthe LS0) centers herp as was the case for the cor-
was found only for the heavily hydrogenated crystal, and hasesponding F¥', Nd®", and EF* C,, centers? The relative
markedly different excitation transitions from the other hy-bleaching rates of the H and D varieties of a given LS
drogenic centers. center differ, with each H center bleaching more rapidly

The excitation spectrum of the K3 center differs in  than its equivalent D center. For the same incident laser
having four of its five transitions forming a pattern compa- power, the L$l) H™ center of Cal bleaches seven times
rable to that observed for the paredy, F~ center, but with  faster than the L&) D~ center, while the L&) H™ center
a more extendedD, multiplet pattern than any other ¥b  bleaches just 1.3 times faster than the(2)SD~ center.
center. Furthermore, the 3 center has fewer excitation These differences in bleaching rate are less pronounced than
and fluorescence transitions than any othet'Téenter. The those found for the B¥ Cg bleachable centefS.

A. LS center bleaching
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TABLE V. Experimental 10-K energy levels of théD, multiplet for hydrogenic centers in
CaF,:0.05%TB" and Srk:0.05%TH" crystals. These are for vacuum in units of cmwith an uncertainty
of +1 cm™ L. Values given to one decimal place have a smaller uncertainty®o® cnit. The separations

of close levels are given separately.

Cak Srk,
Center H— D~ H— D-
LS(0) 20 860 20 864 20788 20796
20833 20837 20765 20775
20804 20808 20739 20750
20 767 20772 20703 20711
20 751/49 2.8 20 755/53 2.6 20 692/87 4.8 20 700/696 4.8
20 700.7 20702.8 20 661.5 20 668.1
20690.7 20693.1 20651.4 20 656.6
LS(1) 20906 20910
20879 20883
20842 20 847
20808 20811
20 784/83 1.7 20 787/86 1.7 20693.3 20696.2
20726.6 20728.8 20685.1 20 688.3
20717.9 20720.3
LS(2) 20926 20 869 20874
20901/894 6.1 20 905/899 6.1 20 847/841 55 20 849/844 5.6
20 856 20861 20811 20813
20823 20 827 20780 20784
20 801/798 33 20 804/802 22 20 759/756 2.7 20 764/762 2.8
20733.6 20736.5 20704.9 20707.5
207254 20728.6 20697.3 20 700.5
LS(3) 20776 20782
20746 20751
20706.9 20712.5 20 688.6
20701.8 20706 20674.9
20612 20612
LS(4) 20815 20814
20 790/788 2.2 20 789/787 1.9
20 756 20 755
20714 20713
20 700/694 6.3 20 699/693 6.0
20 668.6 20 668.1
20657.4 20 656.7
LS(5) 20913 20 860
20 867 20 824
20836 20794
20813 20773
20693
20690

Figure 1@a) shows a polarized-bleaching sequence forversible. These bleaching sequences exhibited by tH&)LS
the LS1) center. Both laser polarizations produce bleachingand LS2) centers resemble those reported for the®'Pr
After the first cycle, there is a small recovery in the polarizedCg(1) andCg(2) centers!
fluorescence intensity on changing the excitation polarization The LS3) and LS4) centers exhibit bleaching behavior
by 90°. In comparison, the L) center bleaches much more which is different from any observed fo€g centers of
rapidly than the L8L) center[Fig. 10b)]. During the first  Pr3*. Figure 1@c) shows that the bleaching sequence of the
cycle, both polarizations are bleached simultaneously. 11.S(3) center has the two polarizations bleaching semi-
subsequent cycles, the bleaching becomes polarization réadependently and without any recovery in the polarized
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FIG. 7. 10-K selective excitation spectra of tfid, multiplet for
hydrogenated SgF0.05%TE™", while monitoring the L&) center
fluorescence at 18 448 crh the LS1) center at 18 425 cqt, the

cm

fluorescence on changing the excitation polarization. Unlike
the bleaching of the L&) or LS(2) centers, nearly all of the
fluorescence from the L(S) center can be bleached to zero
through long exposures to the excitation beam, as found for
the PP™ C4(4) center?

B. LS(4) center fluorescence enhancement

The bleaching curves obtained for the (4B center are
remarkably unusualFig. 10d)]. On pumping absorption
transitions of the L&) center, the fluorescence intensity ac-
tually increases with exposure to the excitation beam. To our
knowledge, this is the first time that such an enhancement in
fluorescence has been observed upon selective excitation of a
hydrogenic center. All the P, Nd®", and EF* centers
studied previously  exhibited only  fluorescence
bleaching”!"?! The increased intensity of the (4 center
could always be removed by warming the crystal to above
100 K and recooling.

In a previously unradiated deuterated ¢am*" crystal,
no fluorescence from the I(& center is observed when the
shutter is first opened. Hence the@Bcenter is absent from
a crystal which has been cooled from room temperature. In
contrast, the hydrogenated GaFb®* crystal did show some

Energy (em™

LS(©0)

LS(1)

LS(2)

LS(3)

N
N
b
L

LS(4)

PR I
18200

o N
18300

18400

18500

FIG. 8. 10-K°®D,—"F; fluorescence transitions of hydrogenated
SrF,:0.05%TE", for selective excitation of the L(B) center at
20651 cm?, the LS1) center at 20 693 cnt, the LS2) center at
LS(2) center at 18420 cit, and the L$5) center at 18417 20705 cm?, and the L$5) center at 20 860 ch.

—1

IS Energy (cm™)
LS(4) centers initially present.

It was observed visually that the path of green fluores- k|G, 9. 10-K°D,—7F; fluorescence transitions of hydrogenated
cence caused by selectively exciting the(4Scenter in-  CaF,:0.05%TB", for selective excitation of the L(8) center at
creases in intensity with laser irradiation. If the excitation20 691 cnt?, the LS1) center at 20 727 cit, the LS2) center at
beam is moved, so that a new region of the crystal is ex20 734 cm?, the LS3) center at 20 707 cnt, and the L$4) cen-
posed, almost all of the fluorescence is extinguished beforer at 20 657 cm?.
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FIG. 10. Reversible polarized bleaching sequences of centers in the deuteraje@l @@k TE" crystal, with an incident laser power of
15 mW. These were recorded during selective excitatio@ahe LY1) center at 20 727 cnt, (b) the LS2) center at 20 737 cnt, (c) the
LS(3) center at 20 713 cit, and(d) the LS4) center at 20 668 cht.

building up again. The intensity of the transmitted beam isfurther enhancement of the (8 center and bleaching of the
not noticeably affected if the incident beam is quickly trans-LS(3) center fluorescence. The (19 and LS2) centers re-
lated backwards and forwards through an exposed region @ghained unchanged over successive scans. This result suggest
the crystal. This last result eliminates the possibility that thethe LS3) and LS4) centers are related by a common bleach-
fluorescence enhancement is caused by saturated absorptio mechanism.
of the excitation beam and subsequent bleaching. It was found that the L&) center could also be bleached

It was found that the laser does not have to be resonaif¥nen the laser is detuned from any of its excitation transi-
with any of the excitation transitions of the (4 center to  tions. As in the pervious example for the (45 center, the
achieve an enhancement in the fluorescence of this centdeS(3) center could be bleached when the laser is tuned to the
Indeed, the L&) center enhancement proceeded at a slowefTbitrary energy of 20 567 cnt. In that the population in-
center. Enhancement could even be achieved by tuning tHeS(3) center, the L84) center behaves like a photoproduct
laser to frequencies well below any excitation transitions ofcenter of the L&) center.
the LS4) center. Quantitatively, 5 min of exposure to a
15-mW beam at 20567 cm increased the total fluores-
cence of the L8 center by a factor of 20, yet no particular ~ Bleaching is a process in which the bleachable center
excitation feature of the L@) center could be detected at crosses a potential barrier between two possible configura-
this energy. tional states. If the L&) center is indeed a photoproduct of

Broadband excitation spectra, obtained by monitoringthe LS3) center, then the barrier potential associated with
fluorescence around 545 nm, were used to determine whethtrermal restoration of the L(S) center, through warming up
any other spectroscopic changes accompany this fluoreshe crystal, would be the same as that associated with ther-
cence enhancement. It was found that exposure to a weakal depletion of the L&) center. A thermal cycling se-
5-mW beam, for the few minutes required to produce amuence of warming the crystal up to successively higher set
excitation spectrum, was enough to create a significant popuemperatures, holding it for 5 min, and then recooling, was
lation of LS(4) centers. Subsequent excitation scans revealedsed to obtain the thermal-restoration temperature profile of

C. Thermal reverting profiles of the LS(3) and LS(4) centers
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TABLE VI. Measured 10-K D, multiplet fluorescence life-

100 % times of TB* centers in Cag0.05%TE" and Srk:0.05%TH"
_ R 1 crystals, in units of ms. The lifetimes for the hydrogenic centers
S 80 } 4 have an uncertainty o£0.2 ms.
=y
§ e | Parent F-centers Stk Cak
o X 4 Csy, F 5.9+0.3
§ 2| 5 . Cay F 14.2+0.7 11.6:0.6
g Hydrogenic centers H D™ H- D™
: 3
= 20 x LS(0) 3.90 4.30 3.65 3.96
x ° ] LS(1) 3.77 3.71 4.19
0 =% 35 20 8e 100 LS(2) 3.62 3.40 3.56
Temperature (K) LS(3) 3.37 3.62
LS(4) 3.92
FIG. 11. Thermal depletion of the & center fluorescence LS 3.91
intensity at 20 712 cmt (crosses and thermal recovery of the
LS(3) center fluorescence intensity at 20 657 cricircles. These The observation that the fluorescence enhancement of the
values were +obta|ned by thermal cycling of a deuterated S(4) center occurs more slowly when the incident laser ra-
CaR,:0.05%TH" crystal to different set temperatures. diation is resonant with the L(8) center excitation transi-

tions suggests that the I8 center itself is also bleachable,
the LY3) center and the thermal-depletion temperature proPut necessarily with an efficiency less than that of th€3L.S
file of the LY4) center. Before each cycle the (3% center center. Such a difference between the reIayve bleaching ?f'
was rebleached to its original level. During this bleachingf'c'enc'es of these two centers would occur if the hydrogenic

. - ions of the L center are less strongly coupled to the
and for the subsequent fluorescence intensity measuremerig,s+ o, than$z:r)e the hydrogenic ions gfythe (B;center
the laser was tuned to the 20 712-chexcitation line of the

e For each laser excitation energy and power there would be an
LS(3) center. Similarly, before each cycle to measure thesquilibrium distribution of centers between the (BSand
thermal depletion of the L@) center, the L84 center popu-  S(4) configurations, which is determined by their relative
lation was prepared by tuning the laser to the 20 657%cm pleaching rates. A test of this model arises from the expec-
excitation line of this center and irradiating the crystal. tation that a center in which the hydrogenic ions are more
Figure 11 shows that the thermal-restoration temperatureemote from the rare-earth ion should exhibit longer radia-
profile of the L$3) center was found to be identical to the tive lifetimes. This has been discussed for #i&, multiplet
thermal-depletion profile of the L(8) center. This is strong fluorescence lifetimes of the different3rion Cg centers’?
evidence that the L@) center is indeed a photoproduct of  In the hydrogenated CaFb** crystal both the L&)
the LS3) center. The common reverting temperature is meacenter and the L&) center are present when the crystal is
sured ag91+3) K, which corresponds to a potential barrier cooled to 10 K from room temperature. This suggests that
height® of around 2300 cm!, comparable to those deter- the double-well potential associated with these two hydrogen
mined for theCg centers of P¥". This thermal-reverting Center configurations is nearly symmetric. This is still con-
behavior discounts any possibility that the fluorescence ergiStent with the proposed model in which their unusual

hancement of the L@) center is due solely to localized heat- bleaching behavior is ascribed to differences in their bleach-
ing of the crystal caused by the laser beam itself. ing efficiencies, as distinct from differences in the respective

The combined fluorescence bleaching and enhancemeR?erler potentials which must be surmounted.
of the LS3) and LS4) centers is a process requiring absorp- VI. FLUORESCENCE LIFETIMES
tion of the incident laser radiation by the ¥bcenters. How-
ever, as the laser is not resonant with any of the electronic The 10-K °D, multiplet lifetimes™* of many TE" centers
transitions of either center, the excitation mechanism is unwere measured, and are given in Table VI. Not all the hy-
clear. drogenic centers could be successfully discriminated by se-
The LS3) center is unusual in being the only hydrogenic lective excitation using the 1.7-cthlinewidth of the pulsed
center found to have a photoproduct center with excitatiorN , laser system, which prevented their fluorescence lifetime
transitions lower in energy than its own. The B5center measurement. The ¥b centers have an energy gap of
could be excited via phonon sidebands which have been o4 000 cmi! to the next lower’F, multiplet, which is large
served extending down to 20 580 chn However, as these enough to preclude any significant nonradiative decay
sidebands have only 1% of the intensity of the main electhrough the Cafor SrF, lattice phonons or through hydro-
tronic excitation lines, the L&B) center would need to have a genic ion local mode vibrations. Hence radiative decay is the
particularly high bleaching efficiency to account for its ob- dominant process.
served bleaching behavior. In any case, this phonon coupling The Cak C4, F~, LS(0) H™, and LS0) D™ center life-
hypothesis does not account for the nonresonant bleachirtgnes are all remarkably similar to those of tffe,, multip-
observed at 20 567 cm, which is below the energy range let of the Gd* C,, F~, H, and D" centers in Caf, whose
of the phonon sidebands. 77-K values are 11 ms for the"Fcenter, 4 ms for the H
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center, and 3.5 ms for the Dcenter?® This confirms that counted for by 1.8 times larger crystal fields for the hydro-
radiative decay is the dominant relaxation process for th@enicCy,, centers, as was found for the purely radiative life-
Tb3* centers. times of the G&" C,, centers®

The similar Gd* and TB" lifetimes for a givenC,, cen- The H lifetimes are at most 10% shorter than those of
ter arise from summation over all possible electric-dipolethe D™ centers for both CaFand Srk; (Table V). The near-
radiative pathways to lower crystal-field levels. Closure therequality of these H and D lifetimes for a given center
yields a limiting common value for given crystal-field pa- confirms their radiative nature.

rameter values. In contrast, the Pf P, and D, multiplet and
Nd®* 4F5,, multiplet lifetimes for the hydrogeni€,, centers
A. Parent F~-charge-compensated TB* centers are dominated by nonradiative decay processes involving the

£ i3+ 10 B 1i respective local-mode phonons. The involvement of such
As for Cak:Er™" and Cag:Ho™,™ the Tb'" trigonal  honons in the decay is shown by the greatly reducéd H
B center has a generally shorter lifetime than @ center,  .oqter lifetimes compared to those for the Benter<?

reflectjng the different crygtal fields experienced by the rare- 5| the LS center fluorescence lifetimes are comparable,
earth ions in each respective center. The shorter fluorescengggistent with essentially radiative lifetimes for fluores-

lifetime  of the th'QO”_a' cfer;]terg hSUQQGStS a ﬁhfirge'cence transitions of all these centers from ¥y multiplet.
compensation modification of the eight nearest-neighbor F o heir [ifetime values center around that of the hydrogenic

ions around th&®" ion, rather than just a single Fon in | 5(¢) center and not that of the,, F~ center, all the LS
the 'next-nearest-ggghbor position located alori@H) di-  centers necessarily have interstitial hydrogenic ion charge
rection from theR*>™ ion. compensation.

As for other rare-earth centers, the Galenter lifetimes
are shorter than the SyEenter lifetimes, a consequence of
the magnitudes of their respective crystal-fields. For electric- VII. CONCLUSION
dipole-allowed radiative transitions, the transition probabili-
ties and hence radiative relaxation rates vary as the square %
matrix elements of the odd-parity terms of the crystal fféld.
With the expectation that the odd and even terms of th

Sets of energy levels established for @, F~ centers of

3* in Cak, and Srk provide the basis for crystal-field fits
and polarization analyses, which require consideration of
E?ﬂagnetic-dipole contributions to the observed transitions.

crystal field scale by similar ratios in going between centerss b the quality of the crystal-field fit to the experimental

of identical ion geometry, the transition probabllltles_ would energy levels and the successful interpretation of the mea-
be expected to vary as the squares of the respective even-

term crystal-field parameters. For the®Tkion C,, F- cen- sured polarization ratios confirm the 3C,, site symmetry

. . e ; assignment for thes€,, F~ centers.
ters the ratio of the’D, multiplet lifetimes for Srk relative . v
to Cak is 1.22+0.12. From the crystal-field parameters of The hydrogenidC,, and related bleachable centers form

Table IV, a scalar crystal-field strength paramean be sets of centers bearing similarities to those observed for
) - €a + + + i _
derived with values of 890 and 690 ctfor CaF and PP”, NP, and EF". Results of a study of bleaching cen

. . ters in hydrogenated and deuterated L&Y and
frgé respectively. The ratio of the squares of these values I§rF2:Tb3* revealed the unusual phenomenon of enhanced
) Fér comparison, the Nd C,, F~ centers in Cafand fluorescence under laser excitation for the(4)Scenter,
P ’ 4v which is related to the L@) center as a photoproduct. Fur-

- . . 4 . _
SrF h?"e a lifetime ratio of 1']‘30‘0.7 for the"Fy/, multip ther studies are needed to understand this bleaching behav-
let, while the square of the crystal-field strength parameter%r_ The 5D, multiplet fluorescence lifetimes for all the

, " _ e !
is 1.30. For the HY'" Cy, - centers the lifetime ratio for the Tb®" centers measured are essentially radiative, being simi-

5S, multiplet is 1.40-0.06, which matches the 1.38 ratio of lar for H- and D varieties of the same center. as was the
the corresponding crystal-field strength parameters for th%ase for hydrogenic Gd centers '

Ho®*"* C,, centers. The larger discrepancy found for*Tb

may be the result of significant magnetic-dipole contribu-
tions to the radiative relaxation from ttD, multiplet. For ACKNOWLEDGMENTS
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