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Site-selective spectroscopy of TAT centers in CaF,: Tm?3*

Nicholas M. Stricklandl and Glynn D. Jones
Department of Physics and Astronomy, University of Canterbury, PB 4800, Christchurch, New Zealand
(Received 14 May 1997

By polarized laser selective excitation, two single 3fmion centers of tetragonald,,) and trigonal Cs,)
symmetry have been identified in GaB.05%Tni". Both of these centers exhibit blue, violet, and ultraviolet
upconversion fluorescence under red-dye laser excitation. Crystal-field analyses of their assigned energy levels
and fluorescence lifetime data are presented. By Zeeman infrared-absorption spectroscopy, a fdither Tm
center of cubic symmetry is identified. Measurement of the line strength of its single infrared-absorption line
provides a direct method of determining relative 3fneenter concentrations. With deuteration treatment, two
families of D~ centers derived from th&,, and C;, centers appear. Energy levels for four of the
D~ -modified C,, centers are reportefiS0163-18207)00841-2

I. INTRODUCTION II. EXPERIMENTAL TECHNIQUES

The Cak crystals containing 0.01-0.05 % P were
) 0 i 34 . grown by the Bridgeman-Stockbarger method in graphite
study of Caf:0.05% Tr". At Tm°" concentrations of crucibles in a 38 kW Arthur D. Little rf induction furnace.

0.05% or less, single T# ion centers are the major centers Starting materials were Calerystal offcuts purchased from
present. From the polarized LSE spectra, we identify a prin- 9 aKry P

. Optovac Inc. and 99.9% pure Tmipurchased from Alpha
cipal center of¢,, symmetry and a center @5, symmetry. Inorganics Inc. Crystal boules were grown in a vacuum of
A further Tn?" center of cubic symmetry is identified g Y 9

_5 . .
through Zeeman studies of its single infrared-absorption Iine.10 torr at a lowering rate of 8 mm'tt and oriented by

In the cubic Caf crystal lattice, lower than cubic- reference to intersectingl1l) cleavage planes. Deuteride

rQD*) ions could be diffused into the crystals by heating the
symmeltry rare-earth centers are formed by charge compe crystal samples to 850 °C idlatmosphere of deuterium gas
sation of the trivalent rare-earth ion by nearby interstitial F Y P P 9

) X ) and in contact with molten aluminum for periods of up to 40
ions. As such centers can be oriented along equivalent Cry$;

tal axes, no net polarization dependence will appear in their o icq) ahsorption spectra were recorded photoelectri-
absorption spectra. However, previous ;tudles of rare—eartl&—a"y with a Spex 1701 0.75 m monochromator using EMI
doped Caf have shoxvn that a polarization dependence caRssg or 6255 photomultiplier tubes and processed by a
be detected by LSE: This is because differently oriented yoltage-to-frequency converter. The radiation source was a
centers are preferentially excited with a polarized laser beafjo|tage-stabilized 100 W tungsten-halogen lamp. Infrared-
to produce polarized emission. This polarization dependencgbsorption spectra over the range 4000—10 000 ‘cwere
is used here to determine the Yirpoint symmetries for two  recorded on a BioRad FTS-40 Fourier transform spectrom-
Tm®* centers studied by LSE and to assign irreducible repeter at 0.25 cm! resolution using a tungsten-halogen source,
resentation labels for the crystal-field levels of g, cen-  quartz beam splitter, and indium-antimonide detector.
ter. The laser excitation experiments were performed using
Both of these centers produced upconversion fluorescenagther a Spectra-Physics 375 cw dye laser pumped by a
when pumped at laser frequencies corresponding to excite&pectra-Physics 2045E argon-ion laser or a Coherent 899 cw
state absorptioiESA) transitions. Two sets of ESA transi- Ti:sapphire laser pumped by a Coherent |-90 argon-ion laser.
tions, *F,—'G, and ®H,—'D,, pumped in the 650 nm The resulting fluorescence was analyzed by a Spex 1403
region, produced blue, violet, and ultraviolet upconversionmonochromator equipped with a RCA C31034 photomulti-
fluorescence. A preliminary report of the upconversion fluo-plier and using photon-counting techniques. Fluorescence
rescence for th€,, center has been given in an earlier brief lifetimes were measured using a PRA LN107 dye laser
account pumped by a PRA LN1000 nitrogen laser. The fluorescence
Because a TRT cubic-symmetry center is centrosymmet- signal was collected by the Spex 1701 monochrometer,
ric, electric-dipole transitions betweerf# electronic states equipped with an EMI 9558 photomultiplier tube, and re-
are strictly forbidden, and only magnetic-dipole transitionscorded on a digital storage oscilloscope.
can be observed. For absorption transitions from thig Rhodamine 640 and coumarin 460 laser dyes were used to
ground multiplet, the magnetic-dipole selection rules ofpump the 3F5, 3F,, and G, multiplets of Tn?". The
AL=AS=0, AJ=0,=1 allow magnetic-dipole transitions rhodamine 640 laser dye was also used to obtain
only to the 3Hg multiplet. One strong transition in the ab- upconversion-fluorescence by pumpingF ,—1G, and
sorption spectrum of théHs multiplet region has been as- *H,—'D, excited-state absorption transitions. The lifetime
signed to a Tri" cubic center on the basis of its splitting of the D, multiplet was obtained by using both lasers si-
pattern in applied magnetic fields. multaneously, with the cw laser pumpiritd s— 3F 3 absorp-

We report the results of a laser selective excitafioBE)
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TABLE I. Energies(in cm™*) and wave function composition of  trigonal (C,) symmetry center, th& center, in which the
the intermediate coupled multiplets of $Mm as derived from the charge-compensatirfg~ ion was proposed to be in t§&11)
Cy, center data. next-nearest-neighbor interstitial positi¢ihis B center was
later shown to have a more complex trigonal configuration

Multiplet Barycenter Intermediate-coupled wave function and (3) a center with cubic ;) symmetry, having remote
3H4(2) 400  0.995[FH)+0.0921%1) F~ charge compensation. _

3F,(Y) 6000  0.7958F,)+0.53741G,)—0.28043H,) For the non-Kramers ions such as ¥m the elgctr!(;—

3 dipole selection rules fo€,, and forCs, symmetry signifi-
Hs(X) 8600  1.000(Hs) p _ v orCs,

3H,,(A) 12900  0.773H,)+ .51843F,)—0.36361G,) cantly restrict the number of transitions that can be observed.
3F4(B) 14700  1.0000Fs) The absence of many transitions makes spectral assignments

more difficult.

Laser selective excitation is a powerful method for resolv-
ing lines of multicenter spectra. A tunable dye laser is used
selectively to excite a particular absorption line of a given

3F,(C) 15300  0.878[FF,)—0.4579'D,)—0.1395°P,)
1G,4(D) 21500 0.7608G,)+0.56783H,) —0.3140°F,)
'D,(E) 28200  0.638[tD,)+0.6361°P,)+0.4338°F,)

;IG 35200 0'995”1'6)_0'092131'_'6) center and the resulting fluorescence monitored. As only the
3P0 35700 0.969FP)—0.2462'Sy) selected center is excited, the resulting fluorescence arises
e 36600  1.0000P,) ) , from this center alon&:*® By this technique, excitation and

P, 38400  0.758§P,)—0.6190'D,)—~0.2023°F;)  flyorescence spectra can be obtained for each center exclu-
'S 75000  0.969¢S;)+0.2462°Py) sively in turn. Excitation and fluorescence spectra for two

single T centers were measured for GaF05%Tn?+

and these centers are determined to havé Tions in sites
tion transitions and the pulsed laser pumpifilg,—'D,  of C,, andCs, symmetry.

excited-state absorption transitions.
All the above absorption and laser excitation experiments
were performed with the crystal samples cooled by a CTI A. Laser selective excitation:Cy, center
Cryogenics Cryodyne 22C closed-cycle helium cryostat. The The transition polarizations for thg,, center were deter-
sample temperature could be varied between 10 K and roomined by appropriate choices of polarizations for the inci-
temperature. dent laser and for the detected fluorescence. The chosen axes
The infrared Zeeman measurements employed a cryostye the laser beam incident along thexis and the fluo-
with an Oxford Instrumesst 4 T superconducting solenoid rescence monitored in theedirection. The polarization of the
built into its helium can. The crystals were mounted in &j5ser js thus set at eithgror z and a polarization analyzer is
central tube through the solenoid. This arrangement elimiintroduced before the spectrometer to admit eitherxther
nated the need for low-temperature infrared windows and,_nqjarized component of the fluorescence. The standard no-

gave crystal temperatures of 10 K. All the Zeeman spectrigtion for this experimental configurationsig¢ab)z wherex
were recorded for the infrared radiation beam along the magy,jicates the laser propagation direction anthe fluores-

netic field direction. cence detection directiom=y or z andb=x or y indicate
the choice of laser polarization and fluorescence analyzer
Ill. SPECTROSCOPY OF CaF,:Tm3* polarization, respectively. Sin_ce o_nIy 'ghe polarizatjons are
changed, thex and z propagation directions are omitted in
The 4f!2 lowest-energy configuration appropriate to the labeling of Figs. 2 and 3. Fat,, centers in a CaF
Tm*" has a total of 91 electronic states in 13 free-ion mul-crystal oriented with its principal axes parallel to the chosen
tiplets. Multiplets are labeled either by the leadifg 'L, X,Y,z axes, the relative intensities of detected fluorescence
term in the intermediate coupled free-ion wave function orfor each combination of laser and fluorescence polarization
by the single letter notation indicated in Table I. The crystal-are summarized in Table Il. From the measured polarization,
field levels of a given multiplet are denoted by both thepossible irrep combinations can be determined from the se-
appropriate letter for that multiplet and by a numerical subdection rules of Table Ill.
script, in sequence from the lowest-energy level of the mul- Figures 2a)—2(d) show the excitation spectra of the
tiplet. The free-ion multiplet wave functions and barycenters,®H,(A), 3F3(B), 3F,(C), and 'G,(D) multiplets obtained
obtained from the calculations of Sec. Il C are given inby tuning the laser continuously through the region of the
Table I. absorption transitions to each of these multiplets while moni-
Absorption spectra of the first seven excited multiplets oftoring a single appropriate fluorescence transition. Figures
Cak,:Tm*" are presented in Fig. 1. The spectra of infrared2(e) and 2f) are upconversion excitation spectra obtained by
absorption transitions to théF, and 3Hs multiplets were  tuning the laser through the®F,(Y)—'G4(D) and
recorded for a 30 mm boule of CaB.01%Tni". The opti-  3H,(A)—'D,(E) excited-state absorptiofESA) transi-
cal spectra were recorded rfoa 2 mm thickness of tions. Fluorescence spectra, obtained by setting the laser to
CaF,:0.05%Tn?". Transitions associated with three centers,pump a strong isolated absorption line and scanning the
labeledA, B, andO have been so identified in Fig. 1. These spectrometer through the region of the fluorescence transi-
centers are structurally identical to three centers previouslyions, are shown in Fig. 3.
assigned for CafFEr™:5-° (1) a tetragonal C,,) symme- In order to obtain energy-level irreducible representations
try center, theA center, with the charge compensatifg from these spectra, we need the decompositiod ofultip-
ion in the (100 nearest-neighbor interstitial positiofg) a lets, transforming as irreducible representation of the full-
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FIG. 1. 10 K absorption spectra of transitions to tag3F,, (b) ®Hg, (¢) 3H,, (d) 3F; and °F,, (e) 1G,, and(f) D, multiplets of
Cak,:Tm®". Spectra(a) and (b) were recorded for a 30 mm thickness of GAF01%Tni", and spectrdc)—(f) for a 2 mmthickness of
CaF:0.05%Tni". Assigned absorption transitions are labefedC,, centej, B (C;, centey andO (cubic center.

rotation group, into the point-group irrep5The 3F5 exci-
tation spectrum, Fig.(®), shows that the transitions from the
ground state to this multiplet akg, =, 7,4 ando allowed,
respectively. As theJ=3 multiplet decomposes as

Transition polarizations Polarization geometry Y2+ vst v4t2vs irreducible representations dty,, the
selection rules of Table Il are only consistent with the

TABLE Il. Polarization ratios forC,, centers in{100-oriented
CaF, crystals.

Absorption Emission yX vy ZX zy ) ) il
ground state being eitheryg or vy, level. Further distinction
w w 0 1 0 0 is not possible purely on the basis of LSE experiments. It is
o 1 0 1 1 necessary to appeal to crystal-field calculations to determine
Tmd 1 0 0 0 to which of these irreducible representations the ground-state
Omd 0 1 1 1 level belongs. If crystal-field parameters similar to those ob-
Tmd T 0 0 0 1 tained for othelC,, centers of Cajare adopted, the ground
T 1 1 1 0
Tond 0 0 1 0 TABLE Ill. Polarization selection rules fo€,, symmetry.o
Omd 1 1 0 1 indicates transitions which are both electric and magnetic dipole
o - 1 0 1 1 allowed.
o 1 2 1 1
g 0 1 1 1 Y1 Y2 V3 Y4 Vs
Omd 2 1 1 1 V1 T Tmd o
Timd T 1 1 1 0 Vo Tmd T T
o 1 1 1 2 V3 T Tmd o
Tmd 1 1 0 1 YVa Tmd T T
Timd 1 1 2 1 Vs T o g T Ty T md
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FIG. 2. 15 K(unless indicatedexcitation spectra of th€,,(A) center in Cak:0.05%Tni". (a) Z—A transitions at 15 K and 60 K,
monitoring A;—Z, (o) at 12 488 cm?, (b) polarizedZ—B transitions, monitoringA;—Z, (m) at 12 572 cm?, (c) polarizedZ—C
transitions, monitoringh;—Z, () at 12 572 cm?, (d) polarizedZ—D transitions, monitorind;— Y, () at 15 345 cm?, (e) polarized
Y—D ESA transitions, monitoringD;—Z, (o) at 20918 cm?, (f) polarized A—~E ESA transitions, monitoringg;—B, (o) at
13 415 cm®. Excitation transitions are labeled by numerical labels for energy levels of the upper multiplet, with transitions originating from
the first excited state of the lower multiplet denoted+byn spectrum(e), the group of unlabeled lines between 15 450 and 15 550 are
due to cross pumping of other Fincenters, while the lines labeled t and t areZhe> C, GSA andA, — E, ESA transitions, respectively.

state is unequivocally &5 state!! This would then deter- With only one exception, all of the single-laser
mine the levels of the’F ; multiplet observed by absorption upconversion-excitation transitions observed for this center
to beys, v3, ¥4, andys, respectively, with the one remain- arose from pumping ESA transitions. The one ground-state
ing y, level having a forbidden absorption transition from absorption(GSA) transition which produced upconversion
the ground state. fluorescence is th&,— C, transition, indicated by 1 in Fig.
From _this sta_lrting point, the_remgining_ experimental Iev-z(e). This spectrum, which shows predominantly
els and irreducible representation listed in Table IV can be*F4(Y)—>1G4(D) ESA transitions, includes many strong

determined from the polarization dependence and tempergnes which are not associated with tBg, center, but rather

ture dependence of t_h_e excitation ar_ld fluorescence spectra Q?e from overlap of fluorescence transitions corresponding to
Figs. 2 and 3. Transitions from excited states of a multiplet

: - . o ) cl)ther centers. These other centers, only seen weakly in the
increase in intensity with increasing temperature. Spectral : .
hole-burning experiments have shown that th&,; andA; absorpt_lon spectra, are'thought.to t.)e cluster Ce”“?rs Wh'Ch
states of this center were singlet states of the s@pérre- have higher upconversion efficiencies than the smgle.-|on
ducible representation, in agreement with the assignmen e”te'f?' becau_se of eff|C|en_t energy transfer between ions.
made here. In Table IV the experimentally determined leveld 'ansitions which are associated with g, center could

are compared with the results of a crystal-field fit, discusse® distinguished from these by their reduction in inj(fnsity
in Sec. lll C. when the spectrometer was detuned slightty 1(cm-)
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FIG. 3. 15 K fluorescence spectra of tg,(A) center in Cak:0.05%Tni". (a) PolarizedA— Z transitions, pumpin@;—B, () at
14 675 cm?, (b), (c), (d) polarizedD—Z, D—Y, and D—X transitions, pumpingZ;—D, (o) at 21 302 cm?, (e), (f), (g), (h), (i)
polarizedE—Z, E—Y, E—X, E—B, andE—C transitions, pumpindA;—E; () ESA at 15518 cm!. Fluorescence transitions are
labeled by numerical labels for energy levels of the lower multiplet, with transitions originating from the first excited state of the upper
multiplet denoted by:.

from the peak of the fluorescence transition being monitored®F ,— G, transitions. The transition labeled with t corre-
Transitions associated with other centers remain unchangegponds in energy to th&, — C, transition and the transition
in intensity. The two transitions labeled with T and t werelabeled with  corresponds to the,—E; ESA transition.
shown by this process, and by their polarization behavior, td’he weakness of this latter line in ti€ ,— G, spectrum is
be associated with thé,, center, despite not matching any attributed to a low'D,— G, branching ratio.



56 SITE-SELECTIVE SPECTROSCOPY OF PFMCENTERS . .. 10921

TABLE IV. Measured and calculated crystal-field energy levels  TABLE V. Polarization selection rules fo€;, symmetry.o

for the Cak:Tm®* C,, center. indicates transitions which are both electric and magnetic digole
allowed.
Energy level Energies (cn)
measured calculated N 72 3
Y1 T Tmd o
SHg Ya 0 5.6 - - - -
s 84.0 94.3 - o - o
Y1 - 236.9
Ya - 402.2
73 . 2223 B. Laser selective excitation:C3, center
;z ) 496.7 While many energy levels of the trigonal-symme(tyv
v 3 5559 center can b_e determined from the LSE experiments, the po-
7 ) 562.7 larization ratios are not as straightforward to interpret as
Ve i 690.0 those of theC,, center.
s 5658.0 5646.5 The transition selection rules f&@3, symmetry are sum-
4 Y1 . . . - . . .
5857 4 58534 marized in Tgple V, Wlt'h the mlxgda,w) poanzquon of'
s v3— 3 transitions leading to arbitrary polarization ratios
V2 5893.9 5901.9 " .
whenever such transitions are involved. For CaFystals
Ys 6069.7 6070.5 oriented with theif100 crystal axes parallel to the andx
s 6082.1 6077.5 axes,Cy, centers are expected to hay&yy:zx:zy polar-
el 6118.1 6119.7 ization ratios of unity for all transitions, because of the equal
s Ya 6173.1 6171.9 inclination of all possible orientations of th@;, center to
Hs Ya 8342.2 8337.9 the z and x axes. Well-definedC;, polarization ratios do
Vs 8411.7 8408.1 result for crystals oriented with thei111) body-diagonal
V2 8472.1 8472.0 axis aligned parallel with the (fluorescence-detectipaxis,
3 - 8636.8 and these are summarized in Table VI. These predicted po-
s 8694.1 8673.6 larization ratios are closer to 1:1 compared to those found for
Ys - 8697.4 C,, centers, as there are four possible nonorthogonal orien-
Y1 - 8762.7 tations ofCs, centers.
Y2 - 8780.9 The absence of any polarization dependence(180)-
H, Y3 12571.9 12577.9 oriented crystals and the polarization dependences observed
Ys 12757.2 12763.9 for (111)-oriented crystals confirm th€;, symmetry of this
Y1 - 12804.7 center. However, the closeness of the various polarization
Y2 - 12903.3 ratios to 1:1 can lead to ambiguities in the interpretation of
Ya - 12984.8 polarization data. Definite assignment of irreducible repre-
Y1 - 13035.1
Vs - 13095.8 TABLE VI. Polarization ratios foiIC5, centers iK111)-oriented
5k, ¥s 14659.4 14663.2 CaF, crystals.
¥3 14674.7 14677.1
s 14720.9 14725.3 Transition polarizations Polarization geometry
Y4 14732.7 14726.3 Absorption Emission yX yy ZX zy
Vs 14789.3 14790.6 - - 2 6 1 1
F, Ya 15206 15213.5 o 7 3 8 8
V3 15365 15364.4 g 6 2 1 1
¥s 15370 15368.6 o 3 7 8 8
. " - 15448.8 oy - 1 1 2 6
Gy 7 21002.1 20995.0 - 8 8 . 3
o mme w11 e
Y2 . .
s 21549.4 21549.3 " U;d 3 2 g ;
Vs 21633.6 21638.4 . 11 15 10 10
Ya - 21722.3 - 3 - 8 8
) " - 21730.8 Oma 15 11 10 10
D, V3 28089.8 28075.9 Omd - 8 8 7 3
Va4 28105.7 28112.4 o 10 10 11 15
¥s 28218.1 28222.3 T 8 8 3 7
1 - 28253.4 Omd 10 10 15 11
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FIG. 4. Excitation spectra of th€;,(B) center in Cak:0.05%Tn?". (a) Z— A transitions at 15 K and 60 K, monitoring; —Z5 at
12 448 cm?, (b) Z—B transitions at 15 K and 25 K, monitoring; —Z, at 12 502 cm?, (c) Z—C transitions at 15 K and 25 K,
monitoringA; —Z; at 12 502 cm?, (d) Z— D transitions at 15 K and 30 K, monitoriry;— Y at 15 479 cm?, (e) Y—D ESA transitions
at 15 K and 45 K, monitorindd ;—Z, at 21 082 cr?, (f) A—E ESA transitions at 15 K, monitorinf;— Y, at 22 254 cm®. Excitation
transitions are labeled by numerical labels for energy levels of the upper multiplet, with transitions originating from the first and second
excited states of the lower multiplet denoted witland #, respectively.

sentation to energy levels has not been possible using theSiions appear. Only six levels are expected for #a(Y)
polarization ratio data. For this reason, polarized spectra af@ultiplet, and those ltransmong which have been labeled are
not presented for this center. Temperature-dependent specf@nSistent with the G,(D)—"F4(Y) fluorescence spec-

are displayed in some cases and these aided in the deterfid™ Fig. S¢). The extra transition, near 22 110 cin ap-
nation of energy levels. pears to tune with th€,, center but remains unassigned.

: o Another unassigned transition appears at 19 801'dmthe
Figures 4a)—4(d) show the excitation spectra of the ;
3y %\ 3E.(B). 3F.(C d 1G,(D Itplt hil ID,(E)—3Hg(X) fluorescence spectrum, Fig.(gh. The
Ha(A), “F3(B), “F5(C), an 4(D) multiplets while 2 Piion from theD, level to this 2Hy level should be
Figs. 4e) and 4f) are ESA upconversion excitation spectra. . ol 13 5 =0 ;
The fluorescence spectra are shown in Fig. 5 present in the'G,(D) —“Hs(X) spectrum, Fig. &), but is
The experimental energy levels of Table. \Mithout ir- not observed. In addition, the crystal-field splitting between

ducibl i ; tEve b deduced this level and the othefHs levels would be anomalously
reducible representation assignmeniteve been deduced |46 in comparison to the other multiplets of this center, and

from the LSE data. The experimentally determined levels arg,qq, tq the calculated splitting. The crystal-field fit described
compared with the results of a crystal-field fit, as discusse¢, sec. |11 C was repeated, omitting the experimental ener-
in Sec. Il C. . gies of the®Hs multiplet, and gave no indication that such a

Some anomalous features appear in the spectra. In thgrge splitting would be expected. Hence the line at
'D,(E)—3F4(Y) fluorescence spectrum, Fig. 5, seven tran-19'801 cm  also remains unassigned.
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FIG. 5. Fluorescence spectra of thiy,(B) center in Cak:0.05%Tn?" taken at the indicated temperaturés. A—Z transitions,
pumpingZ,;—B; at 14 497 cm?, (b), (c), (d) D—Z, D—Y andD—X transitions, pumpln@lﬂDz at 21 150 cm?, (e), (f), (g), (h), (i)
E—Z, E=Y, E-X, E-B, and E—C transitions, pumpingd;—E, ESA at 15462 cm®. Fluorescence transitions are labeled by
numerical labels for energy levels of the lower multiplet, with transitions originating from the first, second, and third excited states of the
upper multiplet denoted with, #, and~, respectively.

C. Crystal-field calculations

In analyzing the energy level structure of the 3nion in Hf=k_2 Ffit 2 s +al(L+1)+BG(G)
these two centers, the free-ion and crystal-field Hamiltonian —248 '
matrices for the entire #2 configuration were diagonalized
simultaneously, thereby including all intermediate-coupling +9G(Ry)+ >, Mm+ D P*p,.
and crystal-fieldJ-mixing effects. The free-ion Hamiltonian k=024 k=2,46
is parametrized &3 (1)
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TABLE VII. Measured and calculated energy levels for the tions (M k), and two-body electrostatically correlated mag-
CaR,:Tm" C, center. Irreducible representation assignments denetic interactions ¥) play a relatively small part. These
termined from the best crystal-field energy fit to assigned energ¥erms were included, but were held fixed at values reported

levels of theCs, center. for LaF;,*® rather than being varied.
Because the immediate environment of the®Trion in

Energy level Energies (ctr) both sites is approximately cubic, the terms in g, and
measured calculated C,, crystal-field Hamiltonians were grouped into terms
3H, v 0.0 79 which transform as specific irreducible representations of the
v 37.4 293 Oy, group. The respective crystal-field Hamiltonians used
3 53.4 60.8 were
v 105.1 100.9 z
Vs - 195.1 Hec, =BE CH¥+ \/;1(C24)+C‘43)}
Y1 - 211.2
Y3 - 266.1 7
s - 317.3 +BECcH - \[5 (CEPMC“"Z;)}
Y1 - 385.0
3k, Y1 5639.9 5634.7 )t 7
v 5664.7 5658.1 +BiCP+Ba CY— E(CE(‘ML c4)
v 5696.6 5700.5
¥, 5716.9 5717.4 1
6 6 6 6
1 5770.7 5770.9 +Bg[C+ E(CZ)JFCQO : v
v 5848.2 5855.6
SH, Y2 8279.6 8266.0 10
¥3 8290.2 8299.2 He, =Bg CoV+ = (csh—c)
Y1 8304.0 8301.1
V3 8312.2 8322.9 35
6 6 6 6
s - 8394.1 +Bg| CyY— %(C(a '-c'%)
¥, - 8417.4
v - 8460.2 77
el e®
3H, s 12501.5 12521.0 +V192(Ce +C%6
Y1 12564.6 12555.9
Y2 - 12604.7 26(2) 4 4| o [P
va i 12683.8 +BaCy '+ B4 Cy'— %(C3 —C3
s - 12768.9
" - 12820.4 6 \/fL (6) (6) \/§ (6) (6)
+ — - +\/ = +
3k, Y2 14398.8 14411.7 BA V23 (C3"-C=) 21 (Ce™+C%
v 14438.2 14432.6 150
7 14497.2 14487.2 B8 c® 4 cl® _ c6)
Y2 14506.9 14500.6 A0 1029 C3 -3)
v 14520.8 14523.0 NG
°F, Y3 15086.2 15071.8 —\/=o= (CE+CE)) |, @)
1 15115.7 15113.8 1029
. 73 15134.0 15132.2 where, in each case, thBK terms alone form a cubic-
=2 "1 21118.9 21108.8 symmetry Hamiltonian and thB,‘i terms represent the non-
s 21149.8 21145.7 cubic distortions appropriate to the over@lj, or C5, sym-
v 21205.3 21210.0 metry.
72 212252 21231.4 One further parameter is required for each fit, represent-
" - 21276.0 ing a uniform shift of the entire configuration to bring the
Y3 - 21428.8 zero of energy to an appropriate level. The fitted parameters
'D, Y3 27918.4 27923.8 for the 31 levels of theC,, center and the 30 levels of the
Y3 27963.1 27967.0 C5, center are listed in Tables VIl and IX, respectively.
71 - 27996.4 For theC,, center, the irreducible representations for the

various energy levels were determined by the polarized LSE
studies and used to assign energy levels for the crystal-field
The splitting of the 4% configuration into multiplets is fit. A standard deviation of 8.3 cit was obtained for the fit
dominated by the electrostatic and spin-orbit terms and thever 31 levels. From its assigned crystal-field wave function,
Fk and{ parameters which represent these were varied freelthe g, value of theB, level was calculated to bg=5.9, in

in the fit. The remaining terms representing configurationreasonable agreement with previous optical-Zeeman experi-
interactions(a,,7), spin-spin and spin-other-orbit interac- ments which gave g value ong=6.1.14 The crystal-field
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TABLE VIII. Best-fit values for the free-ion and crystal-field TABLE X. Measured fluorscence lifetim¢m ms, =5%) of the
parametergall in cm™?) which were varied in the crystal-field fit 3H,, G,, and D, multiplets for theC,, and Cg, centers of
for the C,, center of Cag:Tm®*. Remaining free-ion parameters Caky:Tm*.
were fixed at the values for LgArm®" (Ref. 13.

CaF,:Tm®" lifetime

Parameter Value (crt) Parameter Value (cnt) ,
Multiplet C,, center Cs, center
F2 102249.9 BA 567.0 3
F 71603.9 B4 392.8 Ha 33 3.1
Fo 51401.8 BS 385.5 NG 2.1 1.1
I 2633.8 B —1100.7 D2 0.18 0.10
BS 489.0

E. Temperature dependence of the upconversion fluorescence

parameters obtained are very similar to those reported for the We reported tbe phenomen%rl of upconversion fluores-
C., centers in CaRER* (Ref. 19 and Cak:Ho®* (Ref. 4, ~ cence in CaEr" and Cap:Tm®" achieved by pumping
confirming that these centers are structurally similar. either GSA or ESA transitions with a single tunable laSkr. -
For the Cy, center, irreducible representations for thecontrast to a, report of upconversion observed in
various energy levels could not be unambiguously deterQaFZ:O-Z%TrT? ;- the upconversion in our case is from
mined from the LSE spectra. Assignment of energy levels t¢ingle Tri" ion centers. It is caused by the overlap of a
particular crystal-field levels followed from an initial crystal- Strong purely electronic ESA transition with weak vibronic
field calculation using estimated parameters. Following a fifidebands associated with GSA transitions. Thus the laser is
from these assignments, two pairs of levels which had beefble to pump both transitions, one strongly and one weakly,
reversed in order were reassigned to obtain the final fit. Th&t the same frequency. _ .
assignment of the crystal-field levels were checked by re- It was foumj that, for pumping thef; — D, transition of
peating the fit with the exclusion of the levels of each mul-the Ca, center in Cak=Tm*", the upconversion fluorescence
tiplet in turn. The resulting predicted ordering and splittingincreased dramatically as the sample was warmed from 10 K,
of the multiplet in question was then compared with the ex-P€ing enhanced by a factor of 100 at room temperaéig
perimental levels. In each case, the prediction was totallyp)- This is attributed to theY,—D, ESA transition at
consistent with the assignments which had been made. A5 344 cmi* having a transition energy only 21 crhfrom
reasonable standard deviation of 10.2°¢rover the 30 mea- theZ;—C, GSA transition at 15 365 cit. At low tempera-
sured levels was obtained. However, many of the proposelres, there is essentially no overlap between these two elec-
assignments are not consistent with the electric-dipole sele¢tonic transitions, and the overlap with vibronic sidebands of
tion rules of Table V. Hence, the final level asssignments aré0Wer-energy GSA transitions is responsible for the weak
tentative and are presented only as a basis for further invegconversion fluorescence observed. However, as the tem-
tigations. Polarized LSE results performed with an applied®€rature increases, the two transitions broaden and begin to

magnetic field would help establish unambiguous irreduciblé?verlap, giving a much greater combined transition probabil-
representa’[ion identifications. ity. In addition, the ZZ_) C2 GSA transition near

15 280 cm* has a much stronger transition moment than the
o Z,—C, transition and becomes important once festate
D. Fluorescence lifetimes acquires significant population at elevated temperatures.
The fluorescence decay times for fluorescence from the
lowest levels of the’H,(A), 1G4(D), and 'D,(E) multip- @ ®
lets for theC,, and C5, centers in Caf0.05%Tnt" are o ¥R o
given in Table X. No significant changes in these were ob- X
served for TmM" concentrations varying from 0.01% to °o ¥
0.1%.

TABLE IX. Best-fit values for the free-ion and crystal-field pa-
rametergall in cm™Y) which were varied in the crystal-field fit for
the C,, center of Ca:Tm>". Remaining free-ion parameters were

upconversion fluorescence intensity
©
*
S
£
fluorescence intensity

o] *

fixed at the values for LafFTm®* (Ref. 13. "
X

* X

Parameter Value Parameter Value o
0 50 100 150 (%’0 250 300 [} 50 100 150 (ﬁ?o 250 300
2 temperature temperature

F2 102372.0 BA 231.4 " g
F4 71469.8 B: 374.4

- FIG. 6. Temperature dependence of the fluorescence intensity of

Fe 51497.8 BR —480.9 the Tni™ C,, center for laser pumping at thé;— D, excitation

¢ 2635.6 BR —411.3 line at 15 344 cm. (a) D—Z upconversion blue fluorescence in-
B —40.7 tensity monitored over a band of blue wavelengths(&#0- and
Bg 556.5 (111)-oriented Cak:Tm®*, and(b) A—Z infrared fluorescence in-

tensity for(111)-oriented Cag:Tm®".
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FIG. 7. Zeeman splittings of théH s— 3H; absorption line of the cubic centdr) Splitting diagram for magnetic fields applied parallel
to the(111) and(100 crystal axes(b) 4 T (100, zero field, and 4 K111) absorption spectra of the cubic center transitions.

In Fig. 6b), the temperature dependence of the In contrast, for theCs, center, the intensity of upconver-
3H,—3Hg usual fluorescence is shown, for laser pumping asion fluorescence from either th&, or the D, multiplet
the sameY;—D, excitation frequency. This curve repre- did not increase at all when the temperature was increased
sents the ground-state absorption rate for pumping at thatbove 10 K.
frequency, as nonradiative decay to tfé, multiplet is the
predominant decay path for Fions excited into the’F 5 F. Identification of a cubic center
and °F, multiplets. Curveb) appears qualitatively similar to . ) .
curve (a) for (111)-oriented crystals, demonstrating that the _ N the infrared-absorption spectrum of _tﬁHS multiplet,
efficiency of the off-resonance GSA step dominates the temt19- 1(b), a strong absorption lingidentified asO) was
perature dependence. F(00-oriented crystals, the tem- found at 8429.6 cm* which co_uld_not_be attributed to e_lther
perature dependence of thél,— 3H, normal fluorescence the C,, or Cg, _cen?ers. As this line is t_he only L_maSS|gned
follows a similar shape to that fofl11)-oriented crystals. sltrong absorptlonilllne for all c_)f.t'he exqted .mult|plets.up to
However, the shape of the upconversion-fluorescence curveP2 at 30 900 cm*® the possibility of it being associated
has a significantly different shape, which is attributed to the¥ith @ TnP™ cluster center could be rejected. This line is
second, ESA, step in the upconversion process. assigned to a T center of cubic symmetry.

This can be explained in terms of the strong polarization !N external magnetic fields of up to 4 T, applied parallel to
dependence of transitions faE,, centers. For a100- elther.th.e(loo) or (111 crystal axes, this line was_observed
oriented sample, all TAC,, centers are oriented either par- {0 SPlit into two components. The spectra 4T in each
allel or perpendicular to the incident laser polarization direc-Oriéntation and the zero-field spectrum of this line are shown
tion and their transition intensities are dependent on thd Fig. 7(b), while Fig. 7a) shows the experimental splitting
specific center orientation. As the ESA absorption is gdiagrams with a superimposed linear fit to each.

ya— v4 m-allowed transition andr and o transitions excite Theg values from these linear fits are
differently orientedC,, centers independently, only overlap

by GSA transitions ofr polarization will contribute to as- 9(100 = .09 0.10,
sisting the ESA upconversion fluorescence. With a change in

temperature, the set of nearby GSA levels will contribute a 9¢111=5.17=0.10.

varying combination ofo and = transitions, which deter-
mines the upconversion fluorescence level.

For a(111)-oriented sample, alC,, centers are equally
inclined at 54.7° to the incident laser polarization directionSYMMetry center. _ _ _
and the combined sequential absorption intensity is from Because this center has a center of inversion, electric-

equivalently oriented centers with no strong polarization de-dIIOOIe transitions are strictly forbidden. Any observed pure

pendence expected electronic transitions of this cubic center could only be
At temperatures above 160 IG,, centers start to freely Mmagnetic-dipole allowed. From theJ=0,£1, AL=AS=0

reorient and spectral polarization effects wash'6utence, 2elect|39n rules for magnetlg-dlpole transitions, only the

the temperature dependence of the upconversion becomesls— Hs transitions of T are allowed in magnetic-

independent of the laser polarization at higher temperatured!Pole absorption. This accounts for the absence of cubic

The upconversion fluorescence from thB, multiplet center transitions in the absorption spectra to other multip-
measured for pumping thé\;—E; ESA transition at lets. . , I '
15518 cm'?, increased with temperature only to 60 K, be- _The_ cubic crys’_[al-ﬂeld Hamiltonian for thefﬂé:onﬁgu-
yond which it began to decrease. As there are no electronilion is parametrized by two parametés andBg
GSA transitions near this 15 518 ctenergy, this behavior 4 ~(4) 1 6 ~(6)
is attributed to changing phonon-sideband intensities. H=BcCc +BcCc”.

Within experimental uncertainty, thg value is isotropic,
which supports the assignment of this line to a cubic-
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The form of the angular operators of the fourth and sixth G. Relative concentrations of cubic andC,, centers

degree cubic term{? andCE, are given by the leading In principle, the concentratioN of a particular center in a
two terms of Eq/(2) or (3), depending on whether tetragonal ¢rystal can be found from the integrated absorption coeffi-
or trigonal quantization axes are chosen. Plots of the cubigjent of an absorption line and the oscillator strength of that
crystal-field eigenvalues for all manifolds as a function of ¢ ansition. In the absorption spectrum of tRels multiplet

the cubic crystal field for the tetragonal quantization basigg, CaR:Tm3* we have one transitio#,— X, for each of
have bgen publishe]tﬁ.These give the cubic—field.energies aSthe cubic andC,, centers, which is purely magnetic-dipole
a function of the admixtur& of the fourth and sixth degree i character. Unlike electric-dipole transitions, magnetic-
terms of the cubic crystal-field Hamiltonian. dipole transition strengths can be readily calculated if the

Estimates for the cubic crystal-field parameters can be\_pasis wave functions of the initial and final states are
obtained by considering the parameters found for the cubigngwn.

center in CafzEr*", (Ref. 8 or by taking the cubic part of  The 7, and X, wave functions of the cubic center have
the C,, symmetry Hamiltonian for CafTm®" C,, center.  peen given in Sec. Il F, and the corresponding wave func-

In either case, thd=6 splitting diagran'’® shows that the  tjons of theC,, center can be calculated from the crystal-
ground state of TAT in this cubic center has a cubic irre- fiald fit performed in Sec. Il C and are

ducible representation df,. This cubic irreducible repre-

sentation decomposes g in C,, symmetry, in agreement |Z1,3Hg,T5y3)=0.6991|3H¢,2) +|3Hg, — 2))
with the y; ground state adopted for tl@&,, center. As the

magnetic-dipole operator transformsIas, lfransitions from —0.1005|°He,6) +°Hg, —6)),
the ground state are allowed only 1,®T',=TI'5 states. 3 _ 3 3
There is only onds state in the®Hs(X) multiplet, consis- [X1,"Hs.I'574) =0.7063[*Hs 2) +|"Hs, - 2)).

tent with the observation of only one transition for the cubic  The matrix elements of the magnetic-dipole transition op-
center. Thel=5 splitting diagrar?’® shows thisl's state 0 gratorL + 2S between theZ, ground level and th&, upper

be to the lowestX,) level of the *Hg multiplet. level are calculated for both the cubic and g, center.

As the *Hg(T',) initial and *H5(T's) final states are the with averaging over the three components of the dipole op-
only I'; and I's states of their respective multiplets, their erator for the cubic center transition and over the three pos-
wave functions are independent of the crystal-field paramsiple orientations of the tetragonal axis for tBg, center,
eters and are given by group theoretical considerations. FQhatrix elements of 0.277 and 0.134 are obtained for the cu-
the tetragonal quantization axis these wave functions are  pjc andc,, centers, respectively. The relative concentrations

of these two centers are determined from their absorption

11 line strengths. Assuming Lorentzian line shapes for the two
|Z1,3Hg,Tp) = \@2 (I°H6.2)+3Hg,— 2)) transitions in the absorption spectrum of Fig(b)7 for
CaF»:0.01%Tn?", the line strengthgintegrated absorption
5 coefficient$ are 13.3 and 17.3 cni m™* for the cubic and
- \@2 (I°Hg.6)+[°Hg,— 6)) C,, center lines, respectively.

These experimental line strengths and the calculated tran-
sition moments are combined to give a relative concentration

(/15 14 of
25 I°Hs,£5) = \/ 25 |°Hs, £ 1)
32 32 N(Cg,)
3 — =217,
X1,%Hs,I'5) =5 _\QZPHS’I?’), . N(cubig
1 which may be compared with results described for
—(|3H5,2>+|3H5,—2>) CaRy:Er**.° For 0.1% E?* the concentration of cubic cen-
L V2 ters is almost twice that o, centers, but for 0.015% Ef

the situation is reversed and tig, center concentration is
.about 1.5 times the cubic center concentration. These results
are based on theoretical predictions and indirect estimates of
the cubic center concentration from the total Econcentra-

In a magnetic field applied along either the tetragonal o
trigonal quantization axis, thEg triplet splits into three lev-
els having magnetic-dipoleg, 7, ando absorption transi- .
tions from the unsplif’, ground state. In the experimental tion. he Tri+ L inall % for th
arrangement used the light propagation axis is necessarila/bAS tt_e T (t:oncentraltlon(;s nomina )I/t 0.01% or_tth eth
parallel to the applied magnetic-field axis so thatransi- So_rpr'ﬁn speco rum analyzed, our re%J agrees wi €
tions cannot be observed, leaving two subtransitions as ObC_aB.E 0.015% findings. For higher Tm concentrations

served. The isotropig value calculated from this wave func- 4P t 0.05%, the relative concentration of cubic centers in-
tion is creases, but the ratio achieved was found to be more a func-

tion of the crystal growth rate rather than the 3ntoncen-
tration.
9=>5.17, The usefulness of the Tt estimates is that they do not
rely on any model of defect aggregration in Gabut follow
which is in excellent agreement with the measugedhlues, directly from measurements of relative line strengths and
confirming the assignment of this center to the cubic centelknown crystal-field wave functions.
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FIG. 8. 10 K laser transmission spectrum of tfe; multiplet ‘00: e
for deuterated CaF0.05%Tni*. The newD ~ centers are labeled 53_
Lo—L3. The maximum absorption is 99.5% for the 10 mm sample
length used. A Lo Ly L, Ls
H. D~-modified centers produced by deuteration FIG. 9. Energy-level trends from the™C,,(A) center to the
of CaF,:Tm3* hydrogenic centersL(—L3).

The introduction of deuterideD™) ions into rare-earth- sence of any bleaching behavior, thgcenter is assigned as
doped Cak crystals produces a large number of new rarethe D~ analog of theC,, center with just a charge-
earth centers involving the substitutiondf ions for inter-  compensatind ~ ion located in the nearest-neighbor inter-
stitial or lattice F~ ions!~*!° Several new absorption stital position. TheL;, L,, andL centers then follow as the
features appeared in théF; multiplet absorption spectrum first three members of a series analogous to the G\&
of CaR:Tm*" and were grouped into two regions, one groupcenters identified for CaFPr". Of these, the.; center is
near theF ~ C,, center absorption lines around 14 700¢ém  believed to correspond to the teS(1) center involving one
and the other group near tie C;, center absorption lines interstitial and one substitution& ~ ion.
around 14 400 cmt. The 3H,4(1)—3Hg4(1) transition to the ground state is a

As the lower-energy group of lines was beyond the tuningy; singlet toy; singlet transition whose energy is relatively
range of the rhodamine 640 dye laser, they were not studieithsensitive to the crystal field. For theg, to L5 centers, this
further. They are believed to b@~-modified C3, centers transition follows a systematic trerifig. 9 and Table )l to
analogous to thé®, L, T, N, S, andV centers found in lower energies. This is the covalent shift from the successive
CaR:Er’". The higher-energy group of lines, which ap- replacement ofF ~ ions by D~ ions. First the charge-
peared first at the lowdd ™ concentrations, was studied by compensatind-~ ion is replaced by a charge-compensating
LSE. Figure 8 shows the absorption spectrum of fiffg D~ with a shift from 12 571.9 to 12 541.4 ¢th Then there
multiplet for this group of lines in deuterated is a successive replacement of the f6ur ions between the
CaF,:0.05%Tni", obtained by measuring transmitted laserTm3* ion and its charge compensatify ion.
light. The new absorption features are assigned by LSE to The parentC,, center has & singlet ground state and a
four centers, labelletlo—L 5. The 3Hg(Z) —3F3(B) excita-  y doublet ground state 84 crhabove. With thel, center
tion and 3H,(A)—3Hg(Z) fluorescence transitions mea- assigned as th® ~C,, center, the same; singlet ground
sured for each of these centers are summarized in Table Xétate is expected, and the first excited levelygfsymmetry

These absorption features resemble the modiied,, is 87.4cm? above. Thel,, L,, andL; centers all have
centers observed for CalPr*:D~, (Ref. 19, and this is lower thanC,, symmetry as their first excited state f
supported by the polarization and bleaching behavior osymmetry is now split into sets of two closely spaced levels
these centers. The;, L,, andL; centers all exhibit revers- (Fig. 9 and Table X\ The similar splittings of about 6 cnt
ible polarized bleaching, similar to that previously observedof these two levels indicate similar placements of the per-
for other rare earth5:*'° From aD~ concentration series turbing D~ off-axis neighbors in these three centers.
study, thelL, center forms earliest, followed by thg cen- The crystal-field changes between the centers is evident in
ter. From its being the first center formed and from the abtheir absorption transition patterns, which differ markedly

TABLE XI. Transition energiegin cm™?) of the *Hg— 3F 5 excitation and®H,— 3Hg fluorescence transitions of the to L3 centers in
deuterated CaFTm3".

3H— 3F4 excitation 3H,—3H fluorescence
Center Y3— Vs Y3— V3 Y3— V2 Y3— Vs Y3 Y3
Lo 14620.3 14701.4 - 12454.0 12541.4
Ly 14610.7 14632.2 14720.6 14788.5 12439.2 12446.1 12535.6
L, 14625.6 14627.1 14739.4 14810.1 12431.0 12437.5 12533.9

Ls 14616.4 14627.8 14739.5 - 12425.4 12431.7 12531.4
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(Fig. 9. The parentC,, center has two sharp absorption haveC,, andC3, symmetries, as for the principal and sec-
transitions to the two lowest levels ¢f andy; symmetry of  ondary centers found for CafEr’* (Refs. 1 and 1pand
the 3F5 multiplet, which are separated by 15.3¢clnand  CaR:Ho®*' (Ref. 4. Irreducible representations of the en-
weaker absorpton lines to higher levels of this multigiest  ergy levels of theC,, center were determined by polariza-
included in Fig. 9. The small splitting of 15.3 ¢t is from  tion dependences and used to assign states for a crystal-field
a partial cancellation between different-rank terms of@Ghe  fit.
crystal field. A third center was identified as a cubic-symmetry center
For theD~C,, or L, center these two lowest levels are from its single strong absorption line in th#l s absorption
81.1 cmi! apart, which is attributed to different proportions spectrum. The isotropic Zeeman splittings of this line agree
of the different rank crystal-field terms for tH2~ charge- quantitatively with the magnetic behavior predicted by a cu-
compensated center, with much less cancellation. bic crystal-field analysis. Comparison of the line strength of
For the lower-symmetnt;—L5 centers, the lowests;  this one cubic center absorption line with that of a related
level of the®F 3 multiplet is split into two components just as purely magnetic-dipole-allowed transition of ti®&, center
was discussed for the lowest level of the ground®Hg  allowed direct determination of the relative ¥imcenter con-
multiplet. ThelL, center has these component levels sepacentrations. This method should find application for concen-
rated by 21.5 cm!, theL, center by 1.5 ci!, and theL, tration series studies of T, Eu*", and other centers for
center by 11.4 cm. which pure magnetic-dipole transitions exist.
The y; second level of théF ; multiplet follows a mono- Tm®* centers produced by deuteration are classified into
tonic trend from 14 674.7 to 14 739.4 cm(Fig. 9 as the D™ -modifiedC,4, andD ~-modified C3, centers.
crystal-field separation of thes and vy, levels of the3F,
multiplet increases along tHe, to L5 center sequence. ACKNOWLEDGMENTS
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