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Site symmetries, bleaching behavior, and thermal stability
of hydrogenic centers in SrF2:Pr31 and CaF2:Pr31

K. M. Murdoch* and G. D. Jones
Department of Physics and Astronomy, University of Canterbury, PB 4800 Christchurch, New Zealand

~Received 7 May 1998!

Five multihydrogenic Pr31 centers are found in both SrF2 and CaF2. 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 the1D2 , 3P0 , 3P1 , and1I 6 multiplets of these multihydrogenic centers. The
Pr31 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 for theC4v , C2v , andCS symmetry
groups. Models are proposed for the multihydrogenic centers and their photoproduct centers which are con-
sistent with these Pr31 site symmetries and account for the observed bleaching behavior. The1D2 fluorescence
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.
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I. INTRODUCTION

The multihydrogenic centers present in hydrogenated
deuterated CaF2 and SrF2 crystals containing rare-eart
(R31) ions are noteworthy in showing varied 10 K bleachi
behavior.1 The bleaching observed is a form of spectral h
burning, in which the laser bandwidth is comparable to
inhomogeneously broadened linewidth of the absorpt
transition, producing a reduction in intensity over the who
line profile. Two types of polarized bleaching a
distinguished.2 In reorientational bleaching, centers are reo
ented by 90° to produce equivalent centers. While the
sorption lines of these reoriented centers lie within the in
mogeneously broadened absorption line, their n
orientations are such that these centers are no longer ex
by the linearly polarized laser beam and the fluoresce
bleaches away to a residual intensity. Switching the la
polarization by 90° restores the fluorescence intens
Photoproduct-formation bleaching produces distinct pho
product centers with different absorption energies than
original centers. Bleaching occurs in either excitation pol
ization, with no fluorescence recovery on switching the la
polarization. Selective excitation of the photoproduct cent
restores the original centers.

The whole gamut of polarized bleaching behavior, fro
purely reorientational bleaching to distinct photoprodu
formation bleaching, is exhibited by the Pr31CS(1) through
CS(4) centers.1 The ‘‘CS’’ center labeling was originally
introduced1 asCS is the Pr31 site symmetry of the principa
CS(1) center. Because not all of theseCScenters have Pr31

sites of CS symmetry, they are now labeled ‘‘CS(1)’’
through ‘‘CS(4),’’ rather than ‘‘CS(1)’’ through ‘‘CS(4).’’

TheCS(1) center exhibits fully reversible reorientation
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bleaching when excited by a linearly polarized beam. Ind
nite cycles of fluorescence bleaching and recovery are p
sible by alternating between the two orthogonal excitat
polarizations. TheCS(2) center exhibits partially reversibl
reorientational bleaching, with the intensity of the recover
fluorescence decreasing over successive cycles, accomp
by simultaneous photoproduct-formation bleaching wh
creates a newCS!(2) photoproduct center. TheCS(3) and
CS(4) centers undergo photoproduct-formation bleach
creating the new photoproduct centers,CS!(3) andCS!(4),
respectively. Bleaching these photoproduct centers rest
the original parent centers. Models for these four Pr31 cen-
ters and their bleaching behavior have already b
proposed.1 In this study, we have verified these models
detailed analysis of their polarized electronic transitions a
bleaching behavior. Additional data are presented for a fi
bleachable center, henceforth labeledCS(5), which plays an
important role in the model assignments.

As for earlier studies, the terms ‘‘hydrogenation’’ an
‘‘hydrogenic’’ are taken to include all three hydrogen is
topes, while ‘‘H2’’, ‘‘D 2’’, and ‘‘T 2’’ are used where nec-
essary to specify ions of a particular isotope. Sing
hydrogenic Pr31 centers are formed as hydrogenic io
substitute preferentially for the interstitial charg
compensating F2 ion of an isolated Pr31 center ~the A
site!.3,4 Multihydrogenic Pr31 centers are derived from thi
C4v symmetry parent center by the successive substitutio
additional hydrogenic ions for the four nearest-neighbor2

ions located between the Pr31 ion and its associated charge
compensating hydrogenic ion.1 As these hydrogenic ions ar
located off theC4 symmetry axis, the Pr31 site symmetry is
generally reduced. In these casesg5 doublet states, including
the u3H4G5g5& ground state, exhibit low-symmetry crysta
12 020 ©1998 The American Physical Society
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TABLE I. 10 K energy levels~in vacuum cm21, 60.2! measured for theCS(1) throughCS(5) centers
in deuterated SrF2:0.05% Pr31 and CaF2:0.05% Pr31. Where they are available, the corresponding hydrog
center values are included in parentheses.

Crystal Center

Level

3H4(2) 1D2(1) 3P0(g1) 1I 6(g1) 3P1(1)

CS(1) 3.4~3.3! 16 706.5~6.7! 20 750.9~2.6! 20 806.9 21 236.5
CS(2) 8.4~7.6! 16 612.0~1.2! 20 642.8~3.1! 20 605.7 21 104.4

SrF2
CS(3) 16.4~16.1! 16 566.6~4.4! 20 554.0~2.2! 20 489.0 21 011.9
CS(4) 21.8~22.2! 16 667.3~5.8! 20 662.8~3.3! 20 680.3 21 142.0
CS(5) 16 517.9~4.0! 20 450.4~4.5! 20 372.1 20 918.8

CS(1) 0.5 16 627.8~7.3! 20 676.9 20 585.5

CaF2
CS(2) 9.6 16 530.3~29.0! 20 559.7 20 383.2
CS(3) 18.4 16 486.2~3.9! 20 463.9 20 268.1
CS(4) 19.9 16 598.5~7.0! 20 585.1 20 462.8
CS(5) 16 440.6~36.4! 20 345.0 20 151.4
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field splittings. They are all classified asCS-type centers.
The actual Pr31 site symmetries may beC4v , C2v , CS , or
C1 , depending on the number and locations of the subs
tional hydrogenic ions.

The spectroscopy of the four major multihydrogenic Pr31

centers,CS(1) through CS(4), hasbeen documented fo
3H4→1D2 excitation.1 In Sec. III we report spectral data fo
3H4→3P0 and 3P1 excitation. The same fluorescence tra
sitions, originating from the1D2 multiplet, were observed in
each case. Excitation energies for the3H4→3P0 and 3P1
absorption regions are reported for theCS(1) through
CS(5) centers and for theirCS!(2) throughCS!(5) photo-
product centers.

The Pr31 site symmetry of eachCScenter was verified by
measuring polarization ratios for specific excitation and flu
rescence transitions. Section IV describes how this polar
tion behavior was interpreted using tables of polarization
tios. Tables are presented which are appropriate for
analysis of any non-Kramers ion located in sites ofC4v ,
C2v , or CS symmetry.

The 10 K 1D2 multiplet fluorescence lifetimes of th
CS(1) through CS(5) D2 centers are reported and an
lyzed in Sec. V. This analysis considers the additive con
bution arising from the inclusion of each successiveD2 ion
in the creation of these multihydrogenic centers.

Detailed polarized fluorescence bleaching and recov
sequences have been recorded to test the proposed mo1

for the CS(1), CS(2), andCS(4) centers and the mode
presented in Sec. VI for theCS(3) andCS(5) centers. The
transition intensities of the original centers and their pho
products were measured both before and after polar
bleaching. Examples for theCS(2) andCS(5) centers are
presented and analyzed in Sec. VII.

The thermal reequilibration behavior of the five Pr31CS
centers is investigated in Sec. VIII. Bleaching at 10 K crea
nonequilibrium distributions of centers by reorientati
and/or the creation of photoproduct centers. The temp
tures at which these preferential orientations were lost
any distinct photoproducts disappeared were measured
centers in both CaF2 and SrF2. These temperatures are not
worthy in being essentially independent of the particular
u-
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drogen isotope present in a givenCScenter. They also yield
estimates of the barrier energies associated with the reve
processes. Some of these reequilibration results have
presented in two earlier brief accounts.5,6

II. EXPERIMENT

All the CaF2:Pr31 and SrF2:Pr31 crystals used in these
experiments were grown by the Bridgman-Stockbar
method in a 38 kW A. D. Little R. F. induction furnace. Th
lowering speed was 7 mm h21 for a total growth time of 18
h. The crystals were then annealed over 6 h. The star
materials were CaF2 and SrF2 crystal offcuts from Optovac
and 99.9% pure PrF3 powder from Alfa Inorganics. The
nominal Pr31 concentration was 0.05 mol % in all the cry
tals investigated.

The hydrogenation treatments, spectroscopic techniq
and experimental apparatus have been described for ea
spectroscopic studies ofR31 centers.1,7 Hydrogenation was
carried out in a 15 bar atmosphere of hydrogen gas at 900
for 1 h. Deuteration was performed in a23 bar pressure of
deuterium gas at 850 °C for up to 60 h. Rhodamine 590
was used for laser excitation of transitions to the1D2 mul-
tiplet of Pr31, while coumarin 480 and 460 dyes were appr
priate for laser excitation to the3P0 and 3P1 multiplets. All
the energy levels reported have been corrected for vacu

III. SPECTROSCOPY OF THE CS CENTERS

The nomenclature2S11LJ(n) will be used to indicate the
nth highest energy level in the multiplet2S11LJ . The
spectroscopy of theCS(1) through CS(4) centers for
3H4→1D2 excitation has already been documented.1 A fifth
center,CS(5), was observed in the broadband excitatio
spectra of heavily hydrogenated crystals. Its transitio
while less intense than those of the other four centers, w
of sufficient intensity for accurate spectroscopic character
tion. 1D2 , 3PJ , and 1I 6 energy levels were measured for a
five CScenters and are given in Table I. These are the p
cipal excitation energies for these centers. TheCS(1)
throughCS(4) centers also have a low lying3H4(2) energy
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level which is populated at 10 K. It arises from low
symmetry crystal-field splitting of the doubletu3H4G5g5&
ground state of the parentC4v symmetry center, from which
they are derived. Energy levels of the lowest3HJ multiplets
were determined from fluorescence spectra. The3H4 energy
levels of theCS(1) throughCS(4) centers have been re
ported previously.1 The 3H5 and 3H6 levels of all fiveCS
centers are given in Table II. Energy levels of theCS! pho-
toproduct centers are given in Table III.

Laser selective excitation experiments were carried
using coumarin 480 dye to excite transitions to the3P0 mul-
tiplet, while monitoring fluorescence from the1D2 multiplet.
3P0 multiplet excitation of theC4v F2 center produced
strong fluorescence originating from the3P0 multiplet and
weak fluorescence from the1D2 multiplet. The correspond
ing C4v D2 center had a significantly higher fraction of fluo
rescence from the1D2 multiplet and theC4v H2 center even
more. Excitation of the3P0 or 3P1 multiplets of theCS

TABLE II. 10 K energy levels~in vacuum cm21, 61.0! of the
3H5 and 3H6 multiplets of theCS(1) throughCS(5) centers in
deuterated SrF2:0.05% Pr31. 3H4 multiplet levels have been pub
lished previously~Ref. 1!.

Multiplet Level

Center

CS(1) CS(2) CS(3) CS(4) CS(5)

~1! 2152.6 2140.9 2135.9 2161.9 2122.
3H5 ~2! 2172.3 2149.7 2138.6 2166.8 2134.

~3! 2187.7 2160.4 2142.8 2173.1
~4! 2153.1

~1! 4177.5 4155.1 4135.8 4157.4 4112.
~2! 4181.3 4140.3 4167.0
~3! 4289.6
~4! 4483.1 4498.0 4561.1 4504.0 4600.

3H6 ~5! 4537.3 4544.9 4597.1 4557.2
~6! 4568.8
~10! 4832.7
~11! 4940.2 4951.4 4967.5 4942.3 4953.
~12! 5018.0 4972.4 4964.6

TABLE III. 10 K energy levels~in vacuum cm21, 60.2! of the
CS!(2) through CS!(5) photoproduct centers in deuterate
SrF2:0.05% Pr31 and CaF2:0.05% Pr31. Where they are available
the corresponding hydrogen center values are included in pare
ses.

Crystal Center

Level

3H4(2) 1D2(1) 3P0(g1)

CS!(2) 17.2~17.3! 16 664.7~4.2! 20 682.0

SrF2
CS!(3) 13.4~13.0! 16 568.7~6.9! 20 574.6
CS!(4) 11.8~11.2! 16 676.7~5.4! 20 690.7
CS!(5) 16 504.2~1.5! 20 483.1

CS!(2) 15.2 16 578.0 20 607.9

CaF2
CS!(3) 15.9 16 480.6 20 486.0
CS!(4) 18.6 16 597.3 20 619.4
CS!(5) 20 380.1
t

centers produced fluorescence mostly from the1D2 multip-
let. Preferential fluorescence from the1D2 multiplet for the
hydrogenic centers is attributed to nonradiative relaxat
from the 3P0 to the 1D2 multiplet, by energy transfer to the
vibrational local modes of the hydrogenic ions.

Site-selective excitation spectra of all fiveCScenters are
presented in Fig. 1. TheCS(1) throughCS(4) centers each
have a pair of transitions to the singlet3P0 level. They origi-
nate from the two levels of the crystal-field spit ground sta
3H4(1) and 3H4(2). The absence of a splitting for the
CS(5) center suggests that it has retained the axial symm
of the parent center. An additional weaker pair of excitati
transitions appears in each spectrum. They exhibit the s
ground-state splitting, confirming that they are excitati
transitions to another excited level of the selected cen
probably a crystal-field state of the nearby1I 6 multiplet.
3H4→1I 6 transitions are spin forbidden, but may acqu
comparable intensity to the allowed3H4→3P0 transitions by
crystal-field mixing between the1I 6 and 3P0 multiplets. For
theC4v D2 parent center in SrF2, transitions to both the3P0
level at 20 871.1 cm21 and the 1I 6 level at 21 052.2 cm21

were observed. This identification was supported by Zeem
studies reported for the corresponding lines of theC4v F2

center.4,8 Polarization measurements on the respective e
tation transitions to these3P0 and 1I 6 levels showed that
they exhibit identical polarization behavior in each cent
The 3P0 level hasg1 symmetry for all Pr31 site symmetries.

e-

FIG. 1. 10 K selective excitation spectra of theCScenters in a
SrF2:Pr31:D2 crystal showing the3H4→3P0 and 3H4→1I 6 transi-
tions. Spectra are for the~a! CS(1) center,~b! CS(2) center,~c!
CS(3) center,~d! CS(4) center, and~e! CS(5) center. The com-
mon spacings of the3P0 and 1I 6 line pairs show the respectiv
3H4(1) to 3H4(2) crystal-field splittings. The line identified by
star ~!! is the 3H4(1)→3P0 transition of theC4v F2 center.
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Therefore the additional excited level is assigned as ag1
symmetry level of the crystal-field mixed1I 6 multiplet.

Laser selective excitation experiments were also car
out using coumarin 460 dye to excite transitions to the3P1
multiplet, while monitoring fluorescence from the1D2 mul-
tiplet. For theC4v D2 center, two distinct excitation trans
tions to the3P1 multiplet were observed. These had energ
of 21 386.4 and 21 533.9 cm21 in SrF2, and 21 299.7 and
21 513.6 cm21 in CaF2. Their polarization ratios were mea
sured and establish that these3P1 levels haveg5 and g2
symmetry, respectively. The energies of the lowest3P1 en-
ergy level were also measured for the fiveCS centers in
deuterated SrF2 and these values are included in Table I.

Fluorescence spectra showing the1D2→3H4 transitions
were recorded while exciting the3P0 multiplet. The spectra
of the CS(1) throughCS(4) centers were identical to thos
reported previously for direct excitation of the1D2
multiplet.1 The fluorescence spectrum of theCS(5) center,
for 3P0 multiplet excitation, is presented in Fig. 2. Loc
mode vibronic transitions have been reported for theCS(1)
throughCS(4) centers.1 From the number of transitions ob
served, it was concluded that theCS(1), CS(2), andCS(4)
centers have just one equivalent substitutional hydroge
ion site each, while theCS(3) center has two.1 The new
CS(5) D2 center exhibits a total of five hydrogenic vibron
transitions. In deuterated SrF2 these comprise two transition
at 659 and 686 cm21, assigned to theX,Y andZ modes of the
interstitial charge compensating D2 ion, and three transitions
at 471, 585, and 759 cm21, attributed to modes of the sub
stitutional D2 ions. Since each substitutional ion has thr
vibrational modes, because of the low symmetry of th
anion sites, the observation of just three transitions me
that all the substitutional ions in theCS(5) center must be in
crystallographically equivalent sites.

All five CS centers exhibited fluorescence bleaching
laser excitation to their3P0 level. TheCS(1) and CS(2)
centers exhibit reorientational bleaching and theCS(2),

FIG. 2. 10 K fluorescence spectrum of theCS(5) center in a
SrF2:Pr31:D2 crystal showing the electronic transitions from th
lowest level of the1D2 multiplet to levels of the3H4 multiplet,
together with the D2 vibronic transitions~a, b, c, X,Y, andZ! asso-
ciated with the1D2(1)→3H4(1) transition.
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CS(3), CS(4), and CS(5) centers exhibit photoproduct
formation bleaching, as was the case for1D2 multiplet exci-
tation. The same photoproduct centers were produced,
excitation transitions appearing in the3P0 spectral region.
As for 1D2 excitation, theCScenters were found to bleac
to an equilibrium level, with a residual fluorescence whi
could not be fully removed. On the other hand, it was alwa
possible to completely revert their photoproduct centers
selective excitation.

FIG. 3. The three possible orientations of aC4v symmetryR31

center in the fluorite lattice. This is illustrated for theC4v H2

center. The crystalX, Y, andZ axes are also shown.

FIG. 4. The six possible orientations of aC2v(a) symmetryR31

center in the fluorite lattice. This is illustrated for theCS(4) center.
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To determine whether the excitation of bleachable cen
creates photoproduct centers in the same excited state, a
ough search was conducted for any emission from
CS!(2) centers during laser excitation of the parentCS(2)
centers. No such emission was observed. Evidently
bleaching process produces only relaxed photoproduct
ters.

IV. POLARIZATION ASSIGNMENT OF Pr 31 SITE
SYMMETRIES

The local symmetry axes of a particular center define
orientation in a crystal. The fluorite lattice has cubic symm
try, so charge compensatedR31 centers are distributed be
tween at least three distinct orientations. Polarized spect
copy helps to identify theR31 site symmetries of centers3,7,9

and to determine their distribution among the different p
sible orientations. The polarization geometry will be spe
fied byX(ab)Z, whereX is the direction of the incident lase
beam,Z is the propagation direction of the fluorescence,a ~Y
or Z! is the plane of polarization~electric vector! of the laser
beam, andb ~X or Y! is the polarization of the analyze
fluorescence. The ratios of the fluorescence intensities
different combinations ofa andb are called polarization ra
tios. The polarization ratio tables presented here for P31

ions are equally applicable to other non-KramersR31 ions in
fluorites.

FIG. 5. The six possible orientations of aC2v(b) symmetryR31

center in the fluorite lattice. None of theCS centers exhibit this
symmetry.
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A. Polarization ratios for Pr 31 ions in sites
of C4v , C2v , and CS symmetry

There are three possible orientations for aC4v symmetry
R31 center in the fluorite lattice. These are illustrated in F
3 for the particular case of theC4v H2 center. Each orienta
tion has been labeled with an arbitrarily assigned numb
R31 centers ofC2v , CS , or C1 symmetry can be derived
from the parentC4v symmetry centers by anion substitution
There are six possible ways of orienting aC2v symmetry
center in the fluorite lattice. In addition, two different form
of C2v center, labeledC2v(a) and C2v(b), arise from the
choice of the reflection plane.9 These are illustrated in Figs.
and 5, respectively. Each form retains two of the fourC4v
reflection planes, whilez specifies the direction of theC4
axis of the parentC4v symmetry center.CS symmetry cen-
ters also occur in two forms, labeledCS ~a! andCS ~b!, each
of which can be oriented in six different ways in the lattice9

These are illustrated in Figs. 6 and 7, respectively. They h
a singlexy reflection plane, wherey specifies theC4 axis.
Different polarization ratios are obtained for the~a! and ~b!
forms of each symmetry.9 For centers with no symmetry el
ements, havingC1 symmetry, there are 12 possible orient
tions: six for right- and six for left-handedC1 symmetry
centers.

By nominating theCs symmetry reflection plane as theyz
plane of theC4v group, the following decomposition applie
to the g5 irreducible representation of theC4v group. It is
expressed in terms of the irreps of theC2v group (ḡ) and the
irreps of theCS group (ĝ):10

FIG. 6. The six possible orientations of aCS(a) symmetryR31

center in the fluorite lattice. This is illustrated for theCS!(2) cen-
ter.
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g5~x,y!→ḡ2~x!1ḡ4~y!→ĝ2~z!1ĝ1~x or y!.

The two levels of a splitg5 state have different symmetrie
and so transitions to or from these levels can have diffe
polarization behavior.

The point symmetry of aR31 site determines the polar
izations of itsR31 electronic transitions. When a linearl
polarized beam is aligned along one of the crystallograp
symmetry axes and tuned to an absorption transition, o
some orientations of that center will be excited. This orie
tational selectivity gives rise to polarized fluorescence sp
tra. It is possible to identify theR31 site symmetry from the
polarizations of excitation and fluorescence transitions.
tailed tables of the predicted fluorescence polarization ra
for the C4v , C2v(a), C2v(b), CS(a), andCS(b) symmetry
groups are presented. In an earlier study of low-symme
mixed centers,9 only the final fluorescence polarization ratio
were presented. The extended tables given here list the
tive contributions of the different center orientations, whi
are required to determine the Pr31 site symmetries ofCS
centers and to analyze polarization bleaching sequences~Sec.
VII !. Although the table forC2v(b) symmetry is not required
for any of the observed Pr31 centers, it is included here fo
completeness.

For a given center, each electric-dipole allowed transit
has a transition moment which can be resolved into its C
tesian components along thex, y, andz axes of that center
For excitation transitions these components of the transi
moment are arbitrarily labeleda, b, andc for the x, y, andz
directions, respectively. For fluorescence transitions the
responding components are labeledd, e, andf. The polariza-
tion of a particular transition is specified with respect to t

FIG. 7. The six possible orientations of aCS(b) symmetryR31

center in the fluorite lattice. This is illustrated for theCS(2) center.
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symmetry axes of that center. The observed polarization r
is defined with respect to theX, Y, and Z axes of the host
crystal and is the sum of polarized fluorescence contributi
from all of the center orientations.

Non-KramersR31 ions located in sites ofC4v symmetry
have crystal-field levels which necessarily transform as
of the five irreps of theC4v point group:g1 , g2 , g3 , andg4

are of single dimension, whileg5 is of double dimension.
The symmetries of allowed electric-dipole transitions b
tween crystal-field levels of aC4v symmetry center are10

C4v g1 g2 g3 g4 g5

g1 g1 g5

g2 g1 g5

g3 g1 g5

g4 g1 g5

g5 g5 g5 g5 g5 g1

g1 transitions arep ~z! polarized, with the electric-field vec
tor parallel to theC4 axis of the site.g5 transitions ares
~x,y! polarized, with the electric-field vector perpendicular
the C4 axis.

Non-KramersR31 ions in sites ofC2v symmetry have
crystal-field levels transforming as one of the four sing
dimensional irreps of theC2v point group:ḡ1 , ḡ2 , ḡ3 , and
ḡ4 . The symmetries of electric-dipole transitions betwe
crystal-field levels of aC2v symmetry center are10

C2v ḡ1 ḡ2 ḡ3 ḡ4

ḡ1 ḡ1 ḡ2 ḡ4

ḡ2 ḡ2 ḡ1 ḡ4

ḡ3 ḡ4 ḡ1 ḡ2

ḡ4 ḡ4 ḡ2 ḡ1

ḡ1 transitions arep ~z! polarized, with the electric-field vec
tor parallel to theC2 axis of the site.ḡ2 and ḡ4 transitions
aresx ~x! andsy ~y! polarized, respectively, with mutually
orthogonal electric-field vectors which are perpendicular
the C2 axis.

Non-KramersR31 ions in sites ofCS symmetry have
crystal-field levels transforming as one of the two single
mensional irreps of theCS point group: ĝ1 and ĝ2 . The
symmetries of electric-dipole transitions between the crys
field levels of aCS symmetry center are10

CS ĝ1 ĝ2

ĝ1 ĝ1 ĝ2

ĝ2 ĝ2 ĝ1

Here,ĝ1 transitions may besx ~x! or sy ~y! polarized, with
the electric-field vector perpendicular to theCS axis of the
site. ĝ2 transitions arep ~z! polarized, with the electric-field
vector parallel to theCS axis.

Fluorescence polarization ratios for each point symme
are presented in Tables IV–VI. In these tables, the irreps
the excitation and fluorescence transitions are specified in
first and third columns, respectively. The linear polarizatio
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TABLE IV. Polarization ratios forC4v symmetry centers in theX(ab)Z geometry.

C4v center orientations
Excitation Fluorescence 1 2 3 RatioX:Y

g5 Y 1
2 (a1b) 1

2 (a1b) 0
g5 X 0 1

4 (a1b)(d1e) 0
Y 1

4 (a1b)(d1e) 1
4 (a1b)(d1e) 0 1:2

g1 X 1
2 (a1b) f 0 0

Y 0 0 0 1:0

Z 1
2 (a1b) 0 1

2 (a1b)
g5 X 0 0 1

4 (a1b)(d1e)
Y 1

4 (a1b)(d1e) 0 0 1:1
g1 X 1

2 (a1b) f 0 0
Y 0 0 1

2 (a1b) f 1:1

g1 Y 0 0 c
g5 X 0 0 1

2 c(d1e)
Y 0 0 0 1:0

g1 X 0 0 0
Y 0 0 cf 0:1

Z 0 c 0
g5 X 0 1

2 c(d1e) 0
Y 0 1

2 c(d1e) 0 1:1
g1 X 0 0 0

Y 0 0 0 0:0
e
fo
m
n
.
T
e
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of the excitation beam and analyzed fluorescence are sp
fied in the second and fourth columns, respectively. The
lowing columns give the fluorescence contributions fro
each center orientation, while the last column gives the
polarization ratios obtained by adding these contributions
is assumed that all orientations are equally populated.
indicate which center orientations are excited with a giv
polarization geometry, the first row for each excitation p
larization indicates their relative excitation probabilities. T
following rows give the contribution of each center orien
tion to the fluorescence and the net polarization ratios.

For Z-polarized excitation, fluorescence polarization
tios are necessarily always 1:1 because the fluorescen
analyzed in theXY plane, which is symmetrical with respe
to the Z axis. These entries are therefore omitted from
tables, except that for theC4v center, to which specific ref
erence is made later.

If excitation polarization ratios are required, the polariz
tion geometry shows that they can be derived from th
tables by substitutingX for Z andZ for X in every instance.
The net polarization ratios are then theZ:Y excitation ratios.
In this case, the first two pairs of columns give the irr
labels and polarization directions for fluorescence and e
tation, that is in reverse order.

The C4v andC2v polarization ratios of Tables IV and V
all reduce to numerical ratios, independent of the magnitu
of the different components of the transition mome
(a– f ). In contrast, several of theCS symmetry polarization
ratios of Table VI do not reduce to numerical ratios and c
only be evaluated with knowledge of the magnitudes of
specific excitation and fluorescence transition moments
these cases there is a range of possible polarization ra
ci-
l-

et
It
o

n
-

-

-
is

e

-
e

i-

es
s

n
e
In
os.

For g1 excitation andg1 fluorescence ofCS(a) or CS(b)
symmetry centers, the polarization ratios are wholly un
stricted in range from 1:0 to 0:1. Other polarization ratio

specifically (12 a1b):a and (1
2 d1e):d listed for theCS(a)

symmetry, are constrained in range by the requirement
all the transition moments are positive and real. For the

larization ratio r 5( 1
2 a1b)/a, b and a are related by 2b

5a(2r 21). Requiring bothb anda to be positive and rea
constrains this polarization ratio to the ranger . 1

2 . Thus, this
X:Y polarization ratio lies between the limits 1:0 and 1:

Similarly, the polarization ratio (12 d1e):d is constrained to
the same range, between 1:0 and 1:2.

All the CS centers have crystal-field levels whose wa
functions are only slightly perturbed from those of theC4v
centers from which they are derived. It is therefore a reas
able assumption that the transition probabilities of aCScen-
ter will be little changed from those of its parentC4v center.
Hence, theCS center polarization ratios should closely fo
low those of their parent centers. This is useful for tho
cases where theCS(a) andCS(b) polarization ratios do not
reduce to simple numerical ratios. For example, theĝ1 sym-
metry 3H4(1)(ĝ1)→3P0(ĝ1) excitation andĝ1 symmetry
1D2(1)(ĝ1)→3H4(1)(ĝ1) fluorescence transitions of Pr31

have the ratio (ae1bd):(2ad12be) in CS(b) symmetry
~Table VI!. These two transitions derive from theg5
symmetry 3H4(1)(g5)→3P0(g1) and 1D2(1)(g1)→
3H4(1)(g5) transitions, respectively, of the parentC4v cen-
ter, for whichc5 f 50. Referred to the equivalent axes of th
CS(b) center, defined above, this condition becomesb5e
50. Hence, the polarization ratio (ae1bd):(2ad12be) be-
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TABLE V. Polarization ratios forC2v(a) andC2v(b) symmetry centers.

C2v(a) center orientations
Excitation Fluorescence 1 2 3 4 5 6 Ratio X:Y

ḡ1 Y 0 0 0 0 c c
ḡ1 X 0 0 0 0 0 0

Y 0 0 0 0 cf cf 0:1
ḡ2 X 0 0 0 0 1

2 cd 1
2 cd

Y 0 0 0 0 0 0 1:0
ḡ4 X 0 0 0 0 1

2 ce 1
2 ce

Y 0 0 0 0 0 0 1:0

ḡ2 Y 1
2 a 1

2 a 1
2 a 1

2 a 0 0
ḡ1 X 1

2 a f 1
2 a f 0 0 0 0

Y 0 0 0 0 0 0 1:0
ḡ2 X 0 0 1

4 ad 1
4 ad 0 0

Y 1
4 ad 1

4 ad 1
4 ad 1

4 ad 0 0 1:2
ḡ4 X 0 0 1

4 ae 1
4 ae 0 0

Y 1
4 ae 1

4 ae 1
4 ae 1

4 ae 0 0 1:2

ḡ4 Y 1
2 b 1

2 b 1
2 b 1

2 b 0 0
ḡ1 X 1

2 b f 1
2 b f 0 0 0 0

Y 0 0 0 0 0 0 1:0
ḡ2 X 0 0 1

4 bd 1
4 bd 0 0

Y 1
4 bd 1

4 bd 1
4 bd 1

4 bd 0 0 1:2
ḡ4 X 0 0 1

4 be 1
4 be 0 0

Y 1
4 be 1

4 be 1
4 be 1

4 be 0 0 1:2

C2v(b) center orientations
1 2 3 4 5 6

ḡ1 Y 0 0 0 0 c c
ḡ1 X 0 0 0 0 0 0

Y 0 0 0 0 cf cf 0:1
ḡ2 X 0 0 0 0 0 cd

Y 0 0 0 0 0 0 1:0
ḡ4 X 0 0 0 0 ce 0

Y 0 0 0 0 0 0 1:0

ḡ2 Y 0 a a 0 0 0
ḡ1 X 0 af 0 0 0 0

Y 0 0 0 0 0 0 1:0
ḡ2 X 0 0 0 0 0 0

Y 0 ad ad 0 0 0 0:1
ḡ4 X 0 0 ae 0 0 0

Y 0 0 0 0 0 0 1:0

ḡ4 Y b 0 0 b 0 0
ḡ1 X bf 0 0 0 0 0

Y 0 0 0 0 0 0 1:0
ḡ2 X 0 0 0 bd 0 0

Y 0 0 0 0 0 0 1:0
ḡ4 X 0 0 0 0 0 0

Y be 0 0 be 0 0 0:1
r-

s ity
ra-
con-
ef-
comes 0:2ad or equivalently 0:1, in agreement with obse
vation. TheseC4v symmetry approximations for theCS sym-
metry polarization ratios are listed in Table VII. In all case
where the polarization ratios of the parentC4v center are 0:1
or 1:0, the corresponding transitions inCS symmetry have
almost the same polarization ratios.
B. Assignment of Pr31 site symmetries forCS centers

Polarization ratios were measured with a low intens
excitation beam, with the crystal exposed for shortest du
tion needed to measure the fluorescence intensity. These
ditions minimized bleaching and so the creation of any pr
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TABLE VI. Polarization ratios forCS(a) andCS(b) symmetry centers.

CS(a) center orientations
Excitation Fluorescence 1 2 3 4 5 6 Ratio X:Y

ĝ1 Y 1
2 a 1

2 a 1
2 a 1

2 a b b

ĝ1 X 1
2 ae 1

2 ae 1
4 ad 1

4 ad 1
2 bd 1

2 bd
Y 1

4 ad 1
4 ad 1

4 ad 1
4 ad be be 1

2 ad1bd1ae:ad12be
ĝ2 X 0 0 1

4 a f 1
4 a f 1

2 b f 1
2 b f

Y 1
4 a f 1

4 a f 1
4 a f 1

4 a f 0 0 1
2 a1b:a

ĝ2 Y 1
2 c 1

2 c 1
2 c 1

2 c 0 0
ĝ1 X 1

2 ce 1
2 ce 1

4 cd 1
4 cd 0 0

Y 1
4 cd 1

4 cd 1
4 cd 1

4 cd 0 0 1
2 d1e:d

ĝ2 X 0 0 1
4 c f 1

4 c f 0 0
Y 1

4 c f 1
4 c f 1

4 c f 1
4 c f 0 0 1:2

CS(b) center orientations
1 2 3 4 5 6

ĝ1 Y a 0 0 a b b
ĝ1 X ae 0 0 0 bd 0

Y ad 0 0 ad be be ae1bd:2ad12be
ĝ2 X 0 0 0 af 0 bf

Y 0 0 0 0 0 0 1:0

ĝ2 Y 0 c c 0 0 0
ĝ1 X 0 ce cd 0 0 0

Y 0 0 0 0 0 0 1:0
ĝ2 X 0 0 0 0 0 0

Y 0 cf cf 0 0 0 0:1

TABLE VII. C4v symmetry approximations to theCS(a) andCS(b) polarization ratios.

Excitation Fluorescence Excitation Fluorescence Polarization Ratio
C4v irreps CS(a) irreps X:Y X:Y

g5 g5 ĝ1 ĝ1
1
2 ad:ad 1:2

ĝ2
1
2 a f :a f 1:2

ĝ2 ĝ1
1
2 cd:cd 1:2

ĝ2
1
2 c f :c f 1:2

g1 ĝ1 ĝ1 ae:0 1:0
ĝ2 ĝ1 e:0 1:0

g1 g5 ĝ1 ĝ1 bd:0 1:0
ĝ2 b:0 1:0

g1 ĝ1 ĝ1 0:be 0:1

C4v irreps CS(b) irreps X:Y X:Y

g5 g5 ĝ1 ĝ1 0:2ad 0:1
ĝ2 a f :0 1:0

ĝ2 ĝ1 cd:0 1:0
ĝ2 0:2c f 0:1

g1 ĝ1 ĝ1 ae:0 1:0
ĝ2 ĝ1 ce:0 1:0

g1 g5 ĝ1 ĝ1 bd:0 1:0
ĝ2 b f :0 1:0

g1 ĝ1 ĝ1 0:2be 0:1



TA ansitions are listed together with corresponding
trans ymmetryCS(1), CS(2), andCS(3) centers.

RatioYX:YY
C escence Calc. Expt.

C 1:2 0.64
1:0 14.0
1:2 0.61

C )(ĝ1) 1:2 0.65
)(ĝ2) 1:2 0.62
)(ĝ1) 1:2 0.65
)(ĝ2) 1:2 0.59
)(ĝ1) 1:0 3.94
)(ĝ2) 1:0 6.88
)(ĝ1) 1:0 3.09
)(ĝ2) 1:0 4.20

C )(ĝ1) 0:1 0.14
)(ĝ2) 1:0 9.82
)(ĝ1) 1:0 8.34
)(ĝ2) 1:2 0.12
)(ĝ1) 0:1 0.23
)(ĝ2) 1:0 3.08
)(ĝ1) 1:0 2.22
)(ĝ2) 0:1 0.22
)(ĝ1) 1:0 3.99
)(ĝ2) 1:0 4.52
)(ĝ1) 1:0 1.81
)(ĝ2) 1:0 2.85

C )(ĝ1) 1:2 0.60
)(ĝ2) 1:2 0.59
)(ĝ1) 1:2 0.58
)(ĝ2) 1:2 0.61
)(ĝ1) 1:2 0.62
)(ĝ2) 1:2 0.65
)(ĝ1) 1:2 0.59
)(ĝ2) 1:2 0.48
)(ĝ1) 1:0 1.39
)(ĝ2) 1:0 1.24
)(ĝ1) 1:0 1.69
)(ĝ2) 1:0 1.39
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BLE VIII. Polarization ratios for specific excitation and fluorescence transitions of theCScenters in a SrF2:Pr31:D2 crystal. TheCScenter tr
itions of theC4v D2 center from which they are derived. The calculated polarization ratios are derived in theC4v approximation for theCS s

C4v D2 center transitions CSD2 center transitions
enter Excitation Fluorescence Excitation Fluor

4v F2 3H4(1)(g5)→3P1(1)(g1) 3P0(g1)→3H4(1)(g5)
3H4(1)(g5)→3P2(1)(g5)
3H4(1)(g5)→3P2(2)(g2)

S(1) 3H4(1)(g5)→3P0(g1) 1D2(1)(g1)→3H4(1)(g5) 3H4(1)(ĝ1)→3P0(ĝ1) 1D2(1)(ĝ1)→3H4(1
1D2(1)(ĝ1)→3H4(2

3H4(2)(ĝ2)→3P0(ĝ1) 1D2(1)(ĝ1)→3H4(1
1D2(1)(ĝ1)→3H4(2

3H4(1)(g5)→3P2(1)(g5) 1D2(1)(g1)→3H4(1)(g5) 3H4(1)(ĝ1)→3P2(1)(ĝ1) 1D2(1)(ĝ1)→3H4(1
1D2(1)(ĝ1)→3H4(2

3H4(2)(ĝ2)→3P2(2)(ĝ2) 1D2(1)(ĝ1)→3H4(1
1D2(1)(ĝ1)→3H4(2

S(2) 3H4(1)(g5)→3P0(g1) 1D2(1)(g1)→3H4(1)(g5) 3H4(1)(ĝ1)→3P0(ĝ1) 1D2(1)(ĝ1)→3H4(1
1D2(1)(ĝ1)→3H4(2

3H4(2)(ĝ2)→3P0(ĝ1) 1D2(1)(ĝ1)→3H4(1
1D2(1)(ĝ1)→3H4(2

3H4(1)(g5)→3P1(1)(g1) 1D2(1)(g1)→3H4(1)(g5) 3H4(1)(ĝ1)→3P1(1)(ĝ1) 1D2(1)(ĝ1)→3H4(1
1D2(1)(ĝ1)→3H4(2

3H4(2)(ĝ2)→3P1(1)(ĝ1) 1D2(1)(ĝ1)→3H4(1
1D2(1)(ĝ1)→3H4(2

3H4(1)(g5)→3P2(1)(g5) 1D2(1)(g1)→3H4(1)(g5) 3H4(1)(ĝ1)→3P2(1)(ĝ1) 1D2(1)(ĝ1)→3H4(1
1D2(1)(ĝ1)→3H4(2

3H4(2)(ĝ2)→3P2(2)(ĝ2) 1D2(1)(ĝ1)→3H4(1
1D2(1)(ĝ1)→3H4(2

S(3) 3H4(1)(g5)→3P0(g1) 1D2(1)(g1)→3H4(1)(g5) 3H4(1)(ĝ1)→3P0(ĝ1) 1D2(1)(ĝ1)→3H4(1
1D2(1)(ĝ1)→3H4(2

3H4(2)(ĝ2)→3P0(ĝ1) 1D2(1)(ĝ1)→3H4(1
1D2(1)(ĝ1)→3H4(2

3H4(1)(g5)→3P1(1)(g1) 1D2(1)(g1)→3H4(1)(g5) 3H4(1)(ĝ1)→3P1(1)(ĝ1) 1D2(1)(ĝ1)→3H4(1
1D2(1)(ĝ1)→3H4(2

3H4(2)(ĝ2)→3P1(1)(ĝ1) 1D2(1)(ĝ1)→3H4(1
1D2(1)(ĝ1)→3H4(2

3H4(1)(g5)→3P2(1)(g1) 1D2(1)(g1)→3H4(1)(g5) 3H4(1)(ĝ1)→3P2(1)(ĝ1) 1D2(1)(ĝ1)→3H4(1
1D2(1)(ĝ1)→3H4(2

3H4(2)(ĝ2)→3P2(2)(ĝ2) 1D2(1)(ĝ1)→3H4(1
1D2(1)(ĝ1)→3H4(2
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ḡ

2
)

1:
0

4.
21

3
H

4
(1

)(
g

5
)→

3
P

2
(2

)(
g

2
)

1
D

2
(1

)(
g

1
)→

3
H

4
(1

)(
g

5
)

3
H

4
(1

)(
ḡ
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erential center orientations. It was assumed that all ce
orientations were initially equally populated in crysta
which had been cooled from room temperature. Each po
ization ratio measurement was made on a previously un
posed section of crystal, by translating the crystal relative
the laser beam. Measured polarization ratios for all theCS
centers in deuterated SrF2 are presented in Table VIII and
these demonstrate the range of ratios obtained.

The methodology used to deduce Pr31 site symmetries is
demonstrated for theCS(2) center. Theg5 ground state of
theC4v symmetry parent center is split by 8 cm21, indicating
that the Pr31 site symmetry of theCS(2) center is lower than
C4v . As neither the 1D2(1)→3H4(1) nor 1D2(1)
→3H4(2) transitions show aX:Y polarization ratio of 1:2
~Table VIII!, both theCS(a) andC2v(a) symmetries can be
discounted for this center. The ratios observed are, howe
consistent with eitherCS(b) or C2v(b) symmetry. The latter
is also discounted as noC2v(b) symmetry centers can b
obtained from hydrogenic ion replacements of anions in
nearest-neighbor coordination sphere of the Pr31 ion. Hence,
a CS(b) site symmetry is deduced for Pr31 ions in theCS(2)
center, in agreement with the previously proposed mode1

Polarization ratio measurements for the principal exc
tion and fluorescence transitions of all theCS centers have
been presented elsewhere.11 Similar analyses yield Pr31 site
symmetry assignments ofCS(a), CS(b), CS(a), C2v(a),
andC4v for theCS(1), CS(2), CS(3), CS(4), andCS(5)
centers, respectively.

FIG. 8. The proposed ionic configurations for the~a! CS(1), ~b!
CS(2), ~c! CS(3), ~d! CS(4), and~e! CS(5) centers.~f! The ion
spheres are drawn to the same scale as the lattice cages, to in
their relative ionic radii.
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C. Proposed models for theCS centers

Specific ionic configurations for the five distinctCScen-
ters, consistent with their assigned Pr31 site symmetries, are
presented in Fig. 8. Models originally proposed1 for the
CS(1), CS(2), andCS(4) centers all satisfy the polariza
tion ratio constraints on their possible Pr31 site symmetries
and are confirmed.

It was previously reported that theCS(3) center has a
complex vibronic spectrum, due to the presence of at le
two inequivalent substitutional hydrogenic ion sites.1 The
ionic configuration withCS(a) Pr31 site symmetry illus-
trated in Fig. 8~c! is proposed for theCS(3) center. It has
three substitutional hydrogenic ions, located in two inequi
lent sites between the Pr31 ion and its charge-compensatin
interstitial ion.

The CS(5) center is unusual in having a higher Pr31 site
symmetry ofC4v . Its vibronic spectrum has just five hydro
genic lines, which also indicates exact axial symmetry, w
three vibronic lines associated with equivalent substitutio
hydrogenic ion sites and two vibronic lines associated w
the axially symmetric interstitial charge-compensating s
The ionic configuration in Fig. 8~e! is proposed for the
CS(5) center. It has four hydrogenic ions, located in fo
equivalent nearest-neighbor anion sites.

In all these proposedCScenter models, the substitution
hydrogenic ions are located exclusively in the four an
sites between the Pr31 ion and the interstitial hydrogenic ion
This constraint accounts for why just five multihydrogen
centers are observed in crystals which have not been irr
ated. Further evidence for the apparent clustering of hyd
genic ions is provided by the observation thatCS(2) centers
form preferentially toCS(4) centers, although both cente
contain the same number of substitutional hydrogenic io
Clustering of hydrogenic ions is evidently favorable, to min
mize the lattice strain energy of the Pr31 defect centers. All
the CScenter models proposed are successful in accoun
for the observed bleaching behavior under polarized exc
tion ~Sec. VII!.

V. 1D2 FLUORESCENCE LIFETIMES
OF THE CS D2 CENTERS

The 10 K fluorescence lifetimes of the lowest1D2 level
were measured for all fiveCS D2 centers and the corre
spondingC4v symmetry parent centers from which they a
derived. These results are presented in Table IX. The pa

TABLE IX. 10 K fluorescence lifetimes~in ms! of centers in
deuterated SrF2:0.05% Pr31 and CaF2:0.05% Pr31.

Center

Lifetime

SrF2 CaF2

C4v F2 1330670 510610
C4v D2 35067 9062

CS(1) D2 6262 9.460.2
CS(2) D2 2361 4.260.1
CS(3) D2 1661 3.260.2
CS(4) D2 2761 6.260.3
CS(5) D2 10.560.2
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C4v F2 centers in both SrF2:Pr31 and CaF2:Pr31 have essen-
tially radiative 1D2 lifetimes. The correspondingC4v D2

centers have shorter lifetimes, attributed to nonradiative
laxation, which is facilitated by electron-phonon couplin
between the Pr31 ion and the interstitial D2 ion.3,12 Energy is
transferred from the excited Pr31 ion to the vibrational local
modes of the D2 ion. Replacement of the D2 ion by an H2

ion further reduces the lifetime. This is due to the high
energies for vibrational modes of the lighter H2 ion.5 Energy
transfer to a higher energy mode will be a lower-order p
cess and therefore more efficient.

As expected, theCS D2 centers have shorter lifetime
than their parentC4v D2 centers, due to the presence
substitutional D2 ions about the Pr31 ion. Efficient energy
transfer is possible between the excited Pr31 ion and these
nearest-neighbor D2 ions. TheCS D2 center lifetimes fall
into the following series, in the order of decreasing lifetime
CS(1), CS(4), CS(2), CS(3), and CS(5). When these
lifetimes are considered in terms of the models proposed
these centers in Fig. 8, it is clear that each successive su
tutional D2 ion provides an additional channel for nonradi
tive relaxation of the Pr31 ion. As these D2 ions are nearly
equidistant from the Pr31 ion, they should contribute equall
to the nonradiative decay rate. An analysis of theCS D2

center lifetimes, in which each additional substitutional D2

ion contributes equally to the quenching of the Pr31 fluores-
cence, was presented previously and strongly supports
proposedCScenter models.5

FIG. 9. The proposed mechanisms for reorientational bleach
of the ~a! CS(1) and ~b! the CS(2) centers and the propose
mechanisms for photoproduct-formation bleaching of the~c!
CS(2), ~d! CS(4), ~e! CS(3), and~f! CS(5) centers.
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VI. PROPOSED BLEACHING MECHANISMS AND
MODELS FOR THE CS! PHOTOPRODUCT CENTERS

The CS! D2 centers bleach too quickly to allow a dire
determination of their Pr31 site symmetries by measurin
polarization ratios. However, bleaching mechanisms w
deduced for all of theCScenters from their bleaching beha
ior. Specific ionic configurations were thus established
the photoproduct centers observed. The models propose
the bleaching mechanisms and the resulting photopro
configurations are described in this section and illustrate
Fig. 9. Section VII demonstrates how these models w
confirmed by detailed analysis of polarized bleaching a
recovery sequences.

A general interstitialcy noncollinear mechanism13 has al-
ready been proposed to explain the bleaching behavior
served for theCS(1), CS(2), andCS(4) centers.1 This in-
volves a substitutional hydrogenic ion moving into one of t
neighboring vacant interstitial sites and being replaced by
hydrogenic ion which formally occupied an interstitial sit
The C4 axis of the parent center is therefore rotated by 9
Only the light hydrogenic ions are induced to move, limitin
the possible ionic configurations which can be created. T
general mechanism explained the reorientational bleac
of theCS(1) andCS(2) centers and the creation of a sing
distinct photoproduct for each of theCS(2) and CS(4)
centers.1 Their specific bleaching mechanisms are illustra
in Figs. 9~a!, 9~b!, 9~c!, and 9~d!, respectively.

By the same reasoning, two distinct photoproduct c
figurations should arise from bleaching theCS(3) center,
while only the oneCS!(3) center was observed. This resu
may be another manifestation of the preferential clustering
hydrogenic ions, noted previously, which favors the blea
ing pathway and ionic configuration for theCS!(3) center
shown in Fig. 9~e!. Only one photoproduct center is pre
dicted for theCS(5) center and only one was observed. T
bleaching pathway and ionic configuration for theCS!(5)
center are shown in Fig. 9~f!. Pr31 site symmetries of
CS(a), C1 , C1 , and CS(b) are predicted for theCS(2)!,
CS(3)!, CS(4)!, andCS(5)! centers, respectively.

VII. ANALYSIS OF POLARIZED BLEACHING
SEQUENCES

When a center exhibits reorientational bleaching, parti
lar orientations of that center can be populated preferenti
through specific sequences of polarized excitation. Simila
polarized excitation of a center which undergo
photoproduct-formation bleaching produces particular ori
tations of that photoproduct center. Detailed sequence
polarized bleaching were recorded and analyzed for all
CS D2 centers to test the proposed bleaching mechani
and photoproduct configurations.11 Two examples are pre
sented here to demonstrate the technique and the degr
orientational selectivity which can be achieved for the
multihydrogenic centers. The first is an analysis of polariz
bleaching sequences for theCS(2) center, which exhibits
both reorientational bleaching and photoproduct-format
bleaching. The second is an analysis of the changes in p
ized broadband excitation spectra as theCS(5) center and its
CS!(5) photoproduct center are selectively bleached.
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A. Polarized bleaching sequences for theCS„2… center

A CS(b) symmetry configuration was established for t
CS(2) center and its possible orientations are shown in F
7. Similarly, the possible orientations of theCS(a) symmetry
CS!(2) center are shown in Fig. 6. Only the hydrogenic io
move during bleaching, which constrains the possi
bleaching pathways. For example, consideration of Figs
and 9~b! shows that onlyCS(2) orientation 5 can be ob
tained by reorientational bleaching fromCS(2) orientation
1. Similarly,CS!(2) orientations 3! and 4! in Fig. 6 are the
only orientations which can be obtained by photoprodu
formation bleaching fromCS(2) orientation 1 in Fig. 7.

Bleaching sequences are generated by alternating betw
the two orthogonal excitation polarizations,Y andZ. Figure
10 shows a bleaching sequence obtained by pumping thĝ1
symmetry 3H4(1)(ĝ1)→3P0(ĝ1) transition of theCS(2)
center. Periods ofY andZ polarized excitation are marked o
the figure. TheX-polarized fluorescence of theĝ2 symmetry
1D2(1)(ĝ1)→3H4(2)(ĝ2) transition was monitored, so tha
only fluorescence fromCS(2) orientations 4 and 6 in Fig. 7
was observed. These are the two orientations which h
their z axes parallel to the crystalX axis.

This bleaching sequence is analyzed by considering
reorientational bleaching pathways accessible for each e
tation polarization. With the incident laser radiation pola
ized in theY direction, the possible center reorientations a

orientation 1→orientation 5,

orientation 4→orientation 6.

With the laser radiation polarized in theZ direction, the pos-
sible center reorientations are

orientation 2→orientation 3,

orientation 6→orientation 4.

One group ofCS(2) centers interconverts between orien
tions 4 and 6 as the excitation polarization is switched
tweenX andY. Successive cycles of fluorescence bleach
and recovery are observed, as these are the only two o
tations contributing to the observable fluorescence.

FIG. 10. A 10 K polarized bleaching sequence for theCS(2)
center in a SrF2:Pr31:D2 crystal. The3H4(2)→3P0 transition was
pumped and theX polarized 1D2(1)→3H4(2) fluorescence moni-
tored.
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PRB 58 12 033SITE SYMMETRIES, BLEACHING BEHAVIOR, AND . . .
In the first cycle, not all the fluorescence which w
bleached away duringY-polarized excitation was recovere
on switching to Z-polarized excitation. Reorientationa
bleaching produces a redistribution of centers within the
homogeneously broadened excitation transition.6 Some
bleached centers were pushed into the wings of the bro
ened transition and were no longer resonant with the exc
tion beam. After the first cycle, most of theCS(2) centers
still contributing to the observed fluorescence were th
which remained resonant with the excitation beam in b
orientations 4 and 6.

Figure 10 also exhibits the effects of photoproduct form
tion bleaching, which should produce a net decrease in
fluorescence intensity observed over multiple cycles
bleaching. This decrease was very small, indicating that
orientational bleaching is much more probable than pho
product formation bleaching for theCS(2) center.

The bleaching behavior in Fig. 10 is compared to that
Fig. 11, which was observed while pumping theĝ2 symme-
try 3H4(2)(ĝ2)→3P0(ĝ1) transition of theCS(2) center
and monitoring theX-polarized fluorescence from theg1
symmetry1D2(1)(ĝ1)→3H4(1)(ĝ1) transition. In this case
only fluorescence fromCS(2) orientations 1, 2, 3, and 5 in
Fig. 7 was observed.

With the laser radiation polarized in theY direction, the
possible center reorientations are

orientation 2→orientation 3,

orientation 3→orientation 2.

Excited centers interchange between orientations 2 and 3
there is no reorientational fluorescence bleaching. With
laser radiation polarized in theZ direction, the possible cen
ter reorientations are

orientation 1→orientation 5,

orientation 5→orientation 1.

Again, centers are merely exchanged between orientatio
and 5, so no reorientational bleaching can be expected.
fluorescence produced by excitation in each polariza
bleaches independently because of photoproduct forma
As in Fig. 10, fluorescence may also be bleached beca

FIG. 11. A 10 K polarized bleaching sequence for theCS(2)
center in a SrF2:Pr31:D2 crystal. The3H4(2)→3P0 transition was
pumped and theX polarized 1D2(1)→3H4(1) fluorescence moni-
tored.
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reorientational bleaching pushes some centers into the w
of the inhomogeneously broadened excitation transition.

This analysis of the two bleaching sequences shows
distinctive bleaching behavior is predicted for pumpingĝ1
and ĝ2 symmetry excitation transitions of theCS(2) center.
From the observed behavior, it is possible to make definit
irrep assignments for the3H4(1) and 3H4(2) originating
levels of the3H4(1)→1D2(1) and 3H4(2)→1D2(1) transi-
tions. The 3H4(1) and 3H4(2) levels are unambiguousl
identified asĝ1 and ĝ2 states, respectively.

B. Polarized bleaching behavior of theCS!
„5… center

The CS(5) center and itsCS!(5) photoproduct cente
have been chosen to illustrate how models for photoprod
formation bleaching can be tested by analyzing polariz
excitation spectra. TheCS(5) center exhibits only
photoproduct-formation bleaching. With aC4v symmetry
configuration established for theCS(5) center, its possible
orientations are shown in Fig. 3. Similarly, the possible o
entations of theCS(b) symmetryCS!(5) center are shown
in Fig. 7.

Figures 12~a! and 12~b! are polarized excitation spectr
recorded by monitoring the broadband1D2→3H4 fluores-
cence from both these sites. The excitation polarizations
Y and Z, respectively. After cooling the crystal from room
temperature, all equivalent orientations of theCS(5) center
are equally populated, while theCS!(5) center is completely
absent. Inspection of Table IV shows that theg5 symmetry
3H4(1)(g5)→3P0(g1) transition of the CS(5) center
should exhibit equal intensity in each excitation polarizatio
as observed. The integrated excitation strength is given
a1b for each polarization.

Y-polarized pumping of the3H4(1)(g5)→3P0(g1) tran-
sition excites and depopulatesCS(5) orientations 1 and 2
Table IV shows that orientation 1 also contributes half of t
absorption intensity that would be observed duringZ-
polarized excitation of the same transition. After this initi
bleaching, the transition appeared only weakly in theY po-
larization and with approximately half its initial intensity i
the Z polarization, Figs. 12~c! and 12~d! respectively. This
bleaching should also produce theCS!(5) orientations 2!,
3!, 5!, and 6! by the following conversions:

CS~5! orientation 1→CS~5!! orientations 3! and 5!,

CS~5! orientation 2→CS~5!! orientations 2! and 6!.

From Table VI, forY-polarized excitation theĝ1 symmetry
3H4(1)(g1)→3P0(g1) transition of theCS!(5) center has a
predicted absorption strength of 2b8. This is obtained by
adding the contributions of the four photoproduct orien
tions created. ForZ-polarized excitation the predicte
strength is 2a81b8. As this transition is derived from theg5
symmetry 3H4(1)(g5)→3P0(g1) transition of theC4v cen-
ter, for whichc50 anda8.b8 in the C4v approximation, it
has more intensity in theZ polarization spectrum, as ob
served.

The 3H4(1)(g5)→3P0(g1) transition of theCS(5) cen-
ter was then pumped in theZ polarization, which excites and
depopulatesCS(5) orientation 3 and further depletes orie
tation 1, so that only a common residual level of fluoresce
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FIG. 12. A 10 K polarized bleaching sequence showing
3H4(1)→3P0 and 3H4(2)→3P0 excitation transitions of the
CS(5) andCS!(5) centers in a SrF2:Pr31:D2 crystal. Of the fol-
lowing excitation spectra,~a!, ~c!, ~e!, and ~g! are for Y-polarized
excitation and~b!, ~d!, ~f!, and~h! are forZ-polarized excitation.~a!
and ~b! are the excitation scans prior to any bleaching,~c! and ~d!
were produced afterY-polarized pumping of the3H4(1)→3P0 tran-
sition. ~e! and ~f! were produced after subsequentZ-polarized
pumping of the same3H4(1)→3P0 transition. ~g! and ~h! were
produced afterY-polarized pumping of the3H4(1)→3P0 transition
of the CS!(5) center.
appears in each excitation polarization, Figs. 12~e! and 12~f!.
This additionalZ-polarized bleaching produces the followin
conversions:

CS~5! orientation 1→CS~5!! orientations 3! and 5!,

CS~5! orientation 3→CS~5!! orientations 1! and 4!.

As all possible orientations of theCS(5)! center were then
equally populated, the center appeared with equal intensit
the Y andZ excitation polarizations.

Finally, the 3H4(1)(g1)→3P0(g1) transition of the
CS!(5) photoproduct center was pumped in theY polariza-
tion, producing the following conversions back to the orig
nal CS(5) center:

CS~5!! orientation 1!→CS~5! orientation 3,

CS~5!! orientation 4!→CS~5! orientation 3,

CS~5!! orientation 5!→CS~5! orientation 1,

CS~5!! orientation 6!→CS~5! orientation 2.

This bleaching produces a total repopulation of theCS(5)
orientation 3 and a partial repopulation of theCS(5) orien-
tations 1 and 2.CS!(5) orientations 1!, 4!, 5!, and 6! are
completely depopulated. Using the tables, theY polarization
spectrum should have a net absorption strength of1

2 (a1b)
for theCS(5) center and zero intensity for theC!(5) center.
The Z polarization spectrum should have a net strength
3
4 (a1b) for the CS(5) center anda81b8 for the CS!(5)
center. This compares to the original unbleachedCS(5) cen-
ter intensity ofa1b in each polarization. Polarized excita
tion spectra recorded after the final bleaching step, F
12~g! and 12~h!, show that these transitions appeared w
their predicted intensities. Similar analyses have been
formed for all the other bleachable centers and confirm
Pr31 site symmetries and proposed bleaching mechani
presented in Secs. IV B and VI.11

VIII. THERMAL RESTORATION OF CS CENTERS

Bleaching curves indicate how rapidly a center bleac
and these rates are a function of the bleaching efficiency,
oscillator strength of the excitation transition being pump
and the incident laser power. Because of these factors,
relative bleaching rates have been obtained. Bleaching r
are a factor of 10 greater for hydrogen than for deuteri
varieties of a given multihydrogenic Pr31 center.1,5 Bleach-
ing rates also depend on the polarization of the excitat
beam, as demonstrated by the examples of reorientati
bleaching. Bleaching with linearly polarized light propaga
ing along ~100! directions produces the fastest bleachi
rates, while bleaching with linearly polarized light alon
~110! directions or with circularly polarized light give
slower rates. In all cases, theCS! photoproduct centers
bleach more rapidly than their associatedCS centers under
the same excitation conditions.1 Additional insight into the
kinetics of bleaching has been obtained by investigating
thermal stability of the multihydrogenic centers and th
photoproducts.
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A. Temperature dependences for thermal reequilibration
of bleached centers

For all CS centers, fluorescence bleaching is perman
while the crystal is maintained at 10 K, but can be rever
by warming the crystal above 120 K.5 The results described
in this section show that restoration of any fluorescence
tensity lost through bleaching occurs over a tempera
range of approximately 5 K. These reverting temperatu
are different for eachCS center and are associated with
restoration of the original center configuration and the eq
librium distribution of center orientations. Two different e
perimental procedures were used to determine the reve
temperatures of both the hydrogen and deuterium varietie
the fiveCScenters in SrF2 and CaF2.

The first method was used to measure approximate rev
ing temperatures. Initially a givenCScenter was bleached t
its residual fluorescence level, then the crystal was warm
while monitoring the fluorescence intensity at 5 K intervals.
This method of ‘‘thermal annealing’’ yielded a revertin
temperature defined as the lowest temperature at whic
recovery of fluorescence could be clearly discerned. For
special case of theCS(2) center in CaF2, thermal reverting
occurred in two steps, as shown in Fig. 13. The two revert
temperatures of 65 and 90 K correspond to the two type
bleaching exhibited by this center. Similarly, for theCS(2)
center in SrF2, there was a temperature plateau around 8
and a single step at 95 K.

More accurate reverting temperatures were obtained
the second method of ‘‘thermal cycling,’’ which has alrea
been described in detail for theCS(2) center in SrF2.

6 After
bleaching a givenCS center, the pump beam was blocke
and the crystal was warmed to a set temperature. It was
at that set temperature for 5 min before being cooled bac
10 K. This cycle was repeated for successively higher
temperatures, with the center rebleached at the beginnin
each cycle. Quick exposures to the pump beam immedia
before and after warming the crystal were sufficient to m
sure the fluorescence intensity. The degree of fluoresce

FIG. 13. Thermal restoration of the bleachedCS(2) center fluo-
rescence in a CaF2:Pr31:D2 crystal, obtained by the thermal annea
ing technique described in the text.
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recovery could thus be determined for each set tempera
These measurements could also be made on anyCS! photo-
product center to obtain the temperature at which it revert
its original CScenter configuration.

When monitoring the fluorescence recovery of aCScen-
ter as the crystal is cycled to successively higher set temp
tures, the reverting temperature is defined as that for wh
(121/e) of the bleached fluorescence is restored. For
CS(2) D2 center in CaF2, thermal reverting occurs in two
steps, with these temperatures determined as 62 and 9
Again these correspond to the two types ofCS(2) bleaching.
For the CS(2) D2 center in SrF2, only one recovery step
could be discerned at 101 K. For theCS(2) H2 centers,
reverting temperatures of 66 and 99 K were measured
CaF2 and SrF2, respectively. Hydrogen and deuteriu
CS(2) centers thus have equal reverting temperatu
within the estimated uncertainties.

When monitoring the waning fluorescence of aCS! cen-
ter as the crystal is cycled to successively higher set temp
tures, the reverting temperature is defined as that for wh
the fluorescence is reduced to (1/e) of its intensity immedi-
ately after bleaching theCS center. It was found that the
CS!(2) centers revert to theCS(2) center configuration a
8263 K in SrF2 and 5667 K in CaF2.

6 In both cases this
corresponds to the lower reverting temperature measured
the CS(2) center. Reorientational bleaching is therefore
sociated with the higherCS(2) reverting temperature.

Table X lists all the reverting temperatures measured
thermal annealing and thermal cycling. Temperatures m
sured by both techniques are the same within uncertain
For any givenCS center, reverting temperatures measur
for CaF2 were found to be lower than those for SrF2, which
may be attributed to the different lattice sizes of these cr
tals. In all cases, the reverting temperatures for the hydro
and deuterium varieties of a given center are essentially
same.

B. Estimates of barrier heights from reverting temperatures

Any two ionic configurations accessible to a multihydr
genic center can be modeled as a double-well potent6

Bleaching involves crossing the barrier potential betwe

TABLE X. Reverting temperatures~in K! for bleached centers
in SrF2:Pr31 and CaF2:Pr31, determined by the two methods de
scribed in the text.

Crystal Center

Thermal
annealing

D2

Thermal
cycling

D2 H2

SrF2 CS(1) 10065 9963 10163
CS(2) 85, 9565 10062 9963
CS(3) 7565 8063 7965
CS(4) 9065 10163 10263
CS(5) 7565 8163 7965

CaF2 CS(1) 8565
CS(2) 65, 9065 62, 9063 6665
CS(3) 6565 6563 6365
CS(4) 6565 7762
CS(5) 6065 6663
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two configurations which are thermally stable in a coo
crystal. The barrier energies can be determined from
measured reverting temperatures. This has been shown
viously for the case of theCS(2) centers.6 The relation used
is

W5kT ln~ t/t0!,

whereW is the barrier energy,t0 is the characteristic time
between successive barrier crossing attempts by the mo
ions, andk is Boltzmann’s constant. In the thermal cyclin
experiments, the crystal was held at each set temperatur
a timet of 300 s. The temperatureT is the reverting tempera
ture; that for which the fluorescence recovers to (121/e) of
its intensity before bleaching. For a given value oft0 , the
measured reverting temperaturesT are linearly related to the
barrier energiesW.

Because of their logarithmic relationship, the values o
tained forW are insensitive to the particular value chosen
t0 . For example, they vary by just 7% with a tenfold chan
in t0 . Any isotopic variation oft0 between H2 and D2

would be undetectable given the experimental uncertain
in the measured reverting temperatures. For the chosen v
for t0 , of 10212 s,6 the barrier energyW ~in cm21! is lin-
early related to temperatureT ~in K! by W523.15 T. For the
measured reverting temperatures listed in Table X, the
rier energies range from 2340670 cm21 for the CS(1) D2

center in SrF2 to 1530670 cm21 for theCS(5) D2 center in
CaF2.

C. Discussion

These barrier energies can be compared to the meas
vibrational excitation energies of hydrogenic ions inCS
centers.1,11 For example, the interstitial D2 ion in theCS(1)
D2 center of SrF2 has fundamental excitation energies ran
ing from 637 to 691 cm21. The substitutional D2 ion in this
center has excitation energies ranging from 529 to 829 cm21.
Higher energies are measured for the lighter H2 ions of the
CS(1) H2 center. Vibronic energies for theCS(5) D2 cen-
ter in SrF2 were given in Sec. III. It is observed that gene
ally a third-order excitation of the hydrogenic ions is r
quired to exceed the barrier energies measured for
reverting process.

Reorientational bleaching at 10 K has never been
served for any of theC4v F2, C4v H2, or C4v D2 rare-earth
centers. Clearly F2 ions, which occupy all the neares
neighbor anion sites in these centers, do not undergo li
induced migration. However,C4v center reorientation ha
been observed at elevated temperatures by dielectric
EPR linewidth,14 ionic thermal current,15 and optical depo-
larization experiments.16 Combined dielectric loss and EP
linewidth measurements yielded barrier energies for the2,
H2, and D2 charge-compensated centers of Gd31 in CaF2 of
3180640, 30606240, and 34706160 cm21, respectively.14

More recent site-selective optical depolarization measu
ments yielded barrier energies for reorientation of the P31

C4v F2 centers in CaF2 and SrF2 of 3400 and 3600 cm21,
respectively.16

Since all the multihydrogenic centers of Pr31 do bleach at
10 K, the presence of at least one hydrogenic ion in
nearest-neighbor anion site is essential to the bleaching
e
re-

ile

for

-
r

s
lue

r-

red

-

he

-

t-

ss,

e-

a
ro-

cess. This supports the general interstitialcy mechanism
lustrated in Fig. 9. If one of these substitutional hydroge
ions gains sufficient vibrational energy it can move into o
of the empty neighboring interstitial sites. The vacated latt
site is then filled by the excited hydrogenic ion which occ
pied an interstitial site in the initial configuration. This m
gration is probably cooperative, with both ions moving
multaneously. They will follow an equipotential path in the
coordinate space as they cross over the barrier potentia
tween the initial and final ionic configurations.6

The CS(1) andCS(2) centers have almost identical re
verting temperatures, so the presence of a second sub
tional hydrogenic ion does not assist the reverting process
the CS(2) configuration. As some of theCS(4) centers do
have lower reverting temperatures, the relative locations
the substitutional hydrogenic ions appears to be importan
larger cooperative effect is found when comparing the rev
ing temperatures of all of theCS centers. TheCS(3) and
CS(5) centers have significantly lower reverting tempe
tures than theCS(1) andCS(2) centers.

Light-induced migration must involve ions which ar
strongly coupled to the optically active rare-earth ion. Flu
rescence lifetimes are indicative of the strength of this c
pling, as reviewed in Sec. V. While the Pr31 C4v F2 centers
have essentially radiative lifetimes, theC4v H2 andC4v D2

centers are quenched by energy transfer to vibrational lo
modes of their interstitial hydrogenic ions. The multihydr
genic centers exhibit even shorter lifetimes and strong
bronic lines due to efficient electron-phonon coupling
their nearest-neighbor hydrogenic ions. Bleaching occur
these centers because a substitutional and an interstitia
drogenic ion can together gain sufficient vibrational ene
to cross a barrier potential and create a new ionic configu
tion. The CS(1) center in SrF2 had the highest barrier en
ergy, calculated as 2340 cm21. The energy gaps between th
3P0 and 1D2 multiplets and between the1D2 and 1G4 mul-
tiplets are both approximately 3400 cm21. Hence, nonradia-
tive relaxation between these multiplets could supply su
cient energy for barrier crossing.

IX. CONCLUSIONS

Models have been proposed for all fiveCScenters which
account for their respective spectra, Pr31 site symmetries,
fluorescence lifetimes, bleaching behavior, and photoprod
centers. A common interstitialcy noncollinear mechanism
responsible for the bleaching of all these centers. This g
eral model was confirmed by analyzing polarized bleach
sequences for each center.

Preferential clustering of the hydrogenic ions limits t
number of possible multihydrogenic centers in a crys
cooled from room temperature to just the fiveCS centers
observed. All other ionic configurations, including theCS!

centers created by bleaching, have lower barrier energies
revert to one of theCS configurations before the crysta
reaches 10 K.

There are several reasons why the presence of hydrog
ions in both interstitial and nearest-neighbor sites is esse
for fluorescence bleaching of the multihydrogenic Pr31 cen-
ters. These sites are close to the Pr31 ion, so the optically
active and mobile ions are strongly coupled. As the lig
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hydrogenic ions have comparatively high vibrational loc
mode energies, they can be excited efficiently by ene
transfer. Sometimes they gain sufficient energy to surmo
the barrier potentials between different center configuratio
These barrier potentials are lower than those for the mig
tion of lattice F2 ions. The cooperative migration of tw
neighboring hydrogenic ions is necessary to create a
o
t

.

.

l
y
nt
s.
a-

w

ionic configuration which has no anion vacancies and
stable at 10 K.
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