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Site symmetries, bleaching behavior, and thermal stability
of hydrogenic centers in Srk:Pr3* and CaF,:Pr3*
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Five multihydrogenic P¥" centers are found in both SrEind Cak. All of these centers exhibit permanent
bleaching at 10 K following optical excitation. This bleaching is caused by the migration of vibrationally
excited hydrogenic ions into different lattice positions. Some of the excited centers are reoriented to produce
equivalent centers. Alternatively, new centers with different excitation energies are created. All bleaching
effects can be reversed by warming the whole crystal above 120 K. Laser selective excitation spectroscopy was
used to measure energy levels of f,, 3P, 3P;, andls multiplets of these multihydrogenic centers. The
Pt site symmetries for all five centers were determined from the polarization behavior of their electronic
transitions. This required the derivation of tables of polarization ratios foCthe C,,, andCg symmetry
groups. Models are proposed for the multihydrogenic centers and their photoproduct centers which are con-
sistent with these P site symmetries and account for the observed bleaching behaviot.DThiuorescence
lifetimes of the centers were measured and support the models presented. The temperatures of fluorescence
recovery for bleached centers and of fluorescence depletion for photoproduct centers were measured and found
to be independent of the hydrogen isotope present. These temperatures were used to determine the barrier
potentials which must be surmounted when centers revert to their original configurations.
[S0163-18298)01142-4

[. INTRODUCTION bleaching when excited by a linearly polarized beam. Indefi-
nite cycles of fluorescence bleaching and recovery are pos-
The multihydrogenic centers present in hydrogenated andible by alternating between the two orthogonal excitation
deuterated CagFand Srk crystals containing rare-earth polarizations. TheCS(2) center exhibits partially reversible
(R%*") ions are noteworthy in showing varied 10 K bleaching reorientational bleaching, with the intensity of the recovered
behavior! The bleaching observed is a form of spectral holefluorescence decreasing over successive cycles, accompanied
burning, in which the laser bandwidth is comparable to theby simultaneous photoproduct-formation bleaching which
inhomogeneously broadened linewidth of the absorptiorcreates a new€ S*(2) photoproduct center. THéS(3) and
transition, producing a reduction in intensity over the wholeCS(4) centers undergo photoproduct-formation bleaching
line profile. Two types of polarized bleaching are creating the new photoproduct cente2§*(3) andCS*(4),
distinguished. In reorientational bleaching, centers are reori-respectively. Bleaching these photoproduct centers restores
ented by 90° to produce equivalent centers. While the abthe original parent centers. Models for these fout"Rren-
sorption lines of these reoriented centers lie within the inhoters and their bleaching behavior have already been
mogeneously broadened absorption line, their newproposed. In this study, we have verified these models by
orientations are such that these centers are no longer excitélétailed analysis of their polarized electronic transitions and
by the linearly polarized laser beam and the fluorescencbleaching behavior. Additional data are presented for a fifth
bleaches away to a residual intensity. Switching the lasebleachable center, henceforth labe®§(5), which plays an
polarization by 90° restores the fluorescence intensityimportant role in the model assignments.
Photoproduct-formation bleaching produces distinct photo- As for earlier studies, the terms “hydrogenation” and
product centers with different absorption energies than théhydrogenic” are taken to include all three hydrogen iso-
original centers. Bleaching occurs in either excitation polartopes, while “H™™, “D ~", and “T ~" are used where nec-
ization, with no fluorescence recovery on switching the laseessary to specify ions of a particular isotope. Single-
polarization. Selective excitation of the photoproduct centerdiydrogenic Pt centers are formed as hydrogenic ions
restores the original centers. substitute preferentially for the interstitial charge-
The whole gamut of polarized bleaching behavior, fromcompensating F ion of an isolated P center (the A
purely reorientational bleaching to distinct photoproduct-site).>* Multihydrogenic P#* centers are derived from this
formation bleaching, is exhibited by the®P€ (1) through  C,, symmetry parent center by the successive substitution of
CS(4) centers. The “Cg” center labeling was originally ~additional hydrogenic ions for the four nearest-neighbor F
introduced asCg is the PP* site symmetry of the principal ions located between the Prion and its associated charge-
CS(1) center. Because not all of the€Scenters have Pr compensating hydrogenic idms these hydrogenic ions are
sites of Cg symmetry, they are now labeledCS(1)” located off theC, symmetry axis, the Bt site symmetry is
through “CS(4),” rather than ‘Cg(1)” through “Cg(4).” generally reduced. In these cagsesdoublet states, including
The CS(1) center exhibits fully reversible reorientational the |*H,I'sys) ground state, exhibit low-symmetry crystal-
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TABLE 1. 10 K energy levelgin vacuum cm?, =0.2) measured for th€ (1) throughCS(5) centers
in deuterated SEE0.05% PP+ and Cak:0.05% P#'. Where they are available, the corresponding hydrogen
center values are included in parentheses.

Level
Crystal Center 3H,(2) 'D,(1) *Po(71) He(y1) 3P,y(1)

CY1) 3.43.3 16 706.%6.7) 20 750.92.6) 20 806.9 21 236.5
c2) 8.47.6) 16 612.01.2) 20642.83.) 206057  21104.4

SR, CS(3) 16.416.1) 16 566.64.4) 20 554.@2.2) 20 489.0 21 011.9
CY4) 21.822.2 16 667.35.9 20 662.83.3 20 680.3 21142.0
CY(5) 16 517.94.0 20 450.44.5 20372.1 20918.8
CY1) 0.5 16 627.67.3 20676.9 20585.5

Cak, CY2) 9.6 16 530.89.0 20559.7 20 383.2
C3S(3) 18.4 16 486.83.9 20 463.9 20 268.1
CY4) 19.9 16 598.&/.0) 20585.1 20 462.8
CY5) 16440.636.4 20 345.0 20 151.4

field splittings. They are all classified @&Stype centers. drogen isotope present in a giv&fs center. They also yield
The actual Pt" site symmetries may b&,,, C,,, Cg, or  estimates of the barrier energies associated with the reverting
C;, depending on the number and locations of the substituprocesses. Some of these reequilibration results have been

tional hydrogenic ions. presented in two earlier brief accounts.
The spectroscopy of the four major multinydrogenié*Pr
centers,CS(1) throughCS(4), hasbeen documented for Il. EXPERIMENT

3H,— 1D, excitation! In Sec. Ill we report spectral data for
3H,—3P, and 3P, excitation. The same fluorescence tran- All the CaFR,:P** and Sri:Pr* crystals used in these
sitions, originating from thé D, multiplet, were observed in experiments were grown by the Bridgman-Stockbarger
each case. Excitation energies for thid,—3P, and 3P,  method in a 38 kW A. D. Little R. F. induction furnace. The
absorption regions are reported for t@S(1) through lowering speed was 7 mmi h for a total growth time of 18
CS(5) centers and for theile S*(2) throughCS*(5) photo- h. The crystals were then annealed over 6 h. The starting
product centers. materials were CaFand Srk crystal offcuts from Optovac
The P?* site symmetry of eacBScenter was verified by and 99.9% pure PgFpowder from Alfa Inorganics. The
measuring polarization ratios for specific excitation and fluo-nominal P#* concentration was 0.05 mol % in all the crys-
rescence transitions. Section IV describes how this polarizaals investigated.
tion behavior was interpreted using tables of polarization ra- The hydrogenation treatments, spectroscopic techniques,
tios. Tables are presented which are appropriate for thend experimental apparatus have been described for earlier
analysis of any non-Kramers ion located in sites@yf,,  spectroscopic studies &** centers:’ Hydrogenation was
C,,, or Cg symmetry. carried out in a 15 bar atmosphere of hydrogen gas at 900 °C
The 10 K D, multiplet fluorescence lifetimes of the for 1 h. Deuteration was performed inZabar pressure of
CS(1) throughCS(5) D~ centers are reported and ana- deuterium gas at 850 °C for up to 60 h. Rhodamine 590 dye
lyzed in Sec. V. This analysis considers the additive contriwas used for laser excitation of transitions to t2, mul-
bution arising from the inclusion of each succesdve ion tiplet of PP*, while coumarin 480 and 460 dyes were appro-
in the creation of these multihydrogenic centers. priate for laser excitation to th&P, and 3P, multiplets. All
Detailed polarized fluorescence bleaching and recover$he energy levels reported have been corrected for vacuum.
sequences have been recorded to test the proposed models
for the CY(1), CY2), andCY(4) centers and the models
presented in Sec. VI for th€ §(3) andCS(5) centers. The
transition intensities of the original centers and their photo- The nomenclaturéS* 1L ;(n) will be used to indicate the
products were measured both before and after polarizedth highest energy level in the multipletS*iL;. The
bleaching. Examples for th€ 3(2) andCS(5) centers are spectroscopy of theCS(1) through CS(4) centers for
presented and analyzed in Sec. VII. 3H,—'D, excitation has already been documentefifth
The thermal reequilibration behavior of the fiveRES  center,C§(5), was observed in the broadband excitation
centers is investigated in Sec. VIII. Bleaching at 10 K createspectra of heavily hydrogenated crystals. Its transitions,
nonequilibrium distributions of centers by reorientationwhile less intense than those of the other four centers, were
and/or the creation of photoproduct centers. The temperasf sufficient intensity for accurate spectroscopic characteriza-
tures at which these preferential orientations were lost antlon. 'D,, 3P;, and I energy levels were measured for all
any distinct photoproducts disappeared were measured fdive CScenters and are given in Table I. These are the prin-
centers in both CaFand Srk. These temperatures are note- cipal excitation energies for these centers. TG&(1)
worthy in being essentially independent of the particular hythroughC S(4) centers also have a low lyintH ,(2) energy

lIl. SPECTROSCOPY OF THE CSCENTERS
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TABLE II. 10 K energy levels(in vacuum cm?, +1.0) of the *Po
3Hg and ®Hg multiplets of theC (1) throughCS(5) centers in (a)
deuterated StfF0.05% PF*. 3H, multiplet levels have been pub- le
lished previously(Ref. 1). \
i
Center " sp,
. (b)
Multiplet Level CS1) CS2) CS3) CS4) CY5) e

(1) 2152.6 21409 21359 21619 212238 |
SHy (20 21723 2149.7 2138.6 2166.8 2134.3

3
3 2187.7 2160.4 21428 2173.1 (©) Po
@ 2153.1 It .
n
1) 4177.5 41551 4135.8 4157.4 4112.6 || |
2 4181.3 4140.3 4167.0 . n
(3) 42896 @ °
(4) 44831 4498.0 4561.1 4504.0 4600.0 iN
3H6 (5) 4537.3 45449 4597.1 4557.2 /
(6) 4568.8 4
(100 4832.7 3p, .
(11) 4940.2 4951.4 4967.5 4942.3 49535 (e \
(12 5018.0 4972.4 4964.6 1 [
6
‘I I 1 1 I 1 1
level which is populated at 10 K. It arises from low- 20400 21000

-1
symmetry crystal-field splitting of the doublétH,I'sys) WAVE NUMBER (cm™)

ground state of the parefl,, symmetry center, from which FIG. 1. 10 K selective excitation spectra of t8&centers in a
they are derived. Energy levels of the lowést, multiplets  SrF,:PR*:D~ crystal showing théH ,— 3P, and ®H ,— !l ¢ transi-
were determined from fluorescence spectra. THe energy  tions. Spectra are for th@ CS(1) center,(b) CS(2) center,(c)
levels of theCS(1) throughCS(4) centers have been re- CS(3) center,(d) C4) center, ande) CS(5) center. The com-
ported previously. The 2Hs and 2Hg levels of all fiveCS  mon spacings of théP, and I line pairs show the respective
centers are given in Table Il. Energy levels of B&" pho-  *Ha(1) to ®H,(2) crystal-field splittings. The line identified by a

toproduct centers are given in Table IIl. star () is the ®H4(1)—°P transition of theC,, F~ center.
Laser selective excitation experiments were carried out
using coumarin 480 dye to excite transitions to 8% mul-  enters produced fluorescence mostly from tBe multip-

tiplet, while monitoring fluorescence from tH®, multiplet.
3P, multiplet excitation of theC,, F~ center produced
strong fluorescence originating from tH&®, multiplet and
weak fluorescence from t_hJED_Zj multiplet. The correspond- yiprational local modes of the hydrogenic ions.
ing C,, D~ center had a significantly higher fraction of fluo-  gjte_selective excitation spectra of all fi@S centers are
rescence from théD, mL3I|tIp|et a?d theCy, H™ centereven  yresented in Fig. 1. ThES(1) throughCS(4) centers each
more. Excitation of the’Py or *Py, multiplets of theCS  haye a pair of transitions to the singf&,, level. They origi-

TABLE Ill. 10 K energy levels(in vacuum criv, +0.2) of the r31ate from thestwo levels of the crystal-field sp_|t_ground state,

. H4(1) and °H,(2). The absence of a splitting for the

CS*(2) through CS*(5) photoproduct centers in deuterated cs(5 t ts that it h tained th ial t
SrF,:0.05% Pf* and Cak:0.05% P?*. Where they are available, fS(h ) center sugges: ad(lj' .as rle ami e_aXI? Symme ry
the corresponding hydrogen center values are included in parenth8— the parent center. An additional weaker pair of excitation

let. Preferential fluorescence from th®, multiplet for the
hydrogenic centers is attributed to nonradiative relaxation
from the 3P, to the 1D, multiplet, by energy transfer to the

ses. transitions appears in each spectrum. They exhibit the same
ground-state splitting, confirming that they are excitation
Level transitions to another excited level of the selected center,
probably a crystal-field state of the nearBy; multiplet.
Crystal  Center  3Hy(2) 'D,(1) *Po(71) 3H,— "¢ transitions are spin forbidden, but may acquire

CS(2) 174173 16664742  20682.0 comparable intensity to the allowéit ,— 3P, transitions by
Cs(3) 13'413'0) 16 568.16.9) 205746  Crystalfield mixing between thél s and 3P, multiplets. For

Srk, theC,, D~ parent center in Sgrtransitions to both théP,
gggg; Haa e ggiﬁg 200927 level at 208711 e and the 'l level at 21 052.2 e’
T ' were observed. This identification was supported by Zeeman
CS'(2) 15.2 16 578.0 20607.9 studies reported for the corresponding lines of @ F~
CS(3) 159 16 480.6 20486.0 center*® Polarization measurements on the respective exci-
Cak CS'(4) 186 16597.3 20619.4 tation transitions to theséP, and l4 levels showed that
CS'(5) 20380.1 they exhibit identical polarization behavior in each center.

The 3P, level hasy, symmetry for all P¥' site symmetries.
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FIG. 2. 10 K fluorescence spectrum of tle(5) center in a

SrF,:PR*:D™ crystal showing the electronic transitions from the ~ FIG. 3. The three possible orientations o€a, symmetryR3*
lowest level of the'D, multiplet to levels of the®H, multiplet,  center in the fluorite lattice. This is illustrated for ti@,, H~
together with the D vibronic transitionga, b, ¢, X,Y, andZ) asso-  center. The crystaX, Y, andZ axes are also shown.
ciated with the'D,(1)—3H,(1) transition.
CY(3), CY4), andCY5) centers exhibit photoproduct-
formation bleaching, as was the case f@r, multiplet exci-
tation. The same photoproduct centers were produced, with

xcitation transitions appearing in th#, spectral region.

s for 1D, excitation, theCS centers were found to bleach
to an equilibrium level, with a residual fluorescence which
could not be fully removed. On the other hand, it was always
SDossible to completely revert their photoproduct centers by
selective excitation.

Therefore the additional excited level is assigned ag; a
symmetry level of the crystal-field mixetl § multiplet.

Laser selective excitation experiments were also carrie
out using coumarin 460 dye to excite transitions to fifg
multiplet, while monitoring fluorescence from tH®, mul-
tiplet. For theC,, D™ center, two distinct excitation transi-
tions to the®P,; multiplet were observed. These had energie
of 21 386.4 and 21 533.9 ¢ in SrF, and 21 299.7 and
21513.6 cm? in Cak. Their polarization ratios were mea-
sured and establish that thes®, levels haveys and vy,
symmetry, respectively. The energies of the low&} en-
ergy level were also measured for the fiGS centers in
deuterated SrFand these values are included in Table I.

Fluorescence spectra showing the,—3H, transitions
were recorded while exciting th&P, multiplet. The spectra
of the CY(1) throughCS(4) centers were identical to those
reported previously for direct excitation of théD,
multiplet! The fluorescence spectrum of tlS(5) center,
for 3P, multiplet excitation, is presented in Fig. 2. Local
mode vibronic transitions have been reported for @& 1)
throughCS(4) centers. From the number of transitions ob-
served, it was concluded that tRe5(1), CS(2), andC S(4)
centers have just one equivalent substitutional hydrogenic
ion site each, while th&€S(3) center has twd.The new
CS(5) D™ center exhibits a total of five hydrogenic vibronic
transitions. In deuterated Srehese comprise two transitions
at 659 and 686 cit, assigned to th¥,Y andZ modes of the
interstitial charge compensating Don, and three transitions
at 471, 585, and 759 cmj, attributed to modes of the sub-
stitutional D™ ions. Since each substitutional ion has three
vibrational modes, because of the low symmetry of these
anion sites, the observation of just three transitions means
that all the substitutional ions in th@S(5) center must be in
crystallographically equivalent sites.

All five CS centers exhibited fluorescence bleaching for
laser excitation to theiPP, level. TheCS(1) andC(2) FIG. 4. The six possible orientations of33,(a) symmetryR3*
centers exhibit reorientational bleaching and 1B&(2), center in the fluorite lattice. This is illustrated for tBe&5(4) center.
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FIG. 6. The six possible orientations ofCx(a) symmetryR3"
center in the fluorite lattice. This is illustrated for thS*(2) cen-

FIG. 5. The six possible orientations 0f3,(b) symmetryR3* ter

center in the fluorite lattice. None of th@S centers exhibit this
symmetry.
A. Polarization ratios for Pr3* ions in sites

To determine whether the excitation of bleachable centers Of Cap» Czy, aNd Cs Ssymmetry

creates photoproduct centers in the same excited state, a thor-There are three possible orientations fo€g symmetry
ough search was conducted for any emission from th&R®" center in the fluorite lattice. These are illustrated in Fig.
CS'(2) centers during laser excitation of the par@®(2) 3 for the particular case of thé,, H™ center. Each orienta-
centers. No such emission was observed. Evidently thgon has been labeled with an arbitrarily assigned number.
bleaching process produces only relaxed photoproduct cef®®" centers ofC,,, Cg, or C; symmetry can be derived
ters. from the parenC,, symmetry centers by anion substitutions.
There are six possible ways of orientingGy, symmetry
center in the fluorite lattice. In addition, two different forms
IV. POLARIZATION ASSIGNMENT OF Pr 3 SITE of C,, center, labeledC,,(a) and C,,(b), arise from the
SYMMETRIES choice of the reflection plareThese are illustrated in Figs. 4
and 5, respectively. Each form retains two of the f@uy,
The local symmetry axes of a particular center define itgeflection planes, while specifies the direction of th€,
orientation in a crystal. The fluorite lattice has cubic symme-axis of the parenC,, symmetry centerCg symmetry cen-
try, so charge compensat&F " centers are distributed be- ters also occur in two forms, label&) (a) andCs (b), each
tween at least three distinct orientations. Polarized spectrof which can be oriented in six different ways in the lattice.
copy helps to identify th&" site symmetries of cente¥§®  These are illustrated in Figs. 6 and 7, respectively. They have
and to determine their distribution among the different posa singlexy reflection plane, wherg specifies theC, axis.
sible orientations. The polarization geometry will be speci-Different polarization ratios are obtained for tte and (b)
fied byX(ab)Z, whereX is the direction of the incident laser forms of each symmetry/For centers with no symmetry el-
beam,Z is the propagation direction of the fluorescerm€y  ements, havingc; symmetry, there are 12 possible orienta-
or Z) is the plane of polarizatiofelectric vectoy of the laser  tions: six for right- and six for left-hande@, symmetry
beam, andb (X or Y) is the polarization of the analyzed centers.
fluorescence. The ratios of the fluorescence intensities for By nominating theC, symmetry reflection plane as tlye
different combinations o& andb are called polarization ra- plane of theC,, group, the following decomposition applies
tios. The polarization ratio tables presented here fo¥ Pr to the ys irreducible representation of th@,, group. It is
ions are equally applicable to other non-Krami@?$ ionsin  expressed in terms of the irreps of t@g, group (y) and the
fluorites. irreps of theCg group (%):1°
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symmetry axes of that center. The observed polarization ratio
is defined with respect to th¥, Y, andZ axes of the host
crystal and is the sum of polarized fluorescence contributions
from all of the center orientations.

Non-KramersR®* ions located in sites of,, symmetry
have crystal-field levels which necessarily transform as one
of the five irreps of theC,, point group:y,, y», ¥z, andy,
are of single dimension, whilgs is of double dimension.
The symmetries of allowed electric-dipole transitions be-
tween crystal-field levels of &,, symmetry center at

Cav Y1 Y2 Y3 Ya Ys
Y1 Y1 Vs
Y2 Y1 Ys
Y3 Y1 Vs
Ya Y1 Ys
Vs Vs Vs Vs Vs Y1

v, transitions arer (2) polarized, with the electric-field vec-
tor parallel to theC, axis of the site.ys transitions arer
(x,y) polarized, with the electric-field vector perpendicular to
the C, axis.

Non-KramersR3" ions in sites ofC,, symmetry have
crystal-field levels transforming as one of the four single-
FIG. 7. The six possible orientations ofCa(b) symmetryR®*  dimensional irreps of th€,, point group:yy, 2, v3, and
center in the fluorite lattice. This is illustrated for tBs&5(2) center.  y,. The symmetries of electric-dipole transitions between

crystal-field levels of &,, symmetry center at&

¥5(X,¥) = ¥2(X) + ¥a(Y)— ¥2(2) + y2(x Or y).

Ca, | Y1 Y2 V3 Ya

The two levels of a splitys state have different symmetries — — — —
and so transitions to or from these levels can have different1 71 72 . V4
polarization behavior. Y2 Y2 V1 Y4 -
The point symmetry of &3* site determines the polar- 3 V4 Y1 V2
izations of itsR®** electronic transitions. When a linearly 7, Y4 Yy V1

polarized beam is aligned along one of the crystallographic

symmetry axes and tuned to an absorption transition, only, transitions arer (z) polarized, with the electric-field vec-
some orientations of that center will be excited. This orien-tor parallel to theC, axis of the site.y, and y, transitions
tational selectivity gives rise to polarized fluorescence specare o, (x) and oy (y) polarized, respectively, with mutually
tra. It is possible to identify th&>" site symmetry from the orthogonal electric-field vectors which are perpendicular to
polarizations of excitation and fluorescence transitions. Dethe C, axis.

tailed tables of the predicted fluorescence polarization ratios Non-KramersR3* ions in sites ofCg symmetry have
for the C4,, Cy,(a), Cyy(b), Cs(a), andCg(b) symmetry  crystal-field levels transforming as one of the two single di-
groups are presented. In an earlier study of low-symmetrynensional irreps of the€Cg point group: %, and y,. The
mixed centers,only the final fluorescence polarization ratios symmetries of electric-dipole transitions between the crystal-
were presented. The extended tables given here list the relfield levels of aCg symmetry center at@

tive contributions of the different center orientations, which

are required to determine the3Prsite symmetries oCS  Cqg | Y1 Vo
centers and to analyze polarization bleaching sequeSegs - — "

Vil). Although the table foC,,(b) symmetry is not required 71 Y1 Y2
for any of the observed P¥ centers, it is included here for > Y2 Y1

completeness.

For a given center, each electric-dipole allowed transitiorHere, y, transitions may ber, (x) or oy (y) polarized, with
has a transition moment which can be resolved into its Carthe electric-field vector perpendicular to tle axis of the
tesian components along they, andz axes of that center. site. y, transitions arer (2) polarized, with the electric-field
For excitation transitions these components of the transitionector parallel to theCg axis.
moment are arbitrarily labelea b, andc for the x, y, andz Fluorescence polarization ratios for each point symmetry
directions, respectively. For fluorescence transitions the corare presented in Tables IV-VI. In these tables, the irreps of
responding components are labete@, andf. The polariza- the excitation and fluorescence transitions are specified in the
tion of a particular transition is specified with respect to thefirst and third columns, respectively. The linear polarizations
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TABLE IV. Polarization ratios forC,, symmetry centers in th¥(ab)Z geometry.

C,, center orientations

Excitation Fluorescence 1 2 3 RataY
oY 2(a+b) 2(a+b) 0
s X 0 F(a+b)(d+e) 0
Y i(a+b)(d+e)  i(a+b)(d+e) 0 1:2
Y1 X i(a+b)f 0 0
Y 0 0 0 1:0
z 1(a+b) 0 1(a+b)
s X 0 0 F(a+b)(d+e)
Y F(a+b)(d+e) 0 0 1:1
Y1 X i(a+b)f 0 0
Y 0 0 1(a+b)f 1:1
Y1 Y 0 0 c
s X 0 0 fc(d+e)
Y 0 0 0 1:0
Y1 X 0 0 0
Y 0 0 cf 0:1
z 0 c 0
s X 0 sc(d+e) 0
Y 0 sc(d+e) 0 1:1
1 X 0 0 0
Y 0 0 0 0:0

of the excitation beam and analyzed fluorescence are spedior vy, excitation andy; fluorescence ofCg(a) or Cg(b)
fied in the second and fourth columns, respectively. The folsymmetry centers, the polarization ratios are wholly unre-
lowing columns give the fluorescence contributions fromstricted in range from 1:0 to 0:1. Other polarization ratios,

each center orientation, while the last column gives the nelpacifically Ea+b) a and ¢d+e):d listed for theCe(a
polarization ratios obtained by adding these contributions. It P ye ): G ): s(a)

; . : symmetry, are constrained in range by the requirement that
is assumed that all orientations are equally populated. ToII the t it i it d | Eor th i
indicate which center orientations are excited with a givena € transition moments are positive and real. For the po
polarization geometry, the first row for each excitation po-larization ratior=(za+b)/a, b and a are related by
larization indicates their relative excitation probabilities. The=a(2r —1). Requiring bothb anda to be positive and real
following rows give the contribution of each center orienta-constrains this polarization ratio to the range. Thus, this
tion to the fluorescence and the net polarization ratios. X:Y polarization ratio lies between the limits 1:0 and 1:2.
For Z-polarized excitation, fluorescence polarization ra-Similarly,
tios are necessarily always 1.1 because the fluorescence j
analyzed in theXY plane, which is symmetrical with respect
to the Z axis. These entries are therefore omitted from the]tu

tables, except that for th€,, center, to which specific ref- . . .
erence is made later centers from which they are derived. It is therefore a reason-

If excitation polarization ratios are required, the polariza-2P€ @ssumption that the transition probabilities &%cen-
tion geometry shows that they can be derived from thes&er Will be little changed from those of its paredj, center.
tables by substituting for Z andZ for X in every instance. Hence, theCS cer_1ter polarization ratlo_s s_hould closely fol-
The net polarization ratios are then tBeY excitation ratios. 10w those of their parent centers. This is useful for those
In this case, the first two pairs of columns give the irrepcases where th€g(a) andCg(b) polarization ratios do not
labels and polarization directions for fluorescence and excireduce to simple numerical ratios. For example, thesym-
tation, that is in reverse order. metry 2H,(1)(y,)—3Po(7y;) excitation andy, symmetry

The C,, andC,, polarization ratios of Tables IV and V. 'D2(1)(¥1)—°H4(1)(¥1) fluorescence transitions of Pr
all reduce to numerical ratios, independent of the magnitudeBave the ratio §e+bd):(2ad+2be) in Cg(b) symmetry
of the different components of the transition moments(Table VI. These two transitions derive from thes
(a—f). In contrast, several of theg symmetry polarization symmetry 3H,(1)(ys)—3Po(y1) and 'Dy(1)(y1)—
ratios of Table VI do not reduce to numerical ratios and carfH4(1)(ys) transitions, respectively, of the paredj, cen-
only be evaluated with knowledge of the magnitudes of thder, for whichc=f=0. Referred to the equivalent axes of the
specific excitation and fluorescence transition moments. II€5(b) center, defined above, this condition becorbese
these cases there is a range of possible polarization ratios.0. Hence, the polarization rati@é+ bd):(2ad+ 2be) be-

the polarization ratio§d+e€):d is constrained to
tie same range, between 1:0 and 1:2.

All the CS centers have crystal-field levels whose wave
nctions are only slightly perturbed from those of tGg,
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TABLE V. Polarization ratios forC,,(a) andC,,(b) symmetry centers.

C,,(a) center orientations

Excitation Fluorescence 1 2 3 4 5 6 Ratio X:Y
1 Y 0 0 0 0 c c
1 X 0 0 0 0 0 0
Y 0 0 0 0 cf cf 0:1
Y X 0 0 0 0 fcd  3cd
Y 0 0 0 0 0 0 1.0
Ya X 0 0 0 0 ice  3ce
Y 0 0 0 0 0 0 1:0
72 Y 3a 3a ia la 0 0
A X faf laf 0 0 0 0
Y 0 0 0 0 0 0 1.0
72 X 0 0 zad  zad 0 0
Y jad fad fad Zad 0 0 1:2
Va X 0 0 sae  jae 0 0
Y zae  tae fae iae 0 0 1:2
Ya Y ib ib b b 0 0
" X sbf  Ibf 0 0 0 0
Y 0 0 0 0 0 0 1.0
Y2 X 0 0 sbd  bd 0 0
Y ibd  ibd  ibd  3bd 0 0 1:2
Ya X 0 0 sbe  jbe 0 0
Y ibe  ibe  ibe  ibe 0 0 1:2
C,,(b) center orientations
1 2 3 4 5 6
1 Y 0 0 0 0 c c
1 X 0 0 0 0 0 0
Y 0 0 0 0 cf cf 0:1
Yy X 0 0 0 0 0 cd
Y 0 0 0 0 0 0 1.0
?4 X 0 0 0 0 ce 0
Y 0 0 0 0 0 0 1.0
¥, Y 0 a a 0 0 0
1 X 0 af 0 0 0 0
Y 0 0 0 0 0 0 1.0
Yy X 0 0 0 0 0 0
Y 0 ad ad 0 0 0 0:1
Ya X 0 0 ae 0 0 0
Y 0 0 0 0 0 0 1.0
Ya Y b 0 0 b 0 0
1 X bf 0 0 0 0 0
Y 0 0 0 0 0 0 1.0
Yy X 0 0 0 bd 0 0
Y 0 0 0 0 0 0 1.0
Ya X 0 0 0 0 0 0
Y be 0 0 be 0 0 0:1
comes 0:2d or equivalently 0:1, in agreement with obser- B. Assignment of PP* site symmetries forCS centers

vation. TheseC,, symmetry approximations for thég sym-

metry polarization ratios are listed in Table VII. In all cases Polarization ratios were measured with a low intensity
where the polarization ratios of the paréy, center are 0:1 excitation beam, with the crystal exposed for shortest dura-
or 1:0, the corresponding transitions @y symmetry have tion needed to measure the fluorescence intensity. These con-
almost the same polarization ratios. ditions minimized bleaching and so the creation of any pref-
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TABLE VI. Polarization ratios forCg(a) andCg(b) symmetry centers.

Cg(a) center orientations

Excitation Fluorescence 1 2 3 4 5 6 Ratio X:Y
71 Y la %a ia ia b b
Y X tae 3ae zad jad 3bd 3bd
Y fad jad fad Fad be be iad+bd+aead+2be
Y2 X 0 0 faf %af ibf Ibf
Y jaf zaf zaf af O 0 fa+bia
72 Y ic 3¢ 3¢ ic 0 0
71 X  ice ice 3cd 3cd O 0
Y scd  zcd zcd zcd O 0 id+ed
72 X 0 0 jcf fef O 0
Y zcf  fcf  Fcf fcf O 0 1:2
Cg(b) center orientations
1 2 3 4 5 6
" Y a 0 0 a b b
" X ae 0 0 0 bd 0
Y ad 0 0 ad be be ae-bd:2ad+2be
Yo X 0 0 0 af 0 bf
Y 0 0 0 0 0 0 1.0
Y2 Y 0 c c 0 0 0
1 X 0 ce cd 0 0 0
Y 0 0 0 0 0 0 1.0
Yo X 0 0 0 0 0 0
Y 0 cf cf 0 0 0 0:1

TABLE VII. C,4, symmetry approximations to th@g(a) andCg(b) polarization ratios.

Excitation Fluorescence Excitation Fluorescence Polarization Ratio
C,, irreps Cg(a) irreps XY XY
Vs Vs 71 Y1 3ad:ad 1:2
Y2 taf:af 1:2
Y2 71 jcd:cd 1:2
Y2 scficf 1:2
Y1 A’yl A’yl aeIO 10
Vs " e:0 1:0
71 Vs " 71 bd:0 1:0
Y2 b:0 1:0
) 2 Y1 0:be 0:1
C,, irreps Cg(b) irreps XY XY
Vs Vs 21 Y1 0:2ad 0:1
Y2 af:0 1:0
A’}/2 A’yl CdZO 1:0
Y2 0:2cf 0:1
Y1 :i/l A’yl anO 10
Y2 " ce0 1:0
Y1 Vs 71 71 bd:0 1.0
Y2 bf:0 1:0

Y1 Y1 Y1 0:2be 0:1




TABLE VIIl. Polarization ratios for specific excitation and fluorescence transitions a€®eenters in a SHEPP':D ™~ crystal. TheCScenter transitions are listed together with correspondingB

transitions of theC,, D™ center from which they are derived. The calculated polarization ratios are derived @y ttepproximation for theCg symmetryCS(1), C(2), andCS(3) centers.
C,4, D™ center transitions CSD™ center transitions Ratiy XYY

Center Excitation Fluorescence Excitation Fluorescence Calc. Expt.

Ca F~ $H4(1) (v5)—3P1(1) (141) 3Po(71) —3Ha(1) (7s) 1:2 0.64
H4(1) (v5)—>P2(1)(7s) 1:0 14.0

*H4(1) (v5)—°P2(2)(72) 1:2 0.61
CY(1) 3H4(1)(75)—’3P0(71) lDz(l)(Yl)ﬁ3H4(1)(7’5) 3H4(1)(3’1)—>3P0(5’1) 1D2(1)(3’1)—’3H4(1)(3’1) 1:2 0.65
1D,(1) (Y1) —>Ha(2)(72) 1:2 0.62
*H4(2)(¥2) —>Po(71) 'D,(1) (Y1) —>Ha(1) (1) 1:2 0.65
D,(1)(¥1)—°Ha(2)(72) 1:2 0.59
3H4(1)(75)—>3P2(1)(75) lDz(l)(Yl)—>3H4(1)(75) 3H4(1)(3’1)—>3P2(1)(3’1) 1D2(1)(3’1)—’3H4(1)(3’1) 1.0 3.94
1D,(1) (Y1) —>Ha(2)(72) 1.0 6.88
H4(2)(72)—°P2(2)(72) D,(1)(¥1)—Ha(1) (31) 1:0 3.09
1D,(1) (Y1) —>Ha(2)(¥2) 1.0 4.20
CY(2) 3H4(1)(75)—>3P0(71) lDz(l)(Yl)—>3H4(1)(75) 3H4(1)(3’1)—>3P0(5’1) 1D2(1)(3’1)—’3H4(1)(3’1) 0:1 0.14
1D,(1) (Y1) —>Ha(2)(72) 1.0 9.82
*H4(2)(¥2)—°Po(72) D,(1) (Y1) —Ha(1) (71) 1:0 8.34
1D,(1) (Y1) —3Ha(2) (72) 1.2 0.12
$H4(1) (v5)—>P1(1) (741) 1D,(1) (y1) —Ha(1) (¥5) *H4(1) (71) = 3*P1(1) (71) 1D,(1) (Y1) —>Ha(1) (71) 0:1 0.23
'D,(1) (Y1) —>Ha(2)(72) 1.0 3.08
H4(2)(72)—°P1(1)(72) 'D,(1)(71) = Ha(1) (31) 1:0 2.22
1D,(1) (Y1) —>Ha(2) (72) 0:1 0.22
H4(1) (v5)—>P2(1) (7s) 1D,(1) (v1) = *Ha(1) (¥5) *H4(1) (71) —3P2(1) (71) 1D,(1) (Y1) —>Ha(1) (71) 1.0 3.99
D,(1) (Y1) —°Ha(2)(72) 1:0 4.52
3H4(2) (72) —=3P2(2) (72) 1D,(1) (Y1) —>Ha(1) (¥1) 1.0 181
1D,(1) (Y1) —>Ha(2)(72) 1.0 2.85
CS(3) 3H4(1)(75)—’3P0(71) lDz(l)('}’1)—’3|'|4(1)(’}’5) 3H4(1)(’3’1)—’3P0(’A}’1) 1D2(1)(3’1)—’3H4(1)(3’1) 1:2 0.60
D,(1) (Y1) —°Ha(2)(72) 1:2 0.59
3H4(2) (¥2) —3Po(71) 1D,(1) (Y1) —>Ha(1) (¥1) 1:2 0.58
1D,(1) (Y1) —>Ha(2)(72) 1:2 0.61
3H,4(1) (vs)—3P1(1) (1) 1D,(1)(y1) —3Ha(1)(¥s) 3H,4(1) (1) —3P1(1) (1) 1D,(1)(71) —3Ha(1) (1) 1:2 0.62
D,(1)(¥1)—°Ha(2)(72) 1:2 0.65
3H4(2) (¥2) = 3P1(1) (71) 1D,(1) (Y1) —>Ha(1) (71) 1:2 0.59
1D,(1) (Y1) —>Ha(2)(72) 1:2 0.48
*H4(1) (v5)—°P2(1)(71) 1D,(1) (y1)—Ha(1) (7s) H4(1) (1) —°P2(2)(72) D,(1)(¥1)—Ha(1) (31) 1:0 1.39
1D,(1) (Y1) —>Ha(2)(¥2) 1.0 1.24
*H4(2) (72) —=3P2(2) (72) 1D,(1) (Y1) —>Ha(1) (71) 1.0 1.69
'D,(1) (Y1) —>Ha(2)(72) 1.0 1.39
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(Continued.

TABLE VIII.

Rati¥y XYY
Calc.

CSD™ center transitions

Excitation

*H4(1)(va)—°Po(72)

C,, D™ center transitions

Excitation

3H4(1)(75)—>3P0(71)

Exp

Fluorescence
1D,(1) (v1)—Ha(1) (12)

1p

1

Fluorescence

1D2(1)(71)—‘3H4(1)(75)

Center
CS4)

0.58
0.61
0.58
0.57
5.32
421
0.64
0.73

1:2
1:2
1:2
1:2
1:0
1:0
1:2

SH4(2)(

A1) (v1)—

72)
(7’4)

—>3H4(1)

Do(1) (1)

*H4(2)(v2)—°Po(72)

2(2)(v2)
Ha(1)(v4)

3
H
)=

(n
7’1) -

'Dy(1)
D5(1)(

2)(va,2)

3H,(1) (72)—3P2(3) (73)

3|'|4(1)(7’5)H3Fz’0( 71)

)—3P,(1

12) (Va,

SH,(1

1D2(1)(71)—’3H4(1)(75)
1D2(1)(71)—’3H4(1)(7’5)
iDz(l)(h)HBHz;(l)(vs)
1D2(1)(71)—>2H4(3)(71)
1D2(1)(71)H3H4(1)(')’5)
1D2(1)(71)—’3H4(3)(71)
lDz(l)(’}’l)ﬂgHzL(l)(’}’s)
1D2(1)(71)_’3H4(3)(71)
1D2(1)(71)—>3H4(1)(75)
1Dz(1)(v1)H3H4(3)(71)
1D2(1)(71)—>3H4(1)(75)
D2(1)(y1)—"Ha(3) (1)

3H,4(1) (vs) —3P2(1) (¥s)
3H,4(1) (75) —3P2(2) (72)

3H4(1)(7’5)H3P0( Y1)

'D2(1) (1) —°Ha(2)(72)

'D,(1)

SH4(1)(v4)

(v)—

2 Y1) — F4 Y2
'D,(1) (y1) = Ha(2)(72)
1D2(1)(7’1)H2H4(1)(7’5)
1D2(1)(7’1)—>3H4(2)(7’1)
1D2(1)(3’1)H3H4(1)(7’5)
1D2(1)(7’1)—’3H4(2)(7’1)
1D2(l)(y1)H3H4(l)('y5)
1D2(1)(71)_’3H4(2)(71)
1D2(1)(71)_>3H4(1)(75)
1Dz(1)(71)H3H4(2)(v1)
1D2(1)(7’1)—>3H4(1)(7’5)
D2(1)(v1)—"Ha(2) (1)

0.58
8.02
4.30
0.24
0.59
7.8

1:2
1:0
1:0

0:1

cS(5)

3H4(2)(7’1)H3Po(71)

3H4(3)(71)H3P0(71)

1:2
1:0
1:0

0.1

3H4(1)(75)H3P1(1)(’Y1)
3H4(1)(75)—’3P2(1)(75)
3H4(2)(71)—>3P2(1)(75)

3H4(1)(’}’5)H3P1(1)(71)
3H4(1)(75)—>3P2(1)(75)
3H4(3)(7’1)—>3P2(1)(75)
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5.14
0.42
1.02
1.07

1:2
1:0
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FIG. 8. The proposed ionic configurations for @ CS(1), (b)
Cg(2), (c) CH(3), (d) CY4), and(e) CY(5) centers(f) The ion
spheres are drawn to the same scale as the lattice cages, to indicate
their relative ionic radii.

erential center orientations. It was assumed that all center
orientations were initially equally populated in crystals
which had been cooled from room temperature. Each polar-
ization ratio measurement was made on a previously unex-
posed section of crystal, by translating the crystal relative to
the laser beam. Measured polarization ratios for all @&
centers in deuterated Srlare presented in Table VIII and
these demonstrate the range of ratios obtained.

The methodology used to deduce*Psite symmetries is
demonstrated for th€ S(2) center. Theys ground state of
the C,, symmetry parent center is split by 8 chindicating
that the Pt" site symmetry of th€ S(2) center is lower than
C4, . As neither the D,(1)—3H,(1) nor 'D,(1)
—3H,(2) transitions show &:Y polarization ratio of 1:2
(Table VIII), both theCg(a) andC,,(a) symmetries can be
discounted for this center. The ratios observed are, however,
consistent with eithe€g(b) or C,,(b) symmetry. The latter
is also discounted as n@,,(b) symmetry centers can be
obtained from hydrogenic ion replacements of anions in the
nearest-neighbor coordination sphere of th& Ron. Hence,
aCg(b) site symmetry is deduced forPrions in theC (2)
center, in agreement with the previously proposed mbdel.

Polarization ratio measurements for the principal excita-
tion and fluorescence transitions of all tf& centers have
been presented elsewhéteSimilar analyses yield Bt site
symmetry assignments d@g(a), Cg(b), Cg(a), C,,(a),
andC,, for theCg(1), CY2), CY3), CY4), andCS(5)
centers, respectively.
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TABLE IX. 10 K fluorescence lifetimegin us) of centers in
deuterated SrF0.05% PP and Cak:0.05% PF'.

Lifetime

Center Srk, Cak

Cu F 1330+70 510+10

Cy4 D™ 350+7 90+2
CS(1) D™ 62+2 9.4+0.2
CY2) D 23+1 4.2£0.1
CY3) D 161 3.2£0.2
CS4) D 27+1 6.2£0.3

CS(5) D 10.5+0.2

C. Proposed models for theCS centers

Specific ionic configurations for the five distin€iS cen-
ters, consistent with their assignedPsite symmetries, are
presented in Fig. 8. Models originally proposefr the
CY(1), CY2), andCY(4) centers all satisfy the polariza-
tion ratio constraints on their possible®Prsite symmetries
and are confirmed.

It was previously reported that theé S(3) center has a
complex vibronic spectrum, due to the presence of at least
two inequivalent substitutional hydrogenic ion siteShe
ionic configuration withCg(a) PP site symmetry illus-
trated in Fig. &c) is proposed for the€S(3) center. It has
three substitutional hydrogenic ions, located in two inequiva- FIG. 9. The proposed mechanisms for reorientational bleaching
lent sites between the Prion and its charge-compensating of the (@ C(1) and (b) the C(2) centers and the proposed
interstitial ion. mechanisms for photoproduct-formation bleaching of

The CS(5) center is unusual in having a highefPsite ~ CS(2), (d) CS(4), (e) C(3), and(f) CS(5) centers.
symmetry ofC,, . Its vibronic spectrum has just five hydro-
genic Iines, yvhjch also int_jicates .exact gxial symmet.ry, .with 4, F~ centers in both SEEPP* and Cal:Pr** have essen-
three vibronic lines associated with equivalent substitutional. " T T . _
hydrogenic ion sites and two vibronic lines associated withtIally radiative "D I|fe't|m.es. The porrespond|ng:4v_ D.
the axially symmetric interstitial charge-compensating siteCeNters ha"‘? sh_orter I_|f_et|mes, attributed to nonradlatlve_z re-
The ionic configuration in Fig. @ is proposed for the laxation, which is facilitated by electron-phonon coupling

CY(5) center. It has four hydrogenic ions, located in fourbetW(faen tge} P 'Or? and ?hedge_rstmal E'O’?k-) _Eneﬁy ISI
equivalent nearest-neighbor anion sites. transferred from the excited Prion to the vibrational loca

In all these propose@Scenter models, the substitutional Mdes of the D ion. Replacement of the Dion by an H’
hydrogenic ions are located exclusively in the four anion'©" fu.rther reduce_s the lifetime. Th's’_ IS dH_e t% the higher
sites between the Prion and the interstitial hydrogenic ion. energies for wbrauonal modes of the_ lighter kbn.” Energy
This constraint accounts for why just five multihydrogenic fransfer to a higher energy mode will be a lower-order pro-
centers are observed in crystals which have not been irradf€SS and therefore more efficient. L
ated. Further evidence for the apparent clustering of hydro- AS €xpected, thecS D centers have shorter lifetimes
genic ions is provided by the observation ttz8(2) centers than their parentC,, D centers, due to the presence of
form preferentially toCS(4) centers, although both centers Substitutional D ions about the Pr ion. Efficient energy
contain the same number of substitutional hydrogenic iondransfer is possible between the e>_<C|tea Pion and these
Clustering of hydrogenic ions is evidently favorable, to mini- Néarest-neighbor Dions. TheCSD" center lifetimes fall
mize the lattice strain energy of the3Prdefect centers. Al into the following series, in the order of decreasing lifetimes:

the CS center models proposed are successful in accounting (1), €X4), C(2), C(3), andCS(5). When these
ifetimes are considered in terms of the models proposed for

for the observed bleaching behavior under polarized excita* N o - _
tion (Sec. VII). these centers in Flg. 8, itis clee.\r. that each successive sgbsn-
tutional D™ ion provides an additional channel for nonradia-
tive relaxation of the P ion. As these D ions are nearly
equidistant from the B ion, they should contribute equally
to the nonradiative decay rate. An analysis of B8 D™

The 10 K fluorescence lifetimes of the lowedd, level  center lifetimes, in which each additional substitutional D
were measured for all fiv€S D~ centers and the corre- ion contributes equally to the quenching of thé Piluores-
spondingC,, symmetry parent centers from which they arecence, was presented previously and strongly supports the

derived. These results are presented in Table IX. The pareproposedCS center models.

V. D, FLUORESCENCE LIFETIMES
OF THE CS D™ CENTERS
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VI. PROPOSED BLEACHING MECHANISMS AND Z
MODELS FOR THE CS* PHOTOPRODUCT CENTERS Z z

The CS* D™ centers bleach too quickly to allow a direct Y
determination of their Pf site symmetries by measuring
polarization ratios. However, bleaching mechanisms were
deduced for all of th&€Scenters from their bleaching behav-
ior. Specific ionic configurations were thus established for
the photoproduct centers observed. The models proposed for
the bleaching mechanisms and the resulting photoproduct N
configurations are described in this section and illustrated in
Fig. 9. Section VIl demonstrates how these models were — ‘—(———————————————1—————~
confirmed by detailed analysis of polarized bleaching and Time (min)
recovery sequences.

A general interstitialcy noncollinear mechaniSrhas al- FIG. 10. A 10 K polarized bleaching sequence for M&(2)
ready been proposed to explain the bleaching behavior otsenter in a SVEZP@+:D__Cry~°'1ta'- The3I3-|4(2)e3P0 transition was
served for theC(1), C(2), andCS(4) centerd This in- pumped and th& polarized "D ,(1)—*H,4(2) fluorescence moni-
volves a substitutional hydrogenic ion moving into one of thet®"ed:
neighboring vacant interstitial sites and being replaced by the
hydrogenic ion which formally occupied an interstitial site.
The C, axis of the parent center is therefore rotated by 90°. A Cg(b) symmetry configuration was established for the
Only the light hydrogenic ions are induced to move, limiting CS(2) center and its possible orientations are shown in Fig.
the possible ionic configurations which can be created. Thig. Similarly, the possible orientations of tig(a) symmetry
general mechanism explained the reorientational bleaching@S*(2) center are shown in Fig. 6. Only the hydrogenic ions
of theC§(1) andCS(2) centers and the creation of a single move during bleaching, which constrains the possible
distinct photoproduct for each of th€S(2) and CH(4) bleaching pathways. For example, consideration of Figs. 7
centers: Their specific bleaching mechanisms are illustratedand 9b) shows that onlyCS(2) orientation 5 can be ob-
in Figs. 9a), 9(b), 9(c), and 4d), respectively. tained by reorientational bleaching froB\S(2) orientation

By the same reasoning, two distinct photoproduct con-1. Similarly, CS*(2) orientations 3 and 4 in Fig. 6 are the
figurations should arise from bleaching tkES(3) center, only orientations which can be obtained by photoproduct-
while only the oneCS*(3) center was observed. This result formation bleaching fron€ S(2) orientation 1 in Fig. 7.
may be another manifestation of the preferential clustering of Bleaching sequences are generated by alternating between
hydrogenic ions, noted previously, which favors the bleachthe two orthogonal excitation polarizationé,andZ. Figure
ing pathway and ionic configuration for tH@S*(3) center 10 shows a bleaching sequence obtained by pumpingthe
shown in Fig. 9e). Only one photoproduct center is pre- symmetry 3H,(1)(y,)—3Po(7y;) transition of theCS(2)
dicted for theCS(5) center and only one was observed. Thecenter. Periods of andZ polarized excitation are marked on
bleaching pathway and ionic configuration for tB&*(5) the figure. TheX-polarized fluorescence of thg, symmetry
center are shown in Fig.(B. PP site symmetries of D,(1)(¥,)—3H4(2)(¥,) transition was monitored, so that
Cg(a), Cq, Cq, andCg(b) are predicted for theCS(2)*, only fluorescence fron€ S(2) orientations 4 and 6 in Fig. 7
CS(3)", CY4)*, andCY(5)* centers, respectively. was observed. These are the two orientations which have

their z axes parallel to the cryst¥ axis.
This bleaching sequence is analyzed by considering the
VII. ANALYSIS OF POLARIZED BLEACHING reorientational bleaching pathways accessible for each exci-
SEQUENCES tation polarization. With the incident laser radiation polar-

- . . . _ized in theY direction, the possible center reorientations are
When a center exhibits reorientational bleaching, particu-

lar orientations of that center can be populated preferentially
through specific sequences of polarized excitation. Similarly,
polarized excitation of a center which undergoes
photoproduct-formation bleaching produces particular orien-
tations of that photoproduct center. Detailed sequences afith the laser radiation polarized in tiZedirection, the pos-
polarized bleaching were recorded and analyzed for all thgjpje center reorientations are

CS D™ centers to test the proposed bleaching mechanisms

A. Polarized bleaching sequences for th€ S(2) center

orientation l-orientation 5,

orientation 4-orientation 6.

and photoproduct configuratiohs.Two examples are pre- orientation 2-orientation 3,
sented here to demonstrate the technique and the degree of
orientational selectivity which can be achieved for these orientation 6-orientation 4.

multihydrogenic centers. The first is an analysis of polarized

bleaching sequences for tf@S(2) center, which exhibits One group ofCS(2) centers interconverts between orienta-
both reorientational bleaching and photoproduct-formatiortions 4 and 6 as the excitation polarization is switched be-
bleaching. The second is an analysis of the changes in polatweenX andY. Successive cycles of fluorescence bleaching
ized broadband excitation spectra as@®5) center and its and recovery are observed, as these are the only two orien-
CS*(5) photoproduct center are selectively bleached. tations contributing to the observable fluorescence.
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z reorientational bleaching pushes some centers into the wings
of the inhomogeneously broadened excitation transition.
This analysis of the two bleaching sequences shows that
distinctive bleaching behavior is predicted for pumping
and?y, symmetry excitation transitions of ti@S(2) center.
From the observed behavior, it is possible to make definitive
irrep assignments for théH,(1) and 3H,(2) originating
levels of the®H 4(1)—D,(1) and®H4(2)—D,(1) transi-
tions. The 3H (1) and 3H,(2) levels are unambiguously
Ly identified asy, and y, states, respectively.

Time (min) B. Polarized bleaching behavior of theCS*(5) center

FIG. 11. A 10 K polarized bleaching sequence for M&(2) The CY(5) center and it<CS*(5) photoproduct center
center in a StEPP*:D™ crystal. The®H ,(2)— Py transition was  have been chosen to illustrate how models for photoproduct-
pumped and th& polarized 'D5(1)—°H,(1) fluorescence moni-  formation bleaching can be tested by analyzing polarized
tored. excitation spectra. TheCS(5) center exhibits only

i . photoproduct-formation bleaching. With @,, symmetry

In the first cycle, not all the fluorescence which wascgnfiguration established for the@(5) center, its possible

bleached away duriny-polarized excitation was recovered qrientations are shown in Fig. 3. Similarly, the possible ori-

on switching to Z-polarized excitation. Reorientational gntations of theCs(b) symmetryCS*(5) center are shown
bleaching produces a redistribution of centers within the inq, Fig. 7.

homogeneously broadened excitation t_ransi‘i?ioﬁ:ome Figures 12a) and 12b) are polarized excitation spectra
bleached centers were pushed into the wings of the broaqegcorded by monitoring the broadbart®,—3H, fluores-
ened transition and were no longer resonant with the excitgsence from both these sites. The excitation polarizations are
tion beam. After the first cycle, most of th@S(2) centers vy gnq 7z, respectively. After cooling the crystal from room
still contributing to the observed fluorescence were thos?emperature all equivalent orientations of B&(5) center
which remained resonant with the excitation beam in both, o equally populated, while t1@S*(5) center is completely

orientations 4 and 6. absent. Inspection of Table IV shows that the symmetry
Figure 10 also exhibits the effects of photoproduct forma-3H4(1)(y5)_)3Po(y1) transition of the CS(5) center

tion bleaching, which should produce a net decrease in they,q,, 4 exhibit equal intensity in each excitation polarization,

fluores_cence Intensity observed over myltlple _cycles Ohs observed. The integrated excitation strength is given as
bleaching. This decrease was very small, indicating that re

orientational bleaching is much more probable than pho'[oéler for each polarization.
product formation bleaching for th@ S(2) center. Y-polarized pumping of théH(1)(ys)—
The bleaching behavior in Fig. 10 is compared to that i
Fig. 11, which was observed while pumping the symme-
try 2H4(2)(y,)—3Po(¥,) transition of theCS(2) center
and monitoring theX-polarized fluorescence from the,
symmetry'D,(1)(y;)—3H4(1)(¥,) transition. In this case,
only fluorescence fron€ §(2) orientations 1, 2, 3, and 5 in
Fig. 7 was observed.
With the laser radiation polarized in thédirection, the
possible center reorientations are

*Po(y1) tran-
sition excites and depopulat€sS(5) orientations 1 and 2.
MTable IV shows that orientation 1 also contributes half of the

absorption intensity that would be observed duridg
polarized excitation of the same transition. After this initial
bleaching, the transition appeared only weakly in ¥hpo-
larization and with approximately half its initial intensity in
the Z polarization, Figs. 1&) and 12d) respectively. This
bleaching should also produce thES*(5) orientations 2,
3*, 5%, and 6" by the following conversions:

] ] ) ] CS(5) orientation 1-CS5)* orientations 3 and 5,
orientation 2-orientation 3,

] ) ] ] CS(5) orientation 2-CS5)* orientations 2 and 6.
orientation 3-orientation 2.

. . _ ) From Table VI, forY-polarized excitation the/;, symmetry
Excited centers interchange between orientations 2 and 3, (1) (1) —3Py(y,) transition of theCS*(5) center has a

there is po_reorientqtional fluorgscepce bleaching. With th%redicted absorption strength ob?2 This is obtained by
laser ra'dlatlo.n polarized in th& direction, the possible cen- adding the contributions of the four photoproduct orienta-
ter reorientations are tions created. ForZ-polarized excitation the predicted
strength is 2’ +b’. As this transition is derived from thg;
symmetry H (1) (ys)—3Po(7y1) transition of theC,, cen-
ter, for whichc=0 anda’>b’ in the C,, approximation, it
has more intensity in th& polarization spectrum, as ob-
Again, centers are merely exchanged between orientationsserved.

and 5, so no reorientational bleaching can be expected. The The 3H,(1)(ys)—3Py(7y1) transition of theCS(5) cen-
fluorescence produced by excitation in each polarizatiorter was then pumped in tl&polarization, which excites and
bleaches independently because of photoproduct formationlepopulatesCS(5) orientation 3 and further depletes orien-
As in Fig. 10, fluorescence may also be bleached becaugation 1, so that only a common residual level of fluorescence

orientation l-orientation 5,

orientation 5-orientation 1.
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FIG. 12. A 10 K polarized bleaching sequence showing the,
3H,(1)—3P, and %H,(2)—°3P, excitation transitions of the

appears in each excitation polarization, Figgel2and 1Zf).
This additionalZ-polarized bleaching produces the following
conversions:

CS(5) orientation 1-CS5)* orientations 3 and 5,

CS(5) orientation 3-CS5)* orientations 1 and 4.

As all possible orientations of the (5)* center were then
equally populated, the center appeared with equal intensity in
theY and Z excitation polarizations.

Finally, the 3H4(1)(y1)—3Po(y,) transition of the
CS*(5) photoproduct center was pumped in f@olariza-
tion, producing the following conversions back to the origi-
nal CY(5) center:

CS(5)* orientation ¥—CS(5) orientation 3,
CS(5)* orientation 4—CS(5) orientation 3,
CS(5)* orientation 53— CS(5) orientation 1,

CS(5)* orientation 8—CS(5) orientation 2.

This bleaching produces a total repopulation of &8§(5)
orientation 3 and a partial repopulation of t8&(5) orien-
tations 1 and 2CS*(5) orientations 1, 4*, 5%, and 6 are
completely depopulated. Using the tables, ¥hgolarization
spectrum should have a net absorption strength(af+ b)

for the C(5) center and zero intensity for tf@&* (5) center.
The Z polarization spectrum should have a net strength of
3(a+b) for the CS(5) center anda’ +b’ for the CS*(5)
center. This compares to the original unbleacB&{5) cen-

ter intensity ofa+b in each polarization. Polarized excita-
tion spectra recorded after the final bleaching step, Figs.
12(g) and 12h), show that these transitions appeared with
their predicted intensities. Similar analyses have been per-
formed for all the other bleachable centers and confirm the
Pt site symmetries and proposed bleaching mechanisms
presented in Secs. IV B and .

VIIl. THERMAL RESTORATION OF CSCENTERS

Bleaching curves indicate how rapidly a center bleaches
and these rates are a function of the bleaching efficiency, the
oscillator strength of the excitation transition being pumped,
and the incident laser power. Because of these factors, only
relative bleaching rates have been obtained. Bleaching rates
are a factor of 10 greater for hydrogen than for deuterium
varieties of a given multihydrogenic ¥r center:® Bleach-
ing rates also depend on the polarization of the excitation
beam, as demonstrated by the examples of reorientational
bleaching. Bleaching with linearly polarized light propagat-

CS(5) andCS'(5) centers in a SEEPP*:D~ crystal. Of the fol- ing along.(loo) dire.ctions. prc_>duces the fastest_ bleaching
lowing excitation spectraa), (c), (), and(g) are for Y-polarized rates, vyhlle' bleachlng_ W|th linearly polquzed _Ilght a}long
excitation andb), (d), (), and(h) are forz-polarized excitation(a) (110 directions or with circularly polarized light gives

and (b) are the excitation scans prior to any bleachifgy,and(d) ~ Slower rates. In all cases, t.r@S* photoproduct centers
were produced aftey-polarized pumping of théH,(1)— 3P, tran-  bleach more rapidly than their associate8 centers under

sition. (e) and (f) were produced after subsequeRipolarized the same excitation conditiodsAdditional insight into the
pumping of the saméH,(1)— 3P, transition.(g) and (h) were  Kinetics of bleaching has been obtained by investigating the
produced aftel-polarized pumping of théH,(1)— 3P, transiton ~ thermal stability of the multihydrogenic centers and their
of the CS*(5) center. photoproducts.
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' " i " ' " ' " TABLE X. Reverting temperature@n K) for bleached centers
1l x in Sri:Prt and Cak:Pr", determined by the two methods de-
scribed in the text.
= X
c
209r Thermal Thelr_mal
s annealing cyeling
%’0 . < Crystal  Center D~ D~ H™
c v.or
g SrF, CY(1) 100+5 99+3 101+3
2 CY2) 85, 95+5 100+2 99+3
So.7t y CS(3) 75+5 80+3 79+5
2 N CY4) 90x5 101+3 102+3
5 y cY5) 75+5 81+3 79+5
“ o6t x c
x ak CY1) 85+5
X CY2) 65, 90+5 62, 90+3 66+5
% CS(3) 65+5 65+3 63+5
0.5r CY4) 65x5 77+2
, ; ) . . . . . CS(5) 60x5 663
10 20 30 40 50 60 70 80 90

Temperature [K]

FIG. 13. Thermal restoration of the bleach®8(2) center fluo-  recovery could thus be determined for each set temperature.
rescence in a CgEPr**:D ™~ crystal, obtained by the thermal anneal- These measurements could also be made orCatyphoto-
ing technique described in the text. product center to obtain the temperature at which it reverts to
its original CS center configuration.
A. Temperature dependences for thermal reequilibration When monitoring the fluorescence recovery dE&cen-
of bleached centers ter as the crystal is cycled to successively higher set tempera-

For all CS centers, fluorescence bleaching is permanentures, the reverting temperature is defined as that for which
while the crystal is maintained at 10 K, but can be reversed1—1/€) of the bleached fluorescence is restored. For the
by warming the crystal above 120 KThe results described CS(2) D™ center in Caf; thermal reverting occurs in two
in this section show that restoration of any fluorescence insteps, with these temperatures determined as 62 and 90 K.
tensity lost through bleaching occurs over a temperaturé\gain these correspond to the two type<x(2) bleaching.
range of approximately 5 K. These reverting temperature§0r theCS(2) D™ center in Srf, only one recovery step
are different for eactCS center and are associated with a could be discerned at 101 K. For tf@3(2) H™ centers,
restoration of the original center configuration and the equireverting temperatures of 66 and 99 K were measured in
librium distribution of center orientations. Two different ex- Cak and Srk;, respectively. Hydrogen and deuterium
perimental procedures were used to determine the revertifgS(2) centers thus have equal reverting temperatures,
temperatures of both the hydrogen and deuterium varieties ¢¥ithin the estimated uncertainties.
the five CScenters in Srkand Cab. When monitoring the waning fluorescence o€&" cen-

The first method was used to measure approximate reverter as the crystal is cycled to successively higher set tempera-
ing temperatures. Initially a give@Scenter was bleached to tures, the reverting temperature is defined as that for which
its residual fluorescence level, then the crystal was warmethe fluorescence is reduced to €)Lbf its intensity immedi-
while monitoring the fluorescence intensity@K intervals. ~ ately after bleaching th€S center. It was found that the
This method of “thermal annealing” yielded a reverting CS"(2) centers revert to th€(2) center configuration at
temperature defined as the lowest temperature at which 8+3 K in SrF, and 56-7 K in CaR.® In both cases this
recovery of fluorescence could be clearly discerned. For theorresponds to the lower reverting temperature measured for
special case of th€S(2) center in Cak; thermal reverting the CS(2) center. Reorientational bleaching is therefore as-
occurred in two steps, as shown in Fig. 13. The two revertingociated with the highe€ §(2) reverting temperature.
temperatures of 65 and 90 K correspond to the two types of Table X lists all the reverting temperatures measured by
bleaching exhibited by this center. Similarly, for tBe&5(2)  thermal annealing and thermal cycling. Temperatures mea-
center in Srk, there was a temperature plateau around 85 ksured by both techniques are the same within uncertainties.
and a single step at 95 K. For any givenCS center, reverting temperatures measured

More accurate reverting temperatures were obtained bfor CaF, were found to be lower than those for $rivhich
the second method of “thermal cycling,” which has already may be attributed to the different lattice sizes of these crys-
been described in detail for t@S(2) center in Sri® After  tals. In all cases, the reverting temperatures for the hydrogen
bleaching a giverCS center, the pump beam was blocked and deuterium varieties of a given center are essentially the
and the crystal was warmed to a set temperature. It was heghme.
at that set temperature for 5 min before being cooled back to
10 K. This cycle was repeated for successively higher set
temperatures, with the center rebleached at the beginning o
each cycle. Quick exposures to the pump beam immediately Any two ionic configurations accessible to a multihydro-
before and after warming the crystal were sufficient to meagenic center can be modeled as a double-well potéhtial.
sure the fluorescence intensity. The degree of fluorescenddeaching involves crossing the barrier potential between

]B. Estimates of barrier heights from reverting temperatures
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two configurations which are thermally stable in a cooledcess. This supports the general interstitialcy mechanism il-
crystal. The barrier energies can be determined from théustrated in Fig. 9. If one of these substitutional hydrogenic
measured reverting temperatures. This has been shown priens gains sufficient vibrational energy it can move into one
viously for the case of th€(2) centers. The relation used  of the empty neighboring interstitial sites. The vacated lattice
is site is then filled by the excited hydrogenic ion which occu-

pied an interstitial site in the initial configuration. This mi-

W=KT In(t/ 7o), gration is probably cooperative, with both ions moving si-

multaneously. They will follow an equipotential path in their

whereW is the barrier ener is the characteristic time . ) .
9o ordinate space as they cross over the barrier potential be-

between successive barrier crossing attempts by the mobi the initial and final ioni f tiof
ions, andk is Boltzmann’s constant. In the thermal cycling ween the initial and final ionic contigurations.

experiments, the crystal was held at each set temperature for The CS(1) andCY(2) centers have almost identical re-
a timet of 300 s. The temperatuf@is the reverting tempera- verting temperatures, so the presence of a second substitu-

ture; that for which the fluorescence recovers te-(le) of :Elr?ngl h);drogerfyc |or:_doeinot assstftft}(}e@rev‘lertmg E[:)roczss for
its intensity before bleaching. For a given valuegf the h € IS( ) con 'gl:.ra |otn. S sct)me Oth S(I t) ce? erst_ N ¢
measured reverting temperatuieare linearly related to the ave lower reverting temperatures, the relative locations o
barrier energies\ the substltutlonal hydrogt_enlc ions appears to bg important. A
Because of their logarithmic relationship, the values Ob_!arger cooperative effect is found when comparing the revert-

tained forW are insensitive to the particular value chosen forg temperatures of al! Of. Fhé:S centers. TheC'S(3) and
7o. For example, they vary by just 7% with a tenfold ChangeCS(5) centers have significantly lower reverting tempera-
in r,. Any isotopic variation ofr, between H and D~ tures than th&€(1) andCS(2) centers.

would be undetectable given the experimental uncertainties ngr:t—mducle(é tmlghratlorl mllIJSt |?volve lons tr\?/ h'Ch F?re
in the measured reverting temperatures. For the chosen valggongly coupled to the optically active rare-earth ion. Fluo-

- : . —1\ e p lifetimes are indicative of the strength of this cou-
for 7o, of 107120 the barrier energyV (in cm %) is lin- ~ €SCence lire : . z
early related to temperatufie(in K) by W=23.15 T. For the pling, as reviewed in Sec. V. While the¥rC,, F~ centers

measured reverting temperatures listed in Table X, the ballﬂ—'ave essentially radiative lifetimes, t, H- ar_1dC4_v D~
rier energies range from 2340 cmi * for the C(1) D centers are quenched by energy transfer to vibrational local

center in Stk to 1530+ 70 cri* for the CS(5) D~ center in modes of their interstitial hydrogenic ions. The multihydro-
Cah genic centers exhibit even shorter lifetimes and strong vi-

bronic lines due to efficient electron-phonon coupling to
_ _ their nearest-neighbor hydrogenic ions. Bleaching occurs in
C. Discussion these centers because a substitutional and an interstitial hy-
These barrier energies can be compared to the measurédeogenic ion can together gain sufficient vibrational energy
vibrational excitation energies of hydrogenic ions @S  to cross a barrier potential and create a new ionic configura-
centers-'! For example, the interstitial Dion in theCS(1)  tion. The C§(1) center in Srk had the highest barrier en-
D™ center of Sr has fundamental excitation energies rang-€rgy, calculated as 2340 crh The energy gaps between the
ing from 637 to 691 cm. The substitutional D ion in this ~ °Po and 'D, multiplets and between th&D, and 'G, mul-
center has excitation energies ranging from 529 to 829'cm tiplets are both approximately 3400 ¢ Hence, nonradia-
Higher energies are measured for the lighter idins of the  tive relaxation between these multiplets could supply suffi-
CS(1) H™ center. Vibronic energies for tf@S(5) D~ cen-  cient energy for barrier crossing.
ter in Srk;, were given in Sec. lll. It is observed that gener-
ally a third-order excitation of the hydrogenic ions is re-
quired to exceed the barrier energies measured for the
reverting process. Models have been proposed for all fi@sS centers which
Reorientational bleaching at 10 K has never been obaccount for their respective spectra®Pisite symmetries,
served for any of th€,, F~, C4, H™, orC,, D™ rare-earth  fluorescence lifetimes, bleaching behavior, and photoproduct
centers. Clearly F ions, which occupy all the nearest- centers. A common interstitialcy noncollinear mechanism is
neighbor anion sites in these centers, do not undergo lightesponsible for the bleaching of all these centers. This gen-
induced migration. HoweverC,, center reorientation has eral model was confirmed by analyzing polarized bleaching
been observed at elevated temperatures by dielectric lossequences for each center.
EPR linewidth'* ionic thermal current® and optical depo- Preferential clustering of the hydrogenic ions limits the
larization experiment¥ Combined dielectric loss and EPR number of possible multihydrogenic centers in a crystal
linewidth measurements yielded barrier energies for the F cooled from room temperature to just the fi@S centers
H~, and D charge-compensated centers ofGih CaF, of  observed. All other ionic configurations, including tB&*
3180+ 40, 3060~ 240, and 3476 160 cm %, respectively*  centers created by bleaching, have lower barrier energies and
More recent site-selective optical depolarization measurerevert to one of theCS configurations before the crystal
ments yielded barrier energies for reorientation of th& Pr reaches 10 K.
C,, F~ centers in Cafand Srk of 3400 and 3600 citt, There are several reasons why the presence of hydrogenic
respectively:® ions in both interstitial and nearest-neighbor sites is essential
Since all the multihydrogenic centers ofPido bleach at  for fluorescence bleaching of the multihydrogenié*Pcen-
10 K, the presence of at least one hydrogenic ion in ders. These sites are close to thé'Pion, so the optically
nearest-neighbor anion site is essential to the bleaching practive and mobile ions are strongly coupled. As the light

IX. CONCLUSIONS
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hydrogenic ions have comparatively high vibrational localionic configuration which has no anion vacancies and is
mode energies, they can be excited efficiently by energgtable at 10 K.

transfer. Sometimes they gain sufficient energy to surmount
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