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Laser-selective excitation and optical-absorption techniques have been used to establish comprehen-
sive sets of energy levels for both the F~ and hydrogenic varieties of the tetragonal symmetry (C4p)
centers in SrF, and CaF,. Polarization of the various spectral lines was used to determine the symmetry
labels of many of the energy levels. Reversals of the ordering of some levels between SrF, and CaF, are
found and, in particular, the two lowest levels (D, and D,) of the 1D, multiplet, which are the originat-
ing levels for many of the observed emission transitions, have reversed-symmetry label assignments in
SrF, and CaF,. Differences were found between the ground-state Zeeman splittings for the Cy, F~ and
D~ centers for both SrF, and CaF,. Fluorescence lifetimes of the C,, hydrogenic centers show a strong
dependence on the particular charge-compensating ion present through nonradiative decay processes in-
volving the respective local mode phonons. The upconversion spectra observed for F~, T~, and D~
varieties of the C,, centers in SrF, and for the C,, F~ center in CaF, are all consistent with excitation of

specific subsets of nearby C,, centers.

I. INTRODUCTION

Laser-selective excitation (LSE) is a powerful method
for resolving lines of multicenter spectra and has been
used with good success in the characterization of many
hydrogenic centers in CaF,:Er’* crystals.! In this tech-
nique a tunable dye laser is used selectively to excite a
particular absorption transition of a given center and the
resulting fluorescence is monitored. If the absorption line
pumped is sufficiently well isolated from others, only the
selected center is excited and the resulting fluorescence
arises from this center alone.

The CaF,:Pr’* system has been extensively studied
and both single Pr’" ion and Pr’® cluster centers
identified.2 Because cross relaxation in the multi-Pr®*
cluster centers strongly quenches Pr®* emission from the
!D, multiplet, monitoring of up-conversion fluorescence
from the higher energy P, multiplet has been used to
characterize such centers.

The principal Pr’® absorbing species in both
CaF,:0.05% Pr*" and SrF,:0.05% Pr’t crystals is the
well-established tetragonal (C,,) symmetry center in
which the charge compensating F~ ion is in the nearest
interstitial position, i.e., in a [100] direction from the
Pr’t ion. We present here the detailed results of a LSE
study of such C,, symmetry centers in these crystals both
before and after hydrogenation. Preliminary results have
been given in an earlier brief account,* while the spec-
troscopy of the multihydrogenic centers, which exhibit
polarized bleaching, has already been reported.’

An extensive investigation of the C,, F~ center in
SrF,:Pr3", detailed in Sec. III B, has identified the ener-
gies and symmetry labels of 49 of the possible 70 levels of
the 4f2 configuration for Pr’* ions in C,, symmetry
centers. A similar study of the corresponding center in
CaF,:Pr** is given in Sec. IIIC. However, as the sym-
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metry labels of the two lowest energy levels, D, and D,,
of the !D, multiplet are interchanged in CaF, as com-
pared to SrF,, fewer fluorescent transitions are observed
and the spectroscopy of the CaF, C,, F~ center is less
complete. Of the 70 possible levels, the energies and sym-
metry labels of 34 have been determined. The fluores-
cence of the analogous C,, hydrogenic centers is much
weaker, % and discrimination of their features from those
of the much stronger emitting F~ centers and from lines
attributed to traces of Sm?>* and Nd** impurities in the
crystals requires careful choice of laser excitation ener-
gies. Nevertheless, a total of 36 and 32 transitions are
unambiguously identified for these centers in deuterated
SrF,:Pr’* and CaF,:Pr** respectively.

II. EXPERIMENTAL TECHNIQUES

For all the spectroscopic measurements, calcium and
strontium fluoride crystals containing, unless otherwise
indicated, 0.05% molar concentration of praseodymium
were either purchased from Optovac, Inc., or grown in
this institution from the melt by the Bridgman-
Stockbarger technique. For the locally grown samples,
appropriate amounts of the alkaline earth fluoride and
PrF; were placed in a graphite crucible and lowered
through the temperature gradient produced by the heat-
ing coil of a 38 kW Arthur D. Little R.F. furnace at a
lowering rate of 4 mm/h. Oriented crystals for polariza-
tion studies were cut from boules aligned using the {111}
cleavage planes.

Hydrogen or deuterium was introduced’ by heating the
crystals in contact with molten aluminum in the ap-
propriate hydrogen isotope atmosphere (at 250 mm of
mercury pressure) to 850°C for periods ranging from 24
to 68 h. Various cooling rates after hydrogenation were
used depending on site distributions required, and these
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rates ranged from a gradual cool down to room tempera-
ture over several hours to immediate immersion of the
quartz hydrogenation tube in liquid nitrogen.

The preparation of the tritiated samples necessitated a
more compact, sealed system enclosing the glass ampoule
which contained the tritium gas. Even with this arrange-
ment, the attainable tritium gas pressure was only about
one tenth of that possible in the normal hydrogenation
and deuteration arrangement.

Optical absorption spectra showing transitions to levels
of the !G,, 'D,, *P,, and P, multiplets of the Pr** ion
were recorded photoelectrically on a Spex 1700 0.75 m
monochromator using an EMI 9558QA or RCA 7102
photomultiplier as appropriate. Source radiation was
from a voltage-stabilized 100-W quartz iodine lamp.
Spectra were recorded at temperatures down to 10 K us-
ing a Cryosystem LTS22.1 closed-cycle conduction-type
cryostat.

A Spectra Physics 375 dye laser pumped by a Spectra
Physics 171 argon ion laser was used for the laser excita-
tion and a Spex 1403 double monochromator equipped
with a thermoelectrically cooled RCA 31034A photomul-
tiplier recorded the fluorescence spectra under computer
control. Photon counting techniques were used to give
the high sensitivity needed to detect weak fluorescence
lines. Rhodamine 590 dye was appropriate for laser exci-
tation of the electronic levels of the D, multiplet of
praseodymium with the laser power being typically 100
mW. A birefringent tuning element in the dye laser gave
a spectral linewidth of 1 cm ™! and allowed continuous
tuning of the laser through the fluorescence range of the
dye.

Local mode vibronic energy levels, in the 18000 cm™
spectral region associated with the 'D, multiplet, were
excited using a coumarin 540 dye pumped with the 488.0
nm argon laser line, for a typical output power of 15 mW.
Fluorescence from the 'D, multiplet to the energy levels
of the 3F,, *F;, and 3F, multiplets in the region below
11600 cm ™! was analyzed by a Spex 1700 monochroma-
tor equipped with an RCA 7102 photomultiplier tube
cooled to —100°C in a Products for Research model TE-
176-RF liquid-nitrogen refrigeration chamber. The out-
put signal was recorded on a Keithley 180B electrometer.

Polarization spectra were recorded using a Spectra
Physics model 310 polarization rotator to determine the
laser polarization direction, and a polaroid sheet as an
analyzer. For the infrared fluorescence studies, an in-
frared HRB polaroid sheet was used. A polarization
scrambler equalized the spectrometer response for
different polarizations.

All reported wave numbers are as measured in air.
Fluorescent lifetimes were measured using a Photochemi-
cal Research Associates (PRA) model LN107 dye laser
pumped by a PRA LN1000 pulsed nitrogen laser. The
dye laser has an output of up to 100 uJ per pulse, and a
bandwidth of typically 0.04 nm. Rhodamine 590 and
Coumarin 481 were appropriate for the excitation of the
'D, and 3P, multiplets, respectively. The emission was
analyzed using the Spex 1700 monochromator equipped
with an RCA C31034 photomultiplier thermoelectrically
cooled to —25°C. Signal output from a preamplifier

1

R.J. REEVES, G. D. JONES, AND R. W. G. SYME 46

stage was processed by a Stanford Research Systems
model SRS250 boxcar system, triggered by a signal pro-
duced by a pyroelectric detector monitoring the laser
beam.

Measurements of the Pr** (°*H,,T'{,y5) ground-state g
values were made using a six-telsa Oxford Instruments
superconducting magnet at the IBM Almaden Center.
The magnetic-field-induced splitting of this orbitally de-
generate ground state was monitored by fluorescence ex-
citation using a single mode Coherent 599 dye laser as the
excitation source.

III. SPECTROSCOPY OF Pr’* IN THE ALKALINE
EARTH FLUORIDES BEFORE HYDROGENATION

The  principal spectral features of  both
CaF,:0.05% Pr** and SrF,:0.05% Pr*" originate from a
single Pr*" ion in the C,, symmetry center. Direct evi-
dence of the positioning of the charge-compensating F~
ion in the nearest interstitial position has been provided
by high resolution laser studies.®° Absorption and emis-
sion measurements'® previously identified some of the en-
ergy levels of the C,, centers in both CaF,:Pr’* and
SrF,:Pr’*. While this C,, F~ center is predominant in
SrF,:Pr’", other centers appear at comparable intensity
in CaF,:Pr’*. As these other centers have been exten-
sively studied,? they were not investigated further in this
work.

A. Energy levels of the C,, symmetry centers

The 4f? configuration, appropriate for trivalent pPrit
ions, has a total of 91 electronic states. There are 70 dis-
tinct energy levels for Pr’* ions located in sites of Cy,
symmetry, and each of the corresponding wave functions
necessarily transforms as one of the irreps (y) of the C,,
point group. As the C,, Pr’* symmetry can be regarded
as a perturbation of the cubic symmetry of a Pr*™ ion lo-
cated in an immediate environment of eight F~ ions, the
various irreps I'" of the octahedral (O, ) group can be
used to distinguish between levels having the same C,,
symmetry label. Repeated O, irreps of a given 'L,
multiplet are distinguished by primes. The complete
nomenclature for labeling the various Pr’* levels in the
C,, centers includes, therefore, the parent IS+, multi-
plet and their symmetry labels, I'" and y for the O, and
C,, point groups, respectively. In this notation, the
ground state is the (*H,,T'S",75) doublet and the single
level of the P, multiplet is the (*P,, ',y ) state.

In the cases where the symmetry label of a particular
level is not known or need not be specified, a notation of
a letter plus numerical label is adopted for labeling
crystal-field levels of the various 25 'L, multiplets. The
ground multiplet is labeled Z, with the ground state being
Z,, and the first excited multiplet by Y. For Pr’” ions,
the levels of the D, multiplet are arbitrarily labeled D,
D,, D,, and D,, in order of increasing energy. The
electric-dipole transitions for C,, site symmetry can be
characterized as either o or m, corresponding to the E
vector of the light being respectively perpendicular or
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parallel to the four-fold axis (C,) of the C,, site. For a
given C,, center, electric-dipole transitions are not al-
lowed between some levels. The absence of such transi-
tions from the spectrum leads to gaps in the energy level
scheme and care is needed to assign energy levels correct-
ly.

Polarization of the LSE spectra can help in assigning
symmetry labels to levels. At first appearance no polar-
ization effects might be expected for C,, symmetry
centers in the CaF, structure because of the three possi-
ble orientations of the principal axis of symmetry. How-
ever, some orientations of these centers are preferentially
excited by polarized laser light incident along a crystal
symmetry direction, giving a net polarized emission.
Table I gives the electric-dipole selection rules for even-
electron ions, such as Pr3", and the relative polarization
intensities for tetragonal symmetry (C,,) centers in
(100) oriented crystals. In this table, the polarization
geometry for {(100) oriented crystals is specified by
x (ab)z, where x is the direction of the incident laser
beam, z is the direction of propagation of the fluores-
cence, and a, b are the polarization directions of the laser
light and fluorescence, orthogonal to x and z respectively.
For C,, centers in CaF, type crystals, the orientation of
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the C, axis is determined by the position of the charge-
compensating ion. Polarization effects occur because the
particular C,, centers with their C, axes oriented either
in the direction of propagation of the laser beam or in the
direction of propagation of the collected fluorescence
cannot respectively absorb or emit 7-polarized radiation.
Also indicated in Table I are the corresponding relative
polarization intensities for a magnetic-dipole decay tran-
sition, o’ or 7', as determined by the B vector alignment.

The electric-dipole polarization intensity ratios for
(111) crystal orientation have been presented for the
case of odd electrons.! Table II gives the corresponding
results for even-electron ions, such as Pr*™. As for the
previous case of odd electrons, the polarization is
specified using primed axes, with the z’ axis in a crystal
[111] direction. The various polarizations are labeled by
x'(a'b')z’, where x' is the direction of the incident laser
beam in the selected (111) plane, z’ is the direction of
propagation of the fluorescence, and a’,b’ are the polar-
ization directions of the laser light and fluorescence, or-
thogonal to x’ and z' respectively.

All the fluorescence transitions observed here for Pr’*
in sites of C,, symmetry are from singlet levels (y, or y3)
of the 'D, or 3P, multiplets which are excited only by o-
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FIG. 1. 14 K optical transmission spectra for (i) StF,:Pr’"; (ii) hydrogenated SrF,:Pr*”; (iii) CaF,:0.02% Pr**; and, (iv) deuterated
CaF,:Pr’*. Transitions to energy levels of (a) the 'D, and (b) the *P, and *P, multiplets of the C,, centers are identified. The lines
marked by “b” or “c” arise from other centers present in CaF,:Pr’" before deuteration, while the lines labeled C,(1), C,(2), C,(3), or
C,(4) identify bleacheable hydrogenic centers. Zero transmission has been suppressed to show weak features.
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FIG. 2. (a) 14 K 'G, multiplet transmission spectrum (with zero transmission suppressed), (b) 14 K fluorescence spectrum of *P, to
!G, multiplet transitions ( * identifies the R, —Z; transition of Nd**), and (c) the 'G, multiplet energy level scheme showing transi-
tions (in nm) observed to and from energy levels (cm ™! in air) of the !G, multiplet for the C,, F~ center in StFy:Pr** crystals. Wave-

length uncertainties are +0.02 nm, and energy uncertainties are £1 cm™ .

polarized absorption transitions from the 3H, ground
doublet level (y5 symmetry). The allowed electric-dipole
fluorescence transitions are either to singlet levels of y,
or v, symmetry or to doublet levels of y5 symmetry giv-
ing the relative polarization intensities summarized in
Table I. The markedly different polarization ratios une-
quivocally distinguish a singlet (here ¥ or y;) terminat-
ing level from a doublet (7 5) terminating level.

The comprehensive set of energy levels obtained for the
C,, F centers is sufficiently complete for a crystal-field
analysis to obtain accurate crystal-field wave functions
needed for the calculation of (X,Y) local-mode vibronic
splittings. Details of such crystal-field and vibronic split-
ting calculations and their comparison with experimental
observations will be presented elsewhere.

The spectroscopy of the C,, centers is now discussed in
turn for SrF,:Pr** and CaF,:Pr’*.

B. The C,, F~ center in StF,:Pr**

The absorption transitions of the Pr’* ion in the C,,
F~ center are indicated in Figs. 1 and 2. Transitions to
the 3P, and °P, multiplets have previously been
identified, '° but this is the first identification of the transi-
tions to the 'G, levels. Other absorbing centers, which
are clearly present in the >P, absorption spectrum, are
not discussed further here as their spectroscopy has al-
ready been documented.’

Absorption transitions to three of the four crystal-field

1

levels of the 'D, multiplet have been identified. Assign-
ment of the D, crystal-field level was subsequently
confirmed by laser excitation results (Fig. 3). The posi-
tion of the missing D; component could not be deter-
mined in the absorption spectrum.

Six of the several absorption transitions to the crystal-
field levels of the 'G, multiplet appear in the 7900-10120
cm™! region. The seventh was located at 10685 cm™!
amidst fine-line structure in the emission from the quartz
iodine light source (Fig. 2). Estimates of the crystal field
confirmed this large overall splitting for the 'G, multiplet
and identified the level at 10685 cm™' as the (I'",7,)
state of 'G .

Absorption transitions identified for the C,, F~ center
are summarized in Table III.

An interesting feature of the absorption results is the
near coincidence of the absorption transition to the *P,
multiplet at 476.52 nm (20985.4 cm ') with the blue
476.5 nm line of the argon ion laser. A similar coin-
cidence occurs between the corresponding transition of
the C,(3) center’ and the 488.0 nm argon laser line.
These coincidences were used to excite Pr’* ions in these
centers for the recording of their *P,, emission.

The Pr’” ion in the C,, F~ center is known to exhibit
hole burning with hyperfine and superhyperfine structure
visible for some transitions.®° In principle, such high
resolution studies could be repeated for those centers ex-
hibiting a near coincidence by Zeeman sweeping the tran-
sitions through a single-mode argon laser line. Using the
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TABLE 1. Relative polarization intensities for tetragonal (C,,) centers in {100)-oriented crystals.
Ya=Y0 V2 Y3Y40r Vs; YVa=V15 V2 V30T V4.

Polarization geometry

Pump transition Decay transition x(yy)z x (yx)z x (;; )z
Electric dipole Electric dipole
Ya—>Yalm) Ya—>Ya () 1 0 0

Ya Vs (o) 0 1 1
70'97/5(0') Ya—>Ya () 0 1 1

Ya<eVs (o) 2 1 1

Magnetic dipole
Ya_’Ya(‘”-) Y1<Y2

Y3eY4 (') 0 1 0

Ys—7s

Ya Vs (o") 1 0 1
Ya>¥slo) Y1<Y2

V3eYa (7") 1 0 1

Ys—>Vs

Ya<>Ys (o) 1 2 1

D‘
(a) / (©)
lattice /.)l
phonons
/D‘
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lattice
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FIG. 3. 14 K excitation spectra of the ' D, multiplet obtained by monitoring D, to Z, fluorescence [in (a)] or D, to Z fluorescence
near 625 nm: (a) the C,, F~ center in StF,:Pr’* (the lattice phonon lines marked “a” to “I” are listed in Table IV); (b) the C4, D~
center in deuterated SrF,:Pr’* (the lattice phonon lines marked “a” to “g” are listed in Table IV); (c) the C,, F~ center in CaF,:Pr**;
and (d) the C,, D~ center in deuterated CaF,:Pr’*. Absorption transitions to the energy levels of the !D, multiplet are identified by
D 1s Dz, or D4.
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TABLE II. Predicted electric dipole polarization intensity ratios for tetragonal (Cy,) and trigonal

(C,,) centers in a {111 )-oriented crystal.

Polarization ratios

Pump transition Decay transition % iliy-,)i,—)z—,
x'(y'x')z x'(z'x")z
C,, centers
Ya=7Y1 Y2 ¥3 Y4 OF Vs
Ya=%Y1 Y25 V3 OT 7/4)
Ya=™Va Ya—>Ya 3 %
Ya Vs % %
YaVs Ya—™Ya % %
Ya Vs % %
C,, centers
(Ya=v1 0r 7))
Ya—%a Ya—>Ya 3 2
YaoVs 3 7
Y3—Ys 3—3 152
Ya<V3 Ya—Va % %
Ya Vs ﬁ i—g
Y3—Vs3 %_’% W
3 7
V3=V Ya—>7a 33 152
3 15 7 1
Ya<Y3 T T
Y3i—Y3 Arbitrary Arbitrary

g, value for the Cy, F~

center in CaF,:Pr’" (Ref. 9) of

2.72 MHz/G, a magnetic field of 10 kG would be
sufficient to achieve exact coincidence of the Z,—3P,
C,, F~ center transition with the 476.5 nm argon laser
line.

All the optical absorption transitions are confirmed by
the excitation spectrum obtained when the laser pump

frequency is continuously scanned while the fluorescence
is monitored. Either a spectrometer is tuned to a particu-
lar transition, specifically to record the excitation spec-
trum of the corresponding single center, or broad band
wavelength selection is used to detect all fluorescing
centers present. For such centers laser excitation has
vastly superior sensitivity compared to absorption, but

TABLE III. 14 K absorption transition wavelengths (in nm) from the Z, ground level to crystal-field levels of the *P,, *P,, and
'D, multiplets, for various C,, centers in CaF,:Pr>* and SrF,:Pr’" crystals. Uncertainties are +0.02 nm, unless otherwise incidated.

Wavelength of absorption transition

Crystal Upper multiplet F- H™ D~ T
3P, 463.49 465.05 464.96
466.05 469.40 469.32
CaF, 3Py 477.14 480.28 480.36
D, 571.98 574.22 574.13
'D, D, 593.56 595.38 595.28 595.24
D, 594.10 596.68 596.69 596.69
P, 463.36 464.30 464.23
464.92 467.32 467.45
SrF, P, 476.52 478.94 479.00
D, 572.6+0.1 574.240.1 574.3+0.1
'D, D, 592.53
D, 593.18 594.55 594.55 594.54
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the observed line intensities depend on the fluorescence
efficiencies of the various centers. Figure 3 shows the 'D,
excitation spectrum for the C,, F~ center in StF,:Pr’*.
The D, and D, crystal-field levels identified in absorption
are indicated. The Z,—D,; excitation line is not ap-
parent as this was the transition being monitored by the
spectrometer. The broad phonon bands that were weakly
visible in the absorption spectrum are now seen to
comprise a number of distinct lines whose frequencies
and energy shifts from the D, and D, crystal-field levels
are listed in Table IV. These lines are transitions to vi-
bonic states originating from lattice phonons coupling to
the D, and D, levels. A large number of phonon features
occur, with the energy of each given by the interval from
the parent electronic line. A phonon with the same ener-
gy can couple to both D, and D, levels to give two vib-
ronic transitions separated by the D,-D, splitting. This
is reflected in the equality of entries such as f and g in the
second and third columns of Table IV.

Figure 3 was recorded with the spectrometer tuned to
match exactly the D, —Z, transition for the C,, F~
center. By studying the intensity variation of the lines as
the spectrometer is detuned slightly, it is deduced that
the phonon band is relatively more efficient at pumping
the background emission than is the D, crystal-field level.
Accordingly the lattice phonons giving rise to the phonon
structure are also responsible for the broad background
features that are apparent in the fluorescence spectra. It
is expected that the D; level would follow the same rela-
tive intensity variations as D, since they both resonantly
excite the Pr** ion. As no other line in the phonon
structure shows similar trends to D,, the D; level does
not appear to be one of the tabulated phonon vibronic
features and its energy remains undetermined.

Fluorescence spectra from both the 'D, and *P, multi-

plets to the various crystal-field levels of the *H,, *Hj,
Hg, °F,, °F,, °F,, and 'G, multiplets were recorded at
14 K, with selective excitation to the lowest crystal-field
level, Dy, of the D, multiplet at 16858.3 cm~'. In most
cases 0.05 mol % Pr3" crystals were studied and no evi-
dence of cross relaxation to other distinct centers was ob-
served at this Pr>* concentration.

Representative spectra of the emission to the various
multiplets are given in Fig. 4 with the lines labeled by the
appropriate multiplet label for transitions from the D,
level. When D, is the emitting level, this is labeled ex-
plicitly. Table V lists the energy levels derived from
fluorescence for all the C,, centers studied. Also includ-
ed in this table is the polarization of each of the transi-
tions observed from the D, and D, levels to levels of
lower multiplets. The line evident at 16 876.7 cm ™! (Fig.
4) corresponds to the transition D,—Z; which is at
higher energy than the laser (Z,—D, absorption). Its
appearance indicates that a thermal population distribu-
tion is established between the D; and D, levels, under
Z,— D, excitation. The o polarization of this line is not
sufficient to establish the symmetry of the D, level itself.

The dominant emission line of the 3P, —°H  spectrum
is the m-polarized *Py—Z; transition at 20526 cm™!
(Fig. 4). As the single level of the 3P, multiplet must
transform as the y, irrep of C,,, the terminating Z5 level
of this m-polarized transition transforms as the same irrep
¥1- A transition to this same Zs level is not observed
from the D, level at 16398 cm ™!, but a line at 16416
cm ™! originating from the D, level some 18 cm ™! higher
in energy is seen. This assignment of the 16416 cm ™!
line to the D, level is confirmed by the increase in its in-
tensity with increasing temperature. It is concluded that
the D, level has y; symmetry. The same conclusions are

TABLE IV. Lattice vibronic features of C,, F~ and hydrogenic centers in StF,:Pr** obtained from 14 K excitation spectra (moni-

toring D, to Z;). Wave numbers as measured in air.

C,, F~ center

C,, hydrogenic centers

Vibronic intervals from

D, at X, at X, at X, at
Vibronic Vibronic intervals from Vibronic 16820 cm™! 4222 cm™! 4218 cm™! 4215 cm™!
label in D, at D, at label in in the Cy, D~ in the C,,H™ in the Cy,D~ in the Cy, T~
Fig. 2(a) 16858 cm ™! 16877 cm™!  Fig. 2(c) center center center center
a 147 129 a 165 170 173 174
b 181 163 b 177 180 181 182
c 190 172 c 187 187 189 190
d 204 186 d 244 218 223 224
e 233 215 e 291 287 291 292
f 281 263 f 303 298 303 303
g 300 282 g 318 313 313
h 310 292
i 322 304
j 339 321
k 405 387
1 422 404
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reached from consideration of various other transitions
to ¥, or Y5 symmetry levels and, in all cases, transitions
from the D, level and from the single level of the *P,
multiplet show the same polarization. With the D, level
identified as having ¥, symmetry, the D, level is assigned
to the ('D,,I'f,y;) state and the D, level to
(!D,,I'{,7,). The energy level symmetry assignments
given in Table V are then deduced directly from the o or
7 polarization of the observed decay transitions, which
give clearly distinct x (yy)z :x (yx)z polarization ratios of
2:1 or 0:1, respectively (Table I). Additional transitions
(identified by primed polarization labels in Table V) are
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all 7-polarized magnetic-dipole transitions involving lev-
els of y, symmetry and these have observed
x (yy)z :x (yx)z polarization ratios of 1:0 (Table I). The
spectra also include some vibronic features associated
with lattice phonons. Of the many transitions observed,
two to the Y, (I'y,y,) level of the *Hs multiplet are
noteworthy for showing a large intensity difference, the
m-polarized transition from D, being particularly strong,
while the corresponding transition from *P, is just visi-
ble.

A strong sharp line at 14353 cm™ " appearing in the
emission spectrum from 'D, for some crystals is attribut-
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FIG. 4. 14 K polarized [x (yy)z and x (yx)z] fluorescence to the 3H,(Z) and *H¢(X) multiplets from the 'D, multiplet [(a), (c), (e),

and (g)] and from the *P, multiplet, either directly pumped [(b) and (d)] or by upconversion [(f) and (h)].
by selective excitation of the Cy, F~ center in (100) oriented crystals of the following: (a) and (c), SrF,:Pr** (laser at 16858.2 cm”

The spectra were obtained
-1

in air); [(b) and (d)], STF,:Pr>* (laser at 20985.4 cm ™! in air); and, [(e)—(h)], CaFy:Pr’ " (laser at 16832.1 cm ! in air). Transitions are

’

identified by their terminating level and those originating from the D, level of the 'D, multiplet are so identified. Lines labeled “a”,

“b” or “c” in (a) and (b) are lattice phonon vibronic features, while those labeled

C,, F~ and other centers.

“3” to “d” in (d) arise from 'D, —*H, transitions for
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TABLE V. Energy levels (£1 cm™! in air) for C,, F~ and D~ centers in SrF, and CaF, at 10 K. Symmetry assignments are also
given based on the observed electric dipole (o or m) or magnetic dipole (7') polarizations of transitions from the D, (or *P,) level
and, for the F~ centers, from the D, level.

Energy level C4v F~ center C4v D™ center

label and symmetry

assignment SiF, GaF, SifF, QGaF,

From D, From D, From D; From D, From D, From D,
(or 3Pg)

U 7 7286 (7) - - - - - - 7307 T
Ug % 7260 o o 7350 o - 7245 o 7343 p
Ug 73 7206 T - - - 7208 T - -
U, % 7146 () w - _ - _ _ _ _

F, Uy 1 - - - - - - 6963 by 7017251 -
U, Ys 7024 o 4 7068 o - 6999 a 7040 o
U, 6966 (m) r 6980 T - 6938 T 6947 T
Vs Y3 6821 b - 6900 - T 6780 m - -
V, Ts 6762 4 a 6840 o 14 6740 4 6820 a

¥, V, 1 6702 () r 6754 r - 6672 T 6719
V, A 6565 T - 6607 - . 6556 Lol - -
v, s 6484 % o 6500 4 4 6461 a 6473 4
W, 1 5394 T - 547842 - ™ 5380 T sa4gt -
W; 5308 4 I 5387 4 4 5290 4 5357 a

3F, W, 7 5275 ks T 5332 T - 5246 m 5293
W, 1 5225 T — - - - - - - -
X0 T 5064+2 n - - - - 5057 T - -
Xo % 4923 (0) o 4954 o v 4923 o 4967 o
Xs M 4840 (m) Ls 4896 T - 4831 T 4869 T
X; - - - - - - - - - -
Xg 73 - - - - - - - - - -

Hg X5 1 4555 () - - - - - - - -
Xe % 4471 o v 4508 o - 4480 o 4528 0
X3 T 4405 (m) T 4468+10 T - 4441 T 4476 T
X, 7 4330 T - - - - - - - -
X, Ys 4250 a 4 4205 a 4 4218 o 4163 4
Ys ™ - - - - - - - - - -
Y, % 2668:2 o - 2738 - - 2667¢3 - 2723 o
A\ Ya 2359 T - - - - - — - —
Yy Ts 2334 a a 2399 4 a 2339 a 2425£20 4
Y, 73 2292 T - 2324 — T 2305 T - -

3Hy Yy Ys 2285 I4 - 2270 g a 2236 I 2206
Y, N 2221 s s 2211 T - 2199 T 2183
Y, 2195 () ™ 2189 1r’ - 2175 ™ 2164 7r’
Z, 72642 T - 728 - T 7362 r 834s51 -
Ze 1 490 o - 552 o - 499 o 559 o
oy 461 (7) T 534 T - 467 x 550+20 -

SHy Z, Y2 - - - 484 T - — - - -
Z, b2 373+2 (m) T 44710 T - 3872 T 463 w
Z, 108 " - - - - 139:3F - 105+51 -
Z, Ts 0 4 4 0 4 a 0 4 0 4
T

Position inferred from energy of associated X,Y local mode vibronic.
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ed to the (°D)'T",—("F,)’T',, transition of the Sm**
ion.!! Excitation of the Sm?* emission is unavoidable as
Sm?" ions have a broad absorption profile extending
from 15000 to 20000 cm !, in the same spectral region
as the sharp 'D, absorption transitions of Pr**. The ori-
gin of the Sm?" impurity can be traced to the praseo-
dymium dopant material used in the crystal growth. The
occurrence of Sm?>* emission is more apparent in the
spectra of C,, hydrogenic centers (Sec. IV) as these have
much weaker fluorescence.

Fluorescence transitions to levels of the 'G, multiplet
were observed for SrF, by exciting the *P, level with the
476.5-nm argon laser line (Fig. 2). In addition to the
identified Pr’" ion transitions, the R;—Z lines of the
C,, center of Nd*" were also apparent in the 11600
cm ! region.'? As for the case of Sm>*, Nd3" ions are
present as trace impurities in the praseodymium dopant
material used in the crystal growth.

C. The C,, F~ center in CaF,

In common with most other rare-earth ions in fluorite
crystals, the optical absorption spectrum of Pr®* in the
CaF, host contains more structure than in the SrF, host.
Figure 1 shows the absorption to the 3Py, *P,, and 'D,
multiplets for a 0.02 mol % Pr**-doped crystal. Only the
C,, F~ center was singled out for laser excitation study.
Figure 3 shows the !D, excitation spectrum for the C,,
F~ center in CaF,, with the D, D,, and D, crystal-field
levels indicated. Although less-well resolved than was
the case for the C,, F~ center in StF,:Pr’** a broad band
of phonon structure is present in the region between the
D, and D, transitions. Spectra of the emission from both
the 'D, and P, multiplets to various crystal-field levels
of the *H,, *Hs, 3Hg, °F,, *F;, and *F, multiplets were
recorded for the C,, F~ center. Selective excitation of
the 'D, multiplet was to the lowest crystal-field level at
16832.2 cm ™~ !. The P, emission was excited using the
tunable pulsed dye laser with resultant weaker fluores-
cence. An alternative was excitation with the 457.9 nm
argon laser line as the subsequent emission is mostly from
the C,, F~ center. Other argon lines can then be used to
identify features not associated with the C,, F~ center.
It was also possible to obtain weak *P, emission spectra
through upconversion processes when pumping the D,
multiplet (Sec. VI).

Zeeman studies’ have identified the D, level in
CaF,:Pr’" as having ¥, symmetry, in contrast to the y;
assignment (Sec. III B) for the C,, F~ center in SrF,. As
the fluorescence transitions leading to the D, D, assign-
ments for SrF, are not observed with the same polariza-
tion in the CaF, spectra, the assignment of a different
symmetry to the D, level is confirmed.

Representative spectra of the polarized emission to
various multiplets are given in Fig. 4, while Table V sum-
marizes the energy-level assignments made, together with
the transition polarizations from D, used for the assign-
ments. In all cases, the polarization ratios are in com-

R. J. REEVES, G. D. JONES, AND R. W. G. SYME 46

plete agreement with the level symmetries given. Since
both the D, and P, levels transform as the same symme-
try irrep, vis. ¥, the emission spectra do not show the
diversity of transitions and levels observed for the C,,
F~ center in SrF,:Pr’" and the energy-level tabulation
derived is somewhat less complete.

As for SrF,:Pr’™", the transitions to the *H multiplet
are partially overlapped by transitions of the Sm?* ion.
In CaF,, the principal line of Sm** observed'! is the tran-
sition (4/°5d)A4,, —(4f°)Fy at 14114 cm ™ ..

The transitions to the *H¢ multiplet also show a broad
band ascribed to lattice phonons coupled to the X, level.
A band of this type appears in this multiplet for all the
C,, centers studied.

The relative intensities of corresponding magnetic-
dipole transitions to levels of the *F; multiplet in CaF,
and SrF, are very different because of the reversed sym-
metries of the D, and D, levels in the two host crystals.
The magnetic-dipole-allowed transition D (y3;)—V,(v,)
in SrF,:Pr’" is readily apparent while the corresponding
transition D,(y;)— V,(y,) in CaF,Pr’** is much weaker
because it requires thermal population of the D, level for
its intensity. For the same reason, the D (y,)—V;(y,)
transition in CaF,:Pr’" is much stronger than the
D,(y,)— V;(y,) transition in SrF,:Pr**.

IV. SPECTROSCOPY OF Pr** IN THE ALKALINE
EARTH FLUORIDES AFTER HYDROGENATION

It is well known that H™ ions, and the corresponding
isotopes D ~ and T, can be introduced into fluorite type
crystals and participate in charge compensation of any
trivalent rare-earth ions present.'> The simplest and
most well-characterized hydrogenic center is the Cy, H ™
charge-compensated center produced by the substitution
of an H™ ion for the interstitial charge compensating F~
ion of the analogous C,, F~ center.

In hydrogenic centers, the optical spectra are more
complex as the electron-phonon interaction between the
rare-earth electronic states, and the hydrogenic ion local-
ized modes gives rise to several additional spectral
features,'* which include the following: (a) the oc-
currence of local-mode phonon vibronic lines separated
from the (zero-phonon) electronic transitions of the rare-
earth ion by energy intervals corresponding to the ener-
gies of the local-mode phonons. (b) The existence of iso-
tope shifts (of approximately 1 cm™ ") in the electronic
levels of the rare-earth ion for the H~, D, and T~
charge compensated centers. (c) The occurrence of vib-
ronic shifts (of approximately 1 cm™!) in the local-mode
energies as measured for different electronic transitions of
the rare-earth ion.

The C,, H™ center local-mode phonon energies, ap-
propriate to the rare-earth ion ground electronic level,
have been measured by infrared absorption'® and are
used in the analysis of the relatively complicated local-
mode vibronic structure found in the Pr’* fluorescence
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spectra detailed in Secs. IVA 2 and IVB2.

The selection rules for polarized emission to the local-
mode phonon vibronic levels can be derived in a similar
manner to that used for the electronic transitions (Sec.
IIT A), using both the electronic level and local-mode
phonon symmetry labels. As the longitudinal (Z) and
transverse (X, Y) local-mode phonons transform as the y,;
and y s irreps of C,,, respectively, the polarization behav-
ior of the Z local-mode vibronic transitions is necessarily
the same as that of the parent electronic transition, while
the (X, Y) local-mode vibronic transitions have a different
polarization behavior. The (X, Y) vibronic states associ-
ated with any of the y, (a'=1, 2, 3, or 4) electronic
states have ys5 symmetry and consequently transitions
from (or to) a y, state are o polarized. The (X,Y) vib-
ronic levels associated with a y 5 electronic state comprise
a set of four vibronic states (ysXys=y,+v,+v3+7v4),
and a 7-polarized transition will be observed from a v,
state to the level of this set with the same symmetry
(Table I). Often the observation of (X, Y) vibronic transi-
tions can be used to infer the energies of rare-earth elec-
tronic transitions in those cases where these are electric-
dipole forbidden and hence absent from the spectra.

The C,, H™ center of Pr** in both CaF, and SrF, was
first observed through identification of local-mode in-
frared lines,'? while preliminary optical studies of these
crystals recorded transitions to the 3P, and *P, levels for
both H ™ and D ~ varieties of the C,, center. '

The fluorescence spectra measured in this work have
been used to identify crystal-field levels of the *H,, *Hs,
3Hg, 3F,, 3F,, and °F, multiplets for the H~, D, and
T~ varieties of the C,4, centers in both CaF, and SrF,.
In addition, transitions have been observed to many
local-mode levels in these multiplets which yield the
local-mode energies of the H , D ~,and T~ ions.

The spectroscopy of the C,, hydrogenic centers is now
described separately for SrF, and CaF,.

A. The C,, hydrogenic center in SrF,:Pr’*

1. Absorption and excitation spectra

Absorption transitions to the 'D,, *P,, and 3P, multi-
plets were recorded for both SrF,:Pr**:H™ (Fig. 1) and
StF,:Pr’*T:D ™ crystals. A large number of new absorp-
tion lines are observed compared to the parent crystals.
The assignment of these new lines is based on the obser-
vation of isotope shifts between the spectral lines in the
H ™ and D~ crystals and by the observation (revealed by
related fluorescence spectra measurements) of local-mode
vibronic lines at the expected energy intervals. Transi-
tions to the *P,, 3P, and 'D, multiplet levels of the Pr3 ™"
ion in the C,, H™ center are indicated in Fig. 1, and this
center is the major hydrogenic center observed. Lines of
a number of other hydrogenic centers are also present.
Some of these belong to centers containing multiple hy-
drogenic ions and the spectroscopy of these centers
[C,(1) to C,(4)] has already been published.® Table III
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summarizes the absorption transitions observed for all
the C,, hydrogenic centers measured, the C,, T~ center
data having been obtained from excitation spectra. Ab-
sorption spectra recorded at 85 K show no evidence of
transitions originating from the first excited level (Z,) for
any of the C,, centers, placing a lower limit of 100 cm !
for the energy of the Z, level above the ground level
(Z)).

Also absent from the 'D, absorption spectrum is the
transition to the second crystal-field level, D,, of this
multiplet. This level also was not apparent in any of the
fluorescence spectra (Sec. IV A 2). For the corresponding
C,, hydrogenic centers in CaF,, the D, level appeared,
albeit weakly, 40 cm ! above D, (Sec. IVB1).

The excitation spectra reveal many additional absorp-
tion features (Fig. 3). The D, and D, electronic levels ap-
pear with polarization appropriate to their symmetry as-
signments, and a phonon band is present, with features
whose energy separations from the D, level are tabulated
in Table IV.

When recorded at high sensitivity the excitation spec-
trum of the C,, D~ center in StF,:Pr** (Fig. 3) reveals a
number of extra lines superposed on the high-energy
wing of the Z, to D, transition. As for the emission
spectra, local-mode vibronic lines occur in absorption, or
excitation in this case, at energy intervals matching the
D~ local-mode vibrational frequencies. The local-mode
vibrational intervals from the Z, to D, transition identify
two excitation lines as the (X,Y) and Z local-mode vib-
ronic lines associated with the D, electronic level. At
higher energies additional weaker structure that can be
assigned as D~ local modes coupling to the D, crystal-
field level and as second harmonic D~ local modes cou-
pling to the D, level is evident. In particular the transi-
tions to vibronic levels of all three second harmonic com-
binations XX, XZ, and ZZ are identified (Table VI).

2. Fluorescence spectra of the hydrogenic centers in SrF,

Fluorescence spectra comprising transitions to crystal-
field levels of the *H,, *Hy, *Hy, °F,, °F;, and 3F, multi-
plets were recorded for selective excitation of the D,
multiplet and, in some cases, the *P, multiplet. The spec-
tral range scanned for each multiplet was extended to in-
clude coverage of all possible local-mode vibronic lines
whose energies are many hundred cm ™! lower than their
parent electronic lines (Fig. 5 and Table VII). The elec-
tronic lines are labeled by the terminating level of the
transition, while the local-mode lines are also labeled by
X (indicating X, Y) or Z, as appropriate. The electronic
and local-mode vibronic level energies are summarized in
Tables V and VII respectively, together with their transi-
tion polarization (o or m) from the D, level. A direct
transition to the Z, crystal-field level has not been ob-
served for any of the C,, hydrogenic centers; however, an
energy can be inferred for this level from the observation
of its (X,Y) local-mode vibronic lines, as indicated in
Table VII.

For the interpretation of the polarization of the ob-
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TABLE VI. D~ local mode energies (+2 cm™! in air, unless otherwise stated) deduced from 14 K
excitation spectra of the D~ C,, center, 'D, multiplet. Local mode assignments are given as X for
(X, Y) type vibrational modes, Z for the Z modes, or as XX, XZ, or ZZ for the various possible second

harmonic local modes.

Parent Electronic D™ vibronic level mode
electronic level energy and
Crystal level (+0.5 cm ™! in air) energy
D, 16759.1 X: 722+1
Z: 810*1
ZZ: 1620
CaF, D, 16798.8 X: 721+£1
D, 17417.6 X: 721
Z: 804
X: 664.0+0.5
D, 16819.4 VA 686.41+0.5
XX: 1332
XZ: 1342
ZZ: 1364
SrF, D, 17412.5 X: 604
Z: 676

served fluorescence transitions, an assignment of the sym-
metries of the D, and D, levels of the 'D, multiplet is re-
quired. The observation that transitions from the *P,
level had the same polarization as those from D, sufficed
to establish the D, level as having y; symmetry in the
case of the C,, F~ center. No fluorescence or absorption
transitions involving the D, level have been observed for
any of the C,, hydrogenic centers in SrF, and its position
is unknown. Predicting its energy by comparison with
the other C,, centers is not straightforward because of
the reversal of symmetry assignments of the D, and D,
levels between the C,, F~ centers in SrF, and CaF,. In
SrF, the splitting of the two crystal-field levels of the *P,
multiplet increases from 72.4 cm ™! for the C,, F~ center
to 148.3 cm ™! for the C,, D~ center indicating that the
second-degree axial crystal-field term increases by a fac-
tor of 2 for D~ replacing F~. The separation of the D,
and D, levels is the net effect of both second-degree and
fourth-degree C,, crystal field terms,'®> and these are not
known sufficiently precisely to enable accurate predic-
tions of the D, to D, splitting for the D~ center. There
is a strong possibility that the D, and D, levels are al-
most coincident in energy as modified hydrogenic centers
in mixed 1% Ca?* in SrF,:0.05% Pr**t crystals show
closely spaced D, and D, lines.'® Having the D, and D,
levels almost coincident would also resolve the conflict
apparent in the assignment of the symmetry of the D,
level. m-polarized magnetic dipole transitions observed
from both the *P, and D, levels to the Y,(CHs,T'J,y,)
level indicate that D, transforms as y;; however, the ob-
servation of several m-polarized transitions terminating
on 7, levels (Table V) suggests a y; symmetry for D,.

The spectra of the hydrogenic centers in the 3H 5 multi-
plet region show quite prominently the Sm?* line'! at

14353 cm™~!. The increase in its relative strength is par-
tially because of the lower fluorescence efficiency of hy-
drogenic centers compared to their F~ counterparts and
partially because the Sm>" ion concentration is increased
through reduction of Sm>* to Sm?? in the hydrogenation
process.

The lowest level Y, of the *H s multiplet is determined
to have y, symmetry by the polarization observed for the
D,—Y, transition, appropriate for a magnetic dipole
transition. This assignment is the same as for the corre-
sponding transition of the analogous C,, F~ center.

The fourfold degenerate set of (X, Y) vibronic levels as-
sociated with the Z, ground electronic state shows a
splitting into two components (Fig. 5). This splitting is at-
tributed to the coupling of the (X, Y) local-mode phonon
to the Pr*™ electronic states by the electron-local-mode
phonon interaction.!” The splitting of (X,Y) vibronic
levels associated with s electronic states is enhanced in
the case of the Z, ground state by the close proximity in
energy of the Z,(y5) electronic level. The biggest split-
ting is observed for the C,, D~ center where the (X, Y)
vibronic set is centered at 663 cm ™!, only 73 cm ™~ ! below
that of the Z,(y;) electronic level (Table VII). The ob-
servation of transitions from levels of y,. symmetry to
more than one (X, Y) vibronic component, however, indi-
cates some departure from strict C4, symmetry. Calcula-
tions of these (X,Y) splittings, similar to those detailed
for Ce’* C,, H™ centers in CaF, and SrF,,!7 will be re-
ported elsewhere.

Transitions associated with second harmonic local-
mode vibrations of the hydrogenic ions have been ob-
served for all the C,, hydrogenic centers. In C,, symme-
try sites, the hydrogenic ions have five-second harmonic
levels as the anharmonic oscillator potential'® splits the
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transverse (XX) vibration into three components. Three
of these second harmonic transitions are infrared active
and have been measured by infrared absorption'? for the
C,, H ™ centers in CaF, crystals containing Gd**, Tm**,
and Y?'. All five-second harmonic frequencies are
present in the Pr’"-H ~ vibronic spectra measured here
(again indicating departure from C,, symmetry) and their
energies are included in Table VII, together with the po-
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larization of the particular vibronic transitions observed
and the local-mode (X, Z, XX, XZ, or ZZ) assignment.
The polarizations of the vibronic levels are generally con-
sistent with electric-dipole selection rules and their
parent electronic level symmetry assignment, although
occasional discrepancies occur for weaker features.

If there is some departure from strict C4, symmetry for
these centers, one might expect this to show up as a split-
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FIG. 5. Selective-excitation 14 K polarized fluorescence from the 'D, multiplet for C,, hydrogenic centers in (100) oriented
StF,:Pr’* crystals: (a) StF,:Pr**:H ™ (excitation at 16819.4 cm ™! in air), (b) StF,:Pr**:D " (excitation at 16819.4 cm™' in air), (c)
SrFZ:PrH:T* (excitation at 16819.7 cm ™! in air); and in { 100) oriented CaF,:Pr** crystals: (d) CaF,:Pr*":H ~ (excitation at 16759.4

cm ™! in air), (e) CaF:Pr**:D ™ (excitation at 16759.1 cm™!

in air),

(f) CaF,:Pr’":T~ (excitation at 16759.1 cm™' in air). Assigned

electronic transitions are identified by their terminating level, while assigned local-mode vibronic transitions include the local mode

[TPel)

assignment. Lines labeled “a” to “d” are lattice phonon vibronic features.
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ting of the y5(C,,) ground state. Recent infrared absorp-
tion results do indeed indicate a ground-state splitting of
about 0.3 cm ™! for the C,, F~ centers in both CaF, and
SrF, containing 0.01% of Pr3*. The higher Pr** concen-
tration (0.05%) and the bandwidth of the dye laser used
here would appear to have precluded the direct observa-
tion of such a splitting in this work (see further comment
in Sec. V).
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A special case of a local-mode vibronic line having
comparable intensity to its parent electronic transition is
the transition to the lowest level, X, of the ‘H ¢ multiplet
(Fig. 6). The intensities of both the D;—X, and
3P,—X, electronic transitions are unusually weak for
electric-dipole transitions.

Several lines falling in the 3P,—3H spectral region
are actually 'D, —3H, transitions, identified by their en-

11800 12000 12200 12400 12600

12000 12200 12400 12600

11800 12000 12200 12400 12

WAVE NUMBER (cm)

(@)

2
x(yy)z

® | x

11800

11600

WAVE NUMBER (cm)

FIG. 6. Selective-excitation 14-K polarized fluorescence spectra from the 'D, multiplet to the *H¢(X) multiplet for the same C,,

centers and excitation energies as detailed in Fig. 5. Lines labeled
do not originate from a C,, center.

€699

669

a” to “g” are lattice phonon vibronic features and lines labeled*



5954

ergies and confirmed through their longer fluorescence
lifetimes. Their presence indicates a mechanism, via the
hydrogenic ions, for populating the 'D, multiplet after
excitation of the 3P, multiplet as emission from 'D, fol-
lowing P, excitation is practically nonexistent for the
C,, F centers.

All the transitions to the *F; multiplet are observed,
with those to the V, and V; levels having a polarization
consistent with magnetic-dipole transitions to both levels.
However, the identification of both these transitions as
magnetic dipole would require the D, emitting level to
have both ¥, and y; symmetry (again supportive of near
coincidence of the D, and D, levels).

The transitions to the ¥, and ¥V levels are exceptional
in the case of the C,, H ™ center in showing structure of
two components separated by 0.3 and 0.4 cm ™!, respec-
tively.

B. The C,, hydrogenic center in CaF,:Pr’*

1. Absorption and excitation spectra

The optical absorption spectrum for deuterated crys-
tals of CaFZ:PrH is presented in Fig. 1, transitions be-
longing to the C,, center being so identified. Absorption
transitions of several lower-symmetry, multiple-
hydrogenic-ion centers are also present. Data for all C,,
hydrogenic centers in CaF, are included in Table III.

A weak transition is observed to the D, level of the
D, multiplet at 16 798.8 cm'~. This places the D, level
40 cm ! above D, as compared to 15 cm ™! for the C,,
F " center, indicating a doubling of the axial crystal-field.
A similar increase is apparent for the splitting (0.3B3) of
the two levels of the *P, multiplet from 118 cm ™! for the
C,, F~ center to 200 cm ! for the D~ center. The re-
placement of the F~ charge-compensating ion by a hy-
drogenic ion thus increases the second-degree axial
crystal-field parameter B3 by about a factor of 2. The
symmetries of the D, and D, crystal-field levels for the
hydrogenic centers in CaF, are found to be the same as
for the corresponding F~ center, with D, and D, having
v, and y; symmetry, respectively.

The weak transition to the D, level is more clearly
shown in the excitation spectrum (Fig. 3). In addition to
the D,, D,, and D, crystal-field levels, a broad band as-
cribed to lattice phonons is present, as well as a number
of lines attributed to other Pr** centers.

As for the C,, D~ center in StF,:Pr*”, excitation tran-
sitions to local-mode vibronic levels associated with the
D, and D, crystal-field levels are observed in the spectral
region just above the Z,—D, crystal-field transition.
The polarization of all these vibronic transitions is fully
consistent with their assignment (X or Z). Vibronic lev-
els associated with the D, level and second harmonic vib-
ronic levels XX and ZZ associated with the D, level are
also identified at higher energies. Table VI summarizes
the electronic and D~ local-mode energies obtained for
the 'D, multiplet.
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2. Fluorescence spectra of the C,, hydrogenic centers
in CaF. 2

The polarized emission from the 'D, multiplet was
recorded for selective excitation of the D, level, but the
results are less complete than for SrF, because fewer lines
appear. Representative spectra are presented in Figs. 5
and 6. The energies of the electronic levels and the local
mode phonons are included in Tables V and VII, togeth-
er with the transition polarizations (o or 7) from D,.
The energies of the Z, and Z, levels of the *H, multiplet
were inferred through observation of their associated
(X,Y) vibronic transitions, having the expected
x (yy)z :x (yx)z polarization ratio of 2:1.

The Sm*>" emission envelope!! centered at 14 114 cm ~
dominates the 'D,—3H spectrum in some of the crys-
tals and obscures many local-mode vibronic transitions.
Because the Sm>* absorption is broad in the region of ex-
citation, changing the laser frequency does not improve
the hydrogenic center discrimination. Time resolution,
however, could be used to distinguish between the Pt
and Sm’" emission in CaF, through the difference in
fluorescence lifetimes.

The position of the X; level of the *H, multiplet is
made uncertain by the presence of a lattice phonon band
associated with the X electronic level. The X; level has
been assigned to the strongest line within this band, but
another component may be the correct one.

The position of the X crystal-field level of the *Hg
multiplet is anomalous in not following the expected iso-
topic trend from H~ to T~ . For the C,, D™ center, its
energy is out of sequence, probably as a result of the
influence of the nearby (X,Y) vibronic level associated
with the X level.

1

V. ELECTRONIC ZEEMAN EFFECT

The doubly degenerate ground-state (*H,,T'5",v5) of a
Pr*" ion in a C,, center has a linear Zeeman effect with a
splitting factor g,B/h reported to be 2.72 MHz/G for the
F~ center in CaF,.*° In addition, there is a first-order
hyperfine interaction between the Pr3* I =2 nuclear spin
and the Pr’" electronic moment. Because of the large
hyperfine splitting of 2.8 GHz and the small inhomogene-
ous linewidths, the six hyperfine lines are resolved in an
excitation spectrum. Figure 7 shows the excitation line
profile for the C,, centers studied, as recorded in the
crystal after deuteration to ensure an identical host crys-
tal environment for both the F~ and D~ centers. The
extra depth of the central minima in Figs. 7(c) and 7(d)
provides further evidence of a ground-state splitting and
departure from strictly C,, symmetry.

The Zeeman splittings were measured for the C4, D~
and F~ centers in both CaF, and SrF, by scanning a sin-
gle mode dye laser and monitoring the emission to
crystal-field levels of the 3H, multiplet. The results ob-
tained for the C,, D~ centers are shown in Fig. 8 and
summarized in Table VIII for all the C,, centers. Also
listed are the first-order hyperfine splittings for the C,,
centers measured.



46 SITE-SELECTIVE LASER SPECTROSCOPY OF Pr**C,, ...

1.0 |
(a)
0.8 - q
0.6 + 1
0.4 b
0.2 b
W o0 ——t——
- 1.0 1
g (b)
) 08+ E
2
= 0.6 |- 1
I
> 0.4 b
3
=]
2 0.2 | B
2 oo ——
.E 1.0 | ( ) 1
’ C
8
0.8 B
[=]
Q
[9] 0.6 | b
©n
[
1 0.4 1
[}
é 0.2 4
0.0 t t f 1 $
1.0 | b
(d)
0.8 | 1
0.6 - 4
0.4 | :
0.2 + b
0.0 L 1 1 N
-15 -10 -5 0 5 10 15

Frequency Offset (GHz)

FIG. 7. 4.2 K excitation line profiles of the D, level for (a)
the C,, F~ center and (b) the C,, D~ center in deuterated
SrF,:Pr’*"; (c) the C,, F~ center and (d) the C,, D~ center in
deuterated CaF,:0.01% Pr**.

The electronic g values and, consequently, the first-
order hyperfine splittings both increase in going from the
F~ to the D~ variety of the C,, centers. There is also an
increase in the inhomogeneous linewidth with D~ ions
instead of F~ ions in the interstitial position.

VI. FLUORESCENCE LIFETIMES AND NONRADIATIVE
DECAY FOR C,, CENTERS

The fluorescence lifetimes of the 'D, and 3P, emitting
levels, measured for all Cy, centers in CaF, and SrF,, in-
cluding the hydrogenic varieties, along with the energy
separations between levels and the minimum number of
appropriate hydrogenic ion local-mode phonons required
to bridge the energy gap to the next lower multiplet, have
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FIG. 8. Measured Zeeman shifts of the upper component of
the electronic ground state of Pr** in the C4, D~ center in deu-
terated CaF,:Pr’" and SrF,:Pr" crystals.

already been reported.® For the purpose of discussion
here the relevant lifetimes are presented in Table IX.

A noteworthy feature of these results is the large varia-
tion of the fluorescence lifetimes with the hydrogenic ion
species present. As the electronic transitions being excit-
ed in varieties of the same C,, center are closely similar
in symmetry and wave-function composition, radiative
lifetimes can vary at most by an order of magnitude. The
strong isotope dependence can, therefore, be accounted
for only by nonradiative processes involving the respec-
tive local-mode phonons. Some preliminary understand-
ing of the variation in the lifetimes was obtained with a
model of multiphonon processes, involving just a single
phonon frequency, bridging the energy gap to the next
lower multiplet.'® Such a model was reasonably success-
ful in accounting for the observed lifetime variations in a
phenomenological way, but a more detailed understand-
ing would require specific considerations of the coupling
between the electronic states and local-mode phonons in-
volved in the nonradiative decay processes.

The increased probability of nonradiative relaxation
processes in C4, hydrogenic centers manifests itself in the
presence of emission from both the 3P, and 'D, multi-
plets for excitation of the 3P, level. The strong quench-
ing of the P, emission by the local-mode phonons
efficiently feeds the P, excitation to the lower 'D, multi-
plet. This effect is only weakly present in the correspond-
ing C,, F~ center where the *P, decay is largely radia-
tive. The cascading of the *P,, excitation to the lower 'D,
multiplet can be observed as a rise time of the fluores-

TABLE VIII. Electronic ground state (Z,) g values (MHz/G) and hyperfine splittings (GHz) deter-
mined for Pr’" ions in various C,, centers in CaF, and SrF,.

CaF,:Pr’** SrF,:Pr’t
C4, F~ center C4 D~ center C,, F~ center C,, D™ center
Electronic g value 2.72 2.89 2.69 2.76
Hyperfine splitting 2.78 2.82 <2 2.2
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TABLE IX. 10 K fluorescence lifetimes (in us) for transitions from the 'D, and *P, multiplets of C,,

centers in CaF,:Pr*" and SrF:Pr’* crystals

CaF, SrF,
Upper multiplet P, 'D, 3P, 'D,
F- 120+5 420%10 118+5 2030150
H~™ 0.38+0.02 0.82+0.05 2.69+0.05
D~ 0.27+0.01 95+3 1.08+0.05 40510

cence from the 'D, multiplet of about 1 us for the C,,
D~ center in SrF,. Since, as has been pointed out in Sec.
IV A2, the deexcitation from *P, to 'D, is essentially
nonradiative, the rise time of lD2 emission gives the non-
radiative relaxation rate of the 3P0 level,'® and has been
usedzoin some cases to calculate nonradiative probabili-
ties.

VII. UPCONVERSION FLUORESCENCE
IN THE C,, CENTERS

At a 4000-fold increase in sensitivity over that used for
recording fluorescence from the 'D, multiplet, fluores-
cence is observed from the P level of C,, F~ centers
when the laser is tuned to pump the 'D, multiplet, i.e.,
upconversion emission is observed. Such upconversion
has been reported®?! for the C,, F~ center in CaF,:Pr**
and StF,:Pr’™" crystals, and it is also seen here for the Cy,
D ™ centers in SrFZ:Pr3 + crystals. In all cases, excitation
of the !D, multiplet of the Pr’" ion yields fluorescence
from the 3P, level of the same center.

Upconversion emission from the *P level has been ob-
served for temperatures of up to 60 K, for the C,, F~
centers of both CaF, and SrF,. For the C,, centers in
SrFZ:PrH, the relative upconversion emission intensities,
for similar excitation conditions, are factors of 5X 1073,
1X1073, and 3X 107% down on the direct emission for
the F~, T, and D~ centers, respectively. These give
order of magnitude values for the relative efficiency of
upconversion in all three centers. No upconversion was
observed for the H ™ center at a sensitivity level 10’ more
than for the direct 'D,—>H, emission. The upconver-
sion in CaF,:Pr** is weaker than for SrF,:Pr** and the
only upconversion apparent is for the F~ center where
the upconversion emission is 4 X 10~ * less than the direct.

There have been comprehensive reviews of the various
possible energy transfer mechanisms?® and more recent
studies discuss processes ranging from energy transfer be-
tween triads of ions giving ultraviolet fluorescence® to
transfer amongst ions distributed across an inhomogene-
ously broadened line after irradiation with a single mode
laser.?* Energy transfer phenomena can be broadly
classified as either ion pair relaxation or upconversion.
Ion pair relaxation occurs when an excited donor ion re-
laxes by transferring all or part of its energy to an initial-
ly unexcited acceptor ion. If two ions are initially excit-
ed, however, one can decay by transferring its energy to
the other which then has an energy greater than its initial
excitation energy. It is this latter process that leads to
upconversion which is of interest here.

Since the accepted model of the C,, centers is of isolat-
ed single rare-earth ions and their single charge compen-
sator ions, it was at first expected that upconversion
would occur from a sequential two-photon excitation pro-
cess, 2> often referred to as the STEP mechanism. How-
ever, the upconversion results to be described are con-
sistent with the alternative energy transfer upconversion
(or ETU) process?® involving energy transfer between two
Pr3" ions of a pair of C,, centers in close proximity, i.e.,
a subset of the ensemble of C,, centers.

Polarized *P, emission for the C,, F~ center in SrF,
was recorded for both direct excitation (using the argon
ion laser) [Fig. 4(b)] and for upconversion excitation from
the 'D, multiplet. Identical polarization spectra are ob-
served for either direct of upconversion excitation. The
polarization is determined by the selection rule for the
absorption transition (ys—v,-) which is the same for ei-
ther 'D, or 3P, excitation. Either the same Pr’* ion ab-
sorbs both photons for that polarization geometry
sequentially in a STEP mechanism or two identical excit-
ed Pr’" ions combine their excitation to give upconver-
sion in an ETU process.

It is unlikely that the 'D, level could be the sole inter-
mediate level in a STEP mechanism as no energy levels
are expected at twice the photon frequency. Invoking an
intermediate decay to, for example, the *H¢ multiplet be-
fore absorption of the second photon gives a better ener-
gy match for reaching the 3P, level.?”. In this case there
would be a time delay between absorption of the first and
second photons. Observation of the upconversion under
pulsed excitation conditions discounts the STEP mecha-
nism, as there is insufficient time during the period of the
laser pulse (1 ns) for the ion to relax to the intermediate
3H ¢ state before absorbing a second photon. Another ob-
servation is that maximum upconversion fluorescence in-
tensity is reached for a !D, excitation energy about 0.25
cm~! lower than that required to give the strongest
direct fluorescence. This is consistent with the model of
weakly interacting pairs of C,, centers’ in which a
specific subset of the C,, centers, with slightly shifted en-
ergy levels from the isolated C,, centers, participate in
upconversion.

A two-laser experiment verified this model of ETU up-
conversion. With a cw laser tuned for maximum upcon-
version emission from the C,, F~ center in SrF,, a
second laser, having its beam exactly coincident with that
of the first laser through the crystal, produced extra up-
conversion only when its frequency matched that of the
first laser. No intermediate level, with energy differing
from the ! D, level, appears to be involved.



The ETU upconversion mechanism proposed for Pr3*
differs from the case of Nd>" where there is clear evi-
dence of STEP upconversion.?® For Nd** a cw laser
tuned to the *F; , —*D, ,, interval of 16 515 cm ™! for the
C,, F~ center in CaF,:Nd>" gave upconversion to the
‘D, /2 level at 28 109 cm ™! through a second photon be-
ing absorbed by the excited state *F,, level at 11594
cm ™!, which was itself being populated from the ground
state via a phonon sideband of the 2H,, ,, level. Never-
theless, this STEP mechanism is quite weak and would be
enhanced by direct excitation of the *F; /, level by a suit-
ably tuned second laser. The observation of this STEP
mechanism does not preclude the simultaneous presence
of ETU processes for nearby Nd** C,, F~ centers.

The observation of upconversion under pulsed excita-
tion allows the concentration dependence of the upcon-
version lifetimes to be studied. The fluorescence lifetime
of the upconverted emission from the *P, level of the C,,
F~ center in SrF, was measured for Pr*" ion concentra-
tions of 0.05, 0.1, and 0.5 %, as 550+50, 470+20, and
220120 us, respectively. The upconversion is both more
intense and has shorter lifetime for increased Pr** con-
centration. The temporal behavior of the upconversion
process involving ion pairs has two regimes depending on
whether the transfer rate of excitation between the ions is
large or small.?® If the rate is small, the decay has half
the lifetime of the 'D, level; if it is large the rise time of
the upconverted emission is of the order of the inverse of
the transfer rate while the decay time is the same as that
of the P, level. Evidence for these two regimes is pro-
vided by the concentration dependence of the decay of
the upconverted P, emission measured here. At a low
Pr*" concentration, the average separation of centers is
large and the upconversion is primarily by those centers
having a small transfer rate. The 550 us lifetime mea-
sured for the 0.05% crystal is approaching the limiting
value of 1 ms set by half the !D, lifetime. In the higher
concentration crystals the average intercenter separation
shortens and the upconversion has a large contribution
from the closer ion pairs. Here the decay of the upcon-
version emission is set by the P, lifetime at 118 us.
Some discussion of the transfer rate mechanisms in the
case of the C,, F~ center in CaF,:Pr’" suggests a rate
varying as the inverse sixth power of the interionic sepa-
ration R, consistent with electric dipole-dipole coupling.?

The variation of the relative upconversion efficiencies
for different varieties of the C,, centers can be under-

46 SITE-SELECTIVE LASER SPECTROSCOPY OF Pr**C,, ...

5957

stood through the variation of the fluorescence lifetime of
the 'D, level for those centers. The number of Pr’* ions
excited to the higher energy 3P, state depends on the
number of ion pairs able to participate and this is set by
the time a Pr’* ion remains in the 'D, state. If the
transfer rate is slower than the 'D, decay rate then there
will be fewer pairs available to participate in the upcon-
version and the upconversion efficiency will fall. This
qualitatively accounts for the weaker upconversion for
C,, F~ centers in CaF, compared to SrF, since the
relevant 'D, lifetimes decrease from 2.03 ms in SrF, to
420 ps in CaF,. A similar situation occurs for the rela-
tive upconversion efficiencies of the C,, D™, T, and F~
centers in SrF,; the change in respective lifetimes is the
principal factor governing the process, with the relative
concentration of the appropriate centers also determining
the level of upconversion emission efficiency observed.

VIII. CONCLUSIONS

The comprehensive sets of energy levels established for
the various varieties of the C,, centers of Pr>* ions in
SrF, and CaF, provide a basis both for crystal-field calcu-
lations, where the effect of the differing charge compen-
sating ions can be examined, and calculations of the vib-
ronic splittings apparent in the doubly degenerate (X, Y)
local-mode transition observed in either infrared absorp-
tion or in the local-mode vibronic fluorescence of the
P’ ion.

The marked variation in the fluorescence lifetimes be-
tween the various C,, centers provides data for investiga-
tion of nonradiative decay processes involving the respec-
tive local-mode phonons through the electron-local-mode
phonon interaction.
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