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Polarized laser selective excitation and Zeeman infrared absorption of,, and C3, symmetry
centers in El**t-doped Cak, SrF,, and BaF, crystals

Jon-Paul R. Wells and Roger J. Reeves
Department of Physics and Astronomy, University of Canterbury, PB4800, Christchurch, New Zealand
(Received 30 January 2001; published 25 June P001

Laser selective excitation and Zeeman infrared-absorption spectroscopy have been employed ta*study Eu
centers in Caf; SrF, and Bak crystals. At low dopant concentratiofis0.1 mol%), the dominant center for
both Cak and SrF; crystals is the well-establishe@l,, (F~) center that consists of a EuF~ dipole oriented
along the[100] crystallographic directions. The dominant center for REE®" and a second center in
SrFR,:EW®" hasC,, symmetry with the charge compensatingiBn residing in an interstitial position along the
[111] directions. In all three crystals, nonlocally charge-compensated cubic symmetry centers are also present.
Zeeman measurements of the infrared absorption transitions to the/feumultiplet reveal interesting non-
linear Zeeman splittings as a function of the applied magnetic field. Crystal-and magnetic-field analyses of the
C,,(F7) andC;,(F ") centers give crystal-field parameters that are in agreement with those of other rare-earth
ions and that well account for the measured Zeeman splittings.
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I. INTRODUCTION single-ion cente(labeledP), and two-cluster centeftabeled
R and Q) assigned as dimers. More recent investigations by

The alkaline-earth fluoride lattice consists of a body-Cirillo-Penn and Wrigt->>have shown these centers to be
centeredfluorite) cubic structure. The Fions form a cubic  the (2Eu-3F) “ R’ dimer and the(3Euw-4F “Q” trimer, re-
cage with the alkaline-earth cation residing at the center ospectively. Related Shi centers have been observed for
each alternate cage. Trivalent rare-earth i0R&() can be CaR:Sn?" crystals and mixed heterogeneous EuSnt*
substituted for the divalent alkaline-earth cation. Some formnalogues in double-doped GaEu**:Sm*" show complete
of charge compensation is required that normally takes th&N€rgy transfer frozrg the'Gs/o(SnT'") multiplet to the
form of interstitial fluorine ions. For CafR®" crystals with Do(EW’*) multiplet!

. + . + ; ;
R3* concentrations less than 0.1 mol percent, the well- FOr Srh:EU’" and B(;"EEqud ;7dK laser Sele(r:?t%"a% exci-
establishedC,,(F~) center is predominant. This center con- tation measurements identified the dominant ce -or

. —+ _
sists of aR®*"-F~ pair with the charge-compensating fluorine SrFZ.IZus‘ ’ bﬁth C@hand Cd38 _symrlnetry cen]:cersbyvere ?b
ion located in the nearest-neighbor position along[tHz0] served together with an additional center of cu ."Cﬂm
directions from the rare-earth idn® For SrF-R3* the cen- metry whose spectroscopy was also presented in a separate

rections 1r 1on. .F2'. . study including cubic centers for other alkaline-earth fluoride
ter distributions are more complicated with ions in the rarey oot |attice<® For Bak:EW®", a single center of trigonal
. + . - — . . il

earth SEeries up to By having a p;;erdomlnaﬁrﬁ:%(F ) cen- C;, symmetry could be detected for concentrations less than
ter, with a change over between Haand Er 1o a center of 0.1 mol percent of the rare-earth dopant. The assignment of
Cs, symmetry®°This center consists of @"-F~ pair with

. > X .. this center as trigonal is in disagreement with its adoption as
the F ion Ioca_ted n the next—ngfr_est-naghbor pc’S't'onbeing ofC,, symmetry by Silversmith and Macfarlaf®For
along the[111] directions from theR>™ ion.

. ) . the purposes of the latter work, a center of axial symmetry,
The spectra of trivalent europium have received much at

S . : ) eitherC,, or C5, could suffice.
tention in the literaturé!~° A particular feature prompting v 3

e 7 J In this paper, we present polarized laser selective excita-
many studies is the extreme sharpness of'fige-"Dg ran- {5y and Zeeman infrared-absorption measurements op, CaF
sition for some crystalline hosts at low temperatiffe$he

: ) - } Lo X SrF, and Bak doped with EG". These follow earlier con-
width of this transition (with the implied slow optical forance reports of upconverted fluorescence for these
dephasing of the exciteiD, statq is a very effective and  gysromé? petailed experimental and theoretical analyses of
sensitive probe of disorder created by the introduction o

defect d strains duri al th E - fthe axial—sym.metry centers fqr thesg threg hosts are pre-
efects and strains during crystal growth. For C&®",  gented. Polarized laser selective excitation is used to deter-

Voronko, Kamnskii, and Osiko used the concentration seriegyine jrreducible representations of the electronic energy lev-
method to obtain information on the defect distribution, iN-als  while Zeeman-infrared absorption  conclusively

ferring the presence of at least three distinct cerfe®a-  (etermines the site symmetries. Crystal- and magnetic-field
kharchenya and Rqsan%ﬁ\md optical Zeeman Spectroscopy gnajyses give an excellent account of the energy levels and
on the magnetic dipole allowe@F,—°D; transitions that of the measured magnetic splitting factors
identified a cubic symmetry center. '
With laser selective excitation, more detailed studies were
undertaken. Hamers, Wietfeldt, and Wri§jmvestigated the
defect equilibria of CafEU*". Five major centers were The Cak, SrF, and Bak crystals containing Eufwere
identified and these comprised a cubig,@etragonalC,,, a  grown by the Bridgman-Stockbarger method at the Univer-

Il. EXPERIMENT
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- CaFg:Eu3* o 2 SIF,Eu™ 5.y BERES” FIG. 1. (a), (h), and (m) 16 K 5D, optical-
’§1 CAV(<F)—)§ 0 g0 ) absorption spectra for Ca.15% EG",
g g CuF) B © SrR:0.2% EG&*, and Bak:0.3% EG&*, respec-
E 3 508 ’ tively. (b), (i), and(n) 16 K laser excitation spec-
£ E £ tra for the °D; multiplet in Cak:0.05% Ed&*,
5% @ g gos SrR:0.05% EG*, and Bak:0.05% EG&", re-
21470 215705 O, 21520 21570 ) 21500 21600 spectively.(c), (j), and(0) 16 K laser excitation
g}g CuF) 5 ‘ i')D L lewr 2 i ) spectra for the®D, multiplet in Cak:0.05%
s all £ 5 CuF) z z , Ew’*, SrR:0.05% Ed*, and Bak:0.05% Ed".
5 q S ® E £ o ; Laser-selective excitation spectr@) for the
B L’Hﬁ % R § (00 J § C.(F) § C,,(F7) center(monitoring at 16 981 cmb), (e)
"§ prrven A § % oo 15070 § § ey for theOy, center(mor_ﬂto_ring at 16 937 cﬁf), ()
£ © o) 8 £ 0 é jE o for theRcenter(monltorlng gt 16 878 cit) %nd
g D, W72 @ g p, |G & g D, (g) for the Q center(monitoring at 16 935 crmt)
2 @ 8 e g in CaF,:0.05% Ed*. Laser-selective excitation
3 ili ] 2 \ L L spectra(k) for the C,,(F~) center(monitoring at
(x300) (x300) | — 16974 cm?) and (1) for the C,,(F7) center
17220 17320 19020 19070 17270 17320 19020 19070 {7270 17320 (monitoring at 16442 cm') in SrF,:0.05%
Wavenumbers (cm™) Ew*.

sity of Canterbury. In all cases, Pp#was added to the start- point group of the E%i ions. For non-Kramers ions i6,,

ing materials to scavenge for unintentional oxygen impuri-symmetry centers, the energy levels transform as one of the
ties. The starting materials were placed in a graphite crucibleondegenerate irrepg,, y,, v3, v4 or the doubly degener-
and lowered at 4 mmH through the temperature gradient ate ys irrep, while for EF* ions in centers o5, symmetry
produced by the induction coils of a 38-kW rf furnace. Ex- the wave-function symmetry can be labeled by $he %, or
cellent optical quality samples were obtained and oriented/, irreps. The predicted polarization behavior of the levels
crystals for polarization studies were cut from as grownfor non-Kramers ions such as £uin C,, andC,, symme-
boules, aligned using thél11) cleavage planes. Both the try centers has been presented by Reetes?

Euw®" doped Srk and Bak crystals were completely clear,

while the Cak crystals were colored a light violet from the

presence of E&f. The divalent species is created through the B. Absorption, laser selective excitation,

reduction of some of the Bti during the growth process. and fluorescence spectra

The details of the experimental setup have been presented QOptical studies of EX -doped compounds are usually re-
elsewhere and the reader is referred to Ref. 9, since identicatricted to levels of théD ; multiplets. For these weak spin-

equipment and techniques have been employed here. forbidden transitions, useful information is obtained by em-
ploying the high sensitivity and dynamic range of laser
lll. OPTICAL SPECTROSCOPY OF Eu 3t selective excitation.
IN CaF,, SrF, AND BaF, Figure 1a) shows absorption transitions to ti®, mul-

tiplet of a 19.8 mm thick CafF0.15% Ed* sample cooled to
16 K. These transitions have been assigned by comparison
with the laser selective excitation spectra already presented
The 4f® configuration, appropriate for trivalent europium, in Ref. 4 and are assigned to a principal cente€gf sym-
consists of 3003 electronic states. Four multiplets of#Be  metry consisting of a single Et-F~ dipole and two cluster
term (with J=0, 1, 2, 3 have absorption transitions in the centers labeled® andQ.
visible region. The ground multiplet i¥, and fluorescence The °D, and °D,, laser excitation spectra are given in
to all the 'F; multiplets could be observed. Typically, the Figs. Xb) and Xc), respectively. Table | gives th€,,(F")
optical transitions of EX are weak because of the spin se-center®D crystal states. ThéD, transitions show the same
lection rule. They could only be observed due to intermedi-defect distribution as théF,— °D, transitions but as a con-
ate coupling effects that mix states of the saimut differ-  sequence of their significant magnetic dipole moment, a
entL andS Crystal-fieldJ mixing of higher-lying states also single transition associated with a¥uwubic-symmetry cen-
occurs(’r, is mixed into ’F,, for example. ter is also observed. The relative intensity of the cubic-center
The standard notation of a letter plus a numerical subtransition[compared to theC,,(F~) transitiong is strongly
script is used here for labeling the crystal-field levels of vari-dependent on the Bt concentration and is linked to the
ousLSJmultiplets. The ground multiplet is label&ithe’F,  presence of anion excess clustér&igures 1d)—1(g) show
ground state bein@,, and the first excited multiplefF; laser site selective excitation spectra of fiiz; multiplet for
labeled byY. The single level of théD, multiplet is labeled the C,,(F7), O,, R, andQ centers. TheR and Q centers
by A, while those of°D; are labeled a8, andB,. each give rise to three transitions. These centers have been
The EG* energy levels have wave functions that trans-previously assigned as dimer and trimer certefS and
form as one of the irreducible representati¢ineeps of the  analogous S ion centers have been observed for

A. Energy levels of EG™ ions
in tetragonal and trigonal symmetry centers
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TABLE |. Calculated and 16 K experimental energy levis
measured in air, cmt +1) for the C,,(F~) centers in CafEWw"
and Srk:EW®*. 1 indicates data from Ref. 27.

Cak:EU" SrR:EwT
State and Energy Energy
Multiplet Symmetry Calc Expt Calc Expt
=N Ziv1 0 0 2 0
R Yiys 316 307 335 324
Y172 497 456 452 427
F, X1Y4 841 852 865 874
Xoys 971 971 961 968
X373 1134 1123 1154 1169
Xav1 1244 1261 1203 1221
F, W, ys 1808 1814 1824 1835
W,y 1828 1835 1849 1853
W3y 1954 1953 19344,) 1936
W, 7y, 1977 1977 1938¢s) 1939
Wsys 2117 2130 2073 2084
F, Viv1 2500 2510 2522 2531
V,7s 2764 2800 2773 2779
V372 2939 2947 2907 2921
Vs 3003 3006 2979 2986
Vsvs 3075 3089 3035 3051
Vg7a 3106 3114 3078 3081
Voyp 3141 3156 3083 3114
Fg Uiy, 3750 3747 3747 3748
Usys 3832 3829 3819 3820
Uz, 3959 3970 3942 3960
Usys 4031 4020 3985¢:) 3994
Usvys 4035 4035 4020¢;) 4021
Ugvs 4113 4115 4067 4054
Usy, 4184 4183 4133
Ugvys 4185 4192 4134 4141
Fs T174 4885 4866 4911 4888
Tovs 4894 4873 4916 4892
Tsv1 4902 4879 4917 4895
Tavs 5132 5150 5078 5055
Tsvs 5159 5158 5117 5077
Tevs 5168 5142¢,) 5139
Tiv1 5177 5167 5154¢5) 5140
Teys 5216 5184 5151y;) 5146
Tova 5390 5285
T1073 5390 5285
Do Ay, 17801 17288 17332 17298
D, Biys 19014 19023 19049 19049
B,y, 19086 19073 19095 19082
D, Ciys 21452 21455 21482 21480
C,y; 21491 21495 21512 21511
Cays 21519 21537 21542 21554
C,ys 21517 21544 21566
5D, Diys 24337 24335 24373 24373
D,y; 24383 24362 24 408 24391
Dsy, 24358 24371 24390 24401
D,y, 24367 24385 24401 24419
Dsys 24409 24397 24 426 24436
Std Dev o 16 17
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CaFR,:Snt" and codoped variants.The spectroscopy of
these centers has been covered adequately, and thus, no fur-
ther detail is given in this work.

The defect distribution for SEFEW*" is simpler. Absorp-
tion transitions to the’D, multiplet for a 22.2-mm-thick
sample doped to 0.2 molar percent are shown in Hi).1
Two transitions are present, associated with a major center of
C,, Symmetry. Laser selective excitation for th®, and
5D, multiplets were performed for Syf.05% Ed*
sampledFigs. 1i) and 1j)]. Transitions of theC,,(F ) cen-
ter are observed together with we@k, (F~) center transi-
tions at a factor of 300 times weaker. Figurdk)land X)
show laser site selective excitation spectra of ¥y mul-
tiplet obtained for both centers. The BaEu*" spectra show
the presence of only one center 6§, symmetry in Figs.
1(m)-1(0).

1. C,,(F~) center in CaR:0.05% Eu**
and SrF,:0.05% Ew** crystals

The previous work on CaFand Srk doped with trivalent
europium*?3-2527and the absorption and excitation spectra
presented in this paper, indicate that the major center present
hasC,, symmetry. In contrast to the previous studies that
largely have concentrated on the defect distribution, these
studies have constructed detailed energy-level schemes and
determined irrep symmetries for the Euenergy levels via
polarized laser excitation experiments.

Figures 2 and 3 show polarized fluorescence spectra for
the C,,(F ) centers fo{100] oriented Caf and Srk crys-
tals doped with 0.05 mol percent Eu Both Figs. 2 and
3(a)-3(f) are fluorescence from theD, multiplet for
Rhodamine 590 excitation. Thé&,—°D, pump transitions
are electric-dipole allowed and thus the polarization geom-
etry is YX:YY as indicated in Figs. 2 and 3. As th®,
multiplet consists of a single state transforming ag, asin-
glet, only fluorescence transitions to states thatyarerbital
singlets orys doublets are electric-dipole allowed, while
transitions terminating on states of, symmetry are
magnetic-dipole allowed. Many polarization ratios obtained
are significantly degraded from that predictedthich is at-
tributed to a mixed electric- and magnetic-dipole moment.
This has been observed previously for e, centers in
CaF, and Srk doped with TB" (Ref. 5 and Smi* (Ref. 9.

Figures 2 and @)—3(I) show polarized fluorescence from
the °D; multiplet excited using Coumarin 540 dye. The po-
larization dependence in th&X:ZY geometry confirms that
the ‘F,—°D, pump transitions are magnetic-dipole allowed.
The observed fluorescence is complicated by overlapping
fluorescence froniD,. For Cak:EW*", some nonselectivity
is caused by the overlap of@center transition with th€,,
center transition excited.

Figures 4 and 5 show polarized upconverted fluorescence
for the C,4, centers in both crystals resonantly exciting the
D, multiplet. These upconversion processes have been as-
signed as sequential absorption to high-lying’ Estates at
around 34600 cm'3? These decay nonradiatively to the
D, multiplets from which optical fluorescence is observed.
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() (e) (d) © ; ® (a)
YX 2
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b4 684 ls 2 43 2 1
1

3
k YY 75 )
L) 2 7 4 ) FIG. 2. 16 K polarized fluorescence spectra
 — . . : RS- from Dy to () "Fy, (b) "y, (¢) Fs, (d) Fy, (0)
12000 12400 13200 18400 14200 14600 15300 15500 16000 16400 16800 17000 7[:5’ and(f) 7FG- From 5D1 to (g) 7|:1, (h) 7|:2, @)
» W 0 Opmsy, [0 @ "Fy, (j) "Fa, () "Fs, and (1) 'Fg for the Cy, (F7)

center in Cak0.05% Ed". The numerical nota-
tion used here denotes the terminatifg,j state
of the transition. Q denotes transitions of the Q
cluster center.
v AV At Q 5 2
__k 1
432 75 5[] 4 3 2 1

= - . : - .
13900 14100 14800 15200 16000 16400 17000 17200 17800 18200 18850 18750

Fluorescence (arb. units)
N =1
[T ~
()
N
N
\J
N><

Wavenumbers {cm™)

The °Dy fIH?rescence places this upper multiplet at closesation configuration. From the relative intensities of tRg
to 24370 cm”. Hamers, Wietfeldt, and wrightplaced it 5D transitions and the magnitude of the crystal-field
closer to 25000 cm for CaR:EU’* in disagreement with ~ spjittings of theJ=1 multiplets compared to th€,,(F")
our results. Confidence in our assignments is obtained frorgenters, it is apparent that the€a, centers have only a
i : i iaf334 IS app : v
consistency with other Ei doped materialS**and agree- \eak axial distortion consistent with the remote placement

m(e?t Vr‘]’ith crystal-field (f:all((j:ulatic()jnSS(.aé:% v be.Iov]?. ItiS  f the charge compensating interstitial fluorine in the next-
Ikely that Hamers, Wietfeldt, and Wrightvere in fact ex- nearest-neighbor position along tfEL1] directions.

citing th_e "Lg multiplet. j’able | gives th? experlmental For the (111 oriented crystals, only weak polarization
crystgl-fle+ld levels _eStib“ShEd for th@,,(F") centers in dependence is observed confirming the trigonal symmetry of
CaF,:Eu*" and Sri:EW". N

the centers. As a consequence of the weak polarization de-
pendence, the polarization ratios were typically hand mea-
sured and the spectra presented in Figs. 6 and 7 are unpolar-
ized. As with theC,,(F™) centers, these polarization ratios

The laser selective excitation spectra revealed a minoare degraded from those expectethis is due to a mixed

center ofC5, symmetry in Srg:EuW®" and the only center electric- or magnetic-dipole moment but may also be due to
that is present in BafF0.05% Ed" also hasC;, symmetry.  deviations from exac€;, symmetry as has been reported
Figures 6 and 7 show fluorescence for these two centers. Thweviously for Sri:ErT. 10
spectroscopic similarities of the spectra are striking and in- Upconversion fluorescence was observed forGhg(F ™)
dicate that these two centers have the same charge comparenter in Bag:Ew*" and are shown in Figs.()—7(r). It

2. C4,(F7) center in SrF,:0.05% Eu®*
and BaF,:0.05% Eu®* crystals

i} (e) 2 () () (b) 2 (@)
YX 1 2
4 3
7 4 / 50

—_ 4 3 3 2 \ j\\(x )
.*g — A —A ‘1 A ; FIG. 3. 16 K polarized fluores-
S vy 2 cence spectra fromD to (a) 'F,,
'e & 7 (b) 7F21 (C) 7F3! (d) 7F4, (e) 7F51
s 8 [ | ] 4 ‘ and (f) “Fs. From °D; to (g) “F,,
T ' ' 0 a0 15 o o 0 o ‘ (h) "Fa () Fa, () Fa (k) TR,
v 12100 12350 13200 13400 14400 14800 15250 15450 16000 16400 16850 17000 7 _
S 0 ® 0 0 o) © . and(l) "Fg for the C,,(F™) center
£ A—X, 1 in SrF,:0.05% Ed&*. The numeri-
» 8 6 4 2 cal notation used here denotes the
% \ 7653 R 1 43 2 terminating (F,) state of the tran-
9 Aoy sition. An underline is used to de-
o Y " o) note transitions orginating from
_g 1 1 ‘2 2 1 the 1st excited upper state.
L a4V e o S Sal ,___LL 2 1

13800 14200 14900 15300 16000 16400 17000 17200 17800 18200 18600 18750

Wavenumbers (cm™)
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. . FIG. 5. 16 K polarized upconversion fluorescence spectra from
FIG. 4. 16 K polarized upconversion fluorescence spectra from,D3 t0 (@ Fy, (b) TRy, (©) TFa (d) TFy (€) TFe, and(f) 7, for the

5 7 7 7 7 7 7

ch(;q;?erilér(i? CFaZ"(OC)OSE? I(EdéJr F#h(s)nlljzrsﬁearinci(lfzolt:gt{g:l tS:ed C4,(F7) center in Sr50.05% Ed*. The numerical notation used

hé?e denotes the terrEﬁiﬁatin%Fﬁ) .state of the transition. An un- herg dgnotes the terminatinéF(.l)., state (.)f the transition. An un-

derline is used to denote transitilon orginating from the .1st excitecﬂerllne is used to den_ote transitions orglnatl_ng from the 1st exc!ted
. . . upper state, superscript # from the 2nd excited state, supercript

upper state, superscript # from the 2nd excited state, superScript rom the 3rd excited state, and superscript © from the 4th excited

from the 3r(_j_ex0|ted stat_e, and superscsrlpt from the 4th excite tate. Transitions emanating frofD, and °D; are labeled sepa-
state. Transitions emanating frofD, and °D; are labeled sepa- rately

rately.

BaF,:EW*" and are given in Table IIl. The lifetimes for the
was not possible to observe upconversion for the, EE* °D,, multiplets are relatively long at around 13 milliseconds.
C,,(F") center since the transitions available for excitationThis is a consequence of the radiative nature of the decay of
were considerably weaker than those of the Baghter. The  the °Do multiplet, itself a direct result of the large energy
C,,(F7) center energy levels for both SrEW" and gap to the nearesfF multiplet at close to 12000 cm.
BaF,:Eu*" are presented in Table II. A noticeable feature of Trends across the alkaline-earth series show an increase in
the fluorescence recorded for ti@&,(F") centers in both lifetime with increasing ionic radius of the alkaline-earth cat-
materials is the prominence of the one-phonon sideband@n. This is entirely consistent with the proposed charge
coupled to the E&f electronic states. The observed phonon-compensation configurations for these centers as the intersti-
displacement frequencies correspond to peaks in the respeiéal F~ ion (responsible for the predominantly electric-dipole
tive host-lattice phonon density of states. A sharp feature igharacter of the emitted radiatiolecomes progressively
the Bak:EW®", °Dy— 'F, spectrum at 16 431 cnt cannot  distant as we proceed through the host cations. The measured

be assigned to emission frofD, and is tentatively ascribed °D1 and °D; lifetimes follow the differing phonon cutoff
to upconverted emission from th@, multiplet due to its ~€nergies for the three hosts, modified by the exact composi-

close match with the expectéh— T, transition energy. tion of the electronic wave functions.

L IV. INFRARED AND ZEEMAN INFRARED ABSORPTION
3. Fluorescent lifetimes

The 16 K fluorescence lifetimes for thD,, °D, and
°D, multiplets have been measured for g, (F~) centers Transitions from’F, to the levels of theé F multiplets can
in CaR:EW®" and Srk:EW®" and for theC,,(F7) center in  be observed by infrared absorption. Multiphonon host-lattice

A. CaF,:Eu®t and SrF,:Eu®*
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FIG. 6. 16 K unpolarized fluo-
rescence spectra forD, to (a)

@

e

3

< |8 Fu 0 o © Fs (A Fa (@
\q'; 12100 12300 13300 13500 14200 14400 15200 15400 16000 16400 16900 17000 7F5' andg) FE_&- 5r0m_ D71 to (9)
2 o 0 0 0 o) U R Fuo () P () 'Fs O o ()
@ 2 3 4 Fs, and (I) "Fg for the Cg,(F")

? center in Sr50.05% Ed*. Thev

g 5 2 ] notation is used to indicate a
=] 2 s| 4 3 N strong vibronic peak. All other
L : ( 2 2 symbols are as defined previously.

1 3 2 N
2 1 211
A’ \Juh.l.lg 121_1 2 L L
13500 14;00 15600 15é00 16;00 16é00 17600 17é00 17;00 18;00 18%00 1Bé00

Wavenumbers (cm™)

absorption limits these observable transitions to fRgto ~ multiplet. Weak C3, center transitions also appear for
7Fs multiplets. In addition, the electric-dipole selection rule ST:EU’" [inset in Fig. 7g)]. _

allows observation to only those multiplets satisfying 4.2 K Zeeman infrared-absorption measurements were
=2, 4, 6 for transitions from th&, state. Figure 8 shows 16 Performed on th€,, (F ) centers foi(111) oriented crystals.

K infrared-absorption transitions to the,, 'Fs, 'F,, and For the magnetic field directed along tli#&l1) crystallo-

. : hi is, alC t ticall ivalent, and
’Fs multiplets for 25-mm-thick Caf50.05% Ed" and a 29- ?gngll%*aX;ieasyﬁ]ﬁ]ZTr; rissa:t;drniggetg? yvl\a,%ﬂw: e;]r(;nfem
mm-thick SrF:0.05% Ed*

crystal. The observation of tran- gegenerate ground state, a doublet splitting that corresponds
sitions to the’F; multiplet indicate the admixture of states of tg the lifting of the twofold degeneracy of the excited-state
differentJ through crystal-field) mixing. The infrared tran-  orbital doublet is expected. The derivéd, (F~) center mag-
sitions are assigned from comparison with laser selective exetic splitting factors are presented in Table IV.

citation presented in Sec. Ill. The observed spectra for Particularly interesting Zeeman splittings are observed for
CaR:EW** are rendered more complicated than those othe T,y,, T,ys, and Tyy; states. Figure 9 shows the
SrF,:EL?" by the presence dR andQ center cluster transi-  infrared-absorption spectra for these states as a function of
tions whose levels are known from previous studigs. applied-magnetic field along thgL11] direction for both
Transitions to theF, multiplet for both Cak and Srk show CaR:El®" and Srk:EUW*". The observed Zeeman patterns

a transition asociated with cubic centers. Whilé=4 tran-  are markedly nonlinear as a consequence of second-order
sitions have no magnetic-dipole moment it is possible thaZeeman interactions that mix in components of the doublet
this can occur through crystal-fieldd mixing with the ‘F;  with the two

2 (a) 1

FIG. 7. 16 K unpolarized fluo-
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23400

23800

24200

rescence spectra forD, to (a)
7':11 (b) 7F2! (C) 7F31 (d) 7F41 (e)
Fs, and (f) "Fs. From °D; to (g)
Fu (h) Ry () Fs, () Fa (k)
Fs, and(l) Fs Upconverted fluo-
rescence spectra froitD5 to (m)
7':1! (n) 7F21 (0) 7F31 (p) 7F4, and
(@ "Fs; (r) from ®D, to "F; for
theC;,(F") center in Bak:0.05%
Ewt. The v notation is used to
indicate a strong vibronic peak.
All other symbols are as defined
previously.
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TABLE II. Calculated and 16 K experimental energy leves
measured in air, cit *+1) for the C,,(F~) centers in SIEEW"
and Bak:EW?". T indicates data from Refs. 27 and 28.

PHYSICAL REVIEW B64 035102

TABLE Ill. 16 K fluorescent lifetimesin milliseconds=*5%)
for the °D,, °D;, and °D, multiplets of theC,,(F~) centers in
Cak:El®" and Srk:EW**, and theC,,(F™) center in Bag:EW®".

SrR:Eut BaF,:Eu®*
State and Energy Energy
Multiplet  Symmetry  Calc Expt Calc Expt

Fo Zin -1 0 0 0
F Y1y3 334 322 343 325

Y.y, 406 396 398 391
R, X1Y3 834 831 856 852

Xoy1 856 853 868 883

X3¥3 1281 1316 1254 1288
Fy W, ¥, 1835 1836 1842 1842

W, ¥3 1877 1875 1868 1875

A 1947 1934 1927 1922

W, %3 1965 1967 1948 1948

W5, 2126 2121 2100 -
R, Viy; 2445 2454 2462 2458

V,¥s 2846 2860 2832 2848

V3y3 2846 2881 2837 2867

Vi¥s 3084 3063 3058 3040

Vsy1 3095 3068

Ve¥3 3103 3084 3069 3059
Fg U1ys 3785 3782

Usyy 3800 3791 3788 3787

Us¥s 3951 3937

Usys 3955 3942

Us%, 4131 4111

Ues¥a 4141 4112

Us%s 4189 4151 4146
Fs Ty, 4957 4962 4948 4943

To%s 5002 5003 4990 4982

T3 5064 5049 5041 5024

T.%s 5072 5073 5048 5047

Tsyv1 5088 5052

Tev1 5247 5212

T+ 5248 5215

Te¥a 5254 5224

To¥s 5263 5228
Dy Ay 17306 17295 17329 17303
D, B1%s 19034 19046 19055 19057

B,%> 19055 19061 19071 19071
D, C1¥s 21460 21454 21480 21482

Cyys3 21529 21543 21565

CsY, 21535 21550 21571
5D, D173 24372 24362

Doy, 24385 24376

D% 24 400

D.%s 24 409

Ds%, 24415

Std Dev o 17 17

singlets states. The Zeeman operath)) transforms as &-
and can connect the three crystal-field states. The mixing ofF,, and(d) ’Fg in CaF:0.05% EG&", (e) 'F,, (f) “Fs, (g) “F4 and
the T,ys with the T,vy, state also has the effect of lending (h) "Fg in SrF,:0.05% E&". The sharp upward spikes {h) and(f)
the transition moment of the doublet to the singlet, therebyesult from the subtraction of a water vapor background.

) Lifetime
Site
Crystal Symmetry °Dg D, D,
Cah Ca, 11.8 3.6 1.6
StF, Cu 13.4 5.9 5.4
BaF, Ca, 14.6 10.3 6.3

creating nonvanishing matrix elements for the electric-dipole
operator between th&,(Z;v,) and ‘Fs(T7y,) states. This

is observable in Fig. 9 by the appearance of the transition to
T, at fields higher than 1 Tesla.

B. BaF,:Eu®*

Figure 10 shows 4.2 K infrared-absorption spectra for a
11.1-mm-thick Bak:0.1% E&* crystal. Transitions to both
the ’F, and "Fs multiplets could be observed. The absence of
transitions to the’F, and 'F; multiplets is a result of the
small axial field experienced by the Euions in theCg, (F)
centers. A weak cubic-center transition is observed td e
multiplet at 2884.2 cm?.

Figure 10 also shows Zeeman infrared-absorption spectra
for magnetic fields applied along th&00] and[111] direc-
tions in order to conclusively determine the symmetry of the
Eu®* ion center. Of all the observed transitions, those to the
"F4(V3y3) and 'Fg(T,y3) states at 2869.2 and 4984.7 tn
respectively, have been assigned as doublets from the laser
selective excitation measurements and only these states show
a Zeeman splitting.

For the magnetic field along @ 11) direction, there are
two magnetically inequivalent trigonal centers giving rise to
Zeeman patterns of four lines. One of the four trigonal center
orientations is along the magnetic-fieR] while the other
three are equally inclined to the magnetic field and experi-

‘ 100
0.6
98
045 96 -
g 2T
5 3
. 94
e}
S 02 ¢ (@) (b)
g 955 975 995 125 1850 1850 2600 3000 ) 4900 5100
3 Y 1.0 \‘ﬁw\
@ . 0.6
g Grease \ 20, 3
c 1.2 JES—
S 120 08 2850 2870 2890
= : 0.4
z .
0.6
0.8 s \ 02
4 04 ! 4 '
e f 1 7
(e) 110 4D |t9) )]
920 1020 1850 1950 2600 3000 4900 5100

Wavenumbers (cm™)

FIG. 8. 16 K infrared absorption spectra f@ 'F,, (b) 'Fs, (C)
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TABLE IV. [111] Zeeman splitting factor¢calculated and ex- F, 4T [111] TF, 4T [111]
perimental (+0.2)) for the C,,(F") centers in CagEWw" and 4 60
SrR:EW®* determined from Zeeman infrared absorption. 12 ﬁf .
.5
Magnetic Splitting Factors z o 80!
Cak, SrF, < 060 oo Fe 0T
2 3 85
State FieldTesla Calc Expt Calc Expt 5 o4
X, 4 2.0 199 20 £ o "
wl g 2.21 2.2 g‘;g ggos(w) £ 0% 7,47 (100 R 4T 1100
3 . . . =2 U, 4 6.5
T, 4 021 ~03 108 1.0 oz
0.20 55 -
ence a field component of (1B)along their symmetry axis, °-‘528J40 voon 2oon 2870 2880 | w550 w000 050
giving one third the Zeeman splitting for their absorption Wavenumbers (cm™)

lines. The combined pattern is four equally spaced lines with

a 1:3:3:1 intensity pattern, and the splitting of the outside FIG. 10. 4.2 K, zero field and four Tesla Zeeman spectra for
pair arising from trigonal centers along the field. The mea{111] and[100] applied magnetic fields for th&, and 'Fs multi-
sured magnetic spliting factors a®=1.03 andsygneq Pt of Bak:0.1% Ed".

=0.35 for theV; upper state, ang,=3.0 andsigiinea= 1.6 For the magnetic field along(@00) direction, all trigonal
for the T, upper state. Unlike th&/; doublet, the Zeeman centers are equally inclined to the magnetic field at an angle
splittings of the.Tz 'state do'not have even line separathnsof cos (1#/3) vielding a single Zeeman split line pair. The
due to magnetic-field admixtures between the crystal-fielgneasured splitting factors aBp; o= 0.6 ands3op)= 2.3 for
wave functions that yield a nonzero perpendicular Zeemashe V, and T, states, respectively. The&11) and (100
splitting factor. Zeeman measurements conclusively confirm the trigonal
symmetry of the principal center for BafEu>".
T SrF,:0.05%Eu* A particular feature of the Zeeman spectrum is the dis-
oT placement in the field of the 5049.7 cirsinglet level. In the
(111) 4T field it has moved 2.5 cit and in the(100) 4T
field it has moved 4.0 cit to higher energy. This is caused
1T by nonlinear Zeeman interactions between this singlet level
and a nearbyy, singlet.
Extremely weak splittings could also be observed for the
oT SrR:EWt Cy,(F7) center, ‘F4(V3y3) transition at 2881.2
cm ! for a (111) magnetic-field direction. These yield split-
ting factors ofs;=1.22 ands4;)=0.39 that are similar to
those measured for BafEuw*".

3T
V. CRYSTAL- AND MAGNETIC-FIELD ANALYSIS
81 OF THE C,4,(F7) AND C;,(F7) CENTERS
4

CaF,:0.05%Eu*
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127 Crystal-field analyses have been performed using the
f-shell empirical programs of Dr. Mike Reid. These assist in

the determination of irrep symmetry and are used to interpret

8 4

4850 4860 4870 4880 4890 4870 4880 4890 4900 4910 Zeeman splitting factors. The combined free-ion and crystal-
Wavenumbers (cm™) Wavenumbers (cm™) field Hamiltonian matrices for the f& configuration were
o~ 4890 4005 diagonalized for a truncated set of4basis states of the
' 4885 | e lowest 400 electronic state@pproximately the lowest 40
%4880 | S 4900 multiplets as a realistic approximation for the entirgf®4
D 4075 g 4895 configuration. The free-ion Hamiltonian is parametrized as
€ £ 4890 follows:®
5 4870 | E
& 4865 - G 488
> e _ k
(;“4860* O\O\O\O\o\o 3 4880 Hfi_k:§46F fk+2i i-Ssital(L+1)+BG(Gy)
4855 ‘ : : ‘ 4875 + : : ‘ ‘ o
0o 1 2 3 4 0o 1 2 3 4
Field (Tesla) Field (Tesla) +yG(R)+ > MM'my+ X Pp,
h=0,2,4 k=0,2,4,6
FIG. 9. 4.2 K, Zeeman splittings as a function of applied mag-
netic field for the’Fg, T1v4, T,7ys, andT,y, states of Caf0.05% + Tt .
Ew®' and Srk:0.05% EG*. i=234,678
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The major terms in this Hamiltonian are the electrostatic TABLE V. Optimized free-ion and crystal-field parameters for
and spin-orbit interactions represented by the paraméters the C4,(F7) and C;,(F7) centers in CafEW", SrR:EW*", and
and {. The residual terms represent interactions of Signifi-BaniELI3+. Those in square brackets were not varied but were held
cantly smaller magnitude that play a role in accounting forat the values in Ref. 36.
the energy level structure of thd%configuration. These are

the configuration interactiorfe,8,7), spin-spin and spin- Caky:EU SR B Bak, Eu"
other-obit interactions represented by the pare_lm_eMé‘r,sthg Parameter Cu Ca, Ca, Ca,
two-body electrostatically correlated magnetic interactions;
with parameter$®, and the three-particle configuration in-  Frot 83233 83378 83206 83316
teractions,T'. Only the electrostatic and spin-orbit param- « [20.14 [20.14 [20.14 [20.14
eters were varied in the fitting procedure, while the remain- 2 [-566.9 [—566.9 [—566.9 [—-566.9
ing parameters are held constant at the values given in Ref. y [1500] [1500] [1500] [1500]
36. As only levels of theD and’F terms have been experi- T2 [300] [300] [300] [300]
mentally determined, th€* and F® parameters were con- T3 [40] [40] [40] [40]
strained to the ratio§*/F?=0.71 andF%F?=0.51 as ob- T4 [60] [60] [60] [60]
tained for Lak:EW®" in Ref. 36, via a new parametér©:, T6 [—300] [—300] [—300] [—300]
The crystal-field Hamiltonians appropriate f@y, and T7 [370] [370] [370] [370]
Cs, symmetries, in terms of Racah spherical ten&gf T8 [320] [320] [320] [320]
(Ref. 37 have: M ot [2.1] [2.1] [2.1] [2.1]
M ot [360] [360] [360] [360]
Hye= B2C2+ BA{CY — L [C+C4] s 1327 1326 1327 1325
B2 714 458 217 165
+B{CH + Vi [C¥+C1 B4 446 372 106 161
. , . BS 551 482 —47 —40
+BE{CE+ V& [CE+C) BS ~193 ~107
Bé —1211 —1182 1227 1124
+BYCS+VEICP+CE BS 665 561 1091 1031
n 45 46 25 29
Hug=BACH+ BA{CH— : V& [C —c) 0 16 17 17 17

+BYVHICE -+ VA TCE+Co)
netic splitting factors for th€,,(F~) centers that well match

+BS{CP+ ;‘\/g[c(f)—c(fg]— 4 Ju those measured from Zeeman infrared absorption.
The C5,(F™) center crystal-field fits yield standard devia-
X[CO+ O +BACH+ V2 [cW—c¥p tions of 17 cm* for both Sri:EW** and Bak:EW®" (see
Table IV). The resulting crystal-field parameters give good
+B&{C - \/g[cg@— c%] agreement with those of Ref. 10 for the so-callecenter in
Sri:El®" and compare well with those obtained for the
+ EVFICP+ o), Cs,(F7) center in Bag:Er*.“° Both the Sri; and Bak; cen-

o S ters have only weak axial distortions from the placement of a
where the tensor combinations are the invariant scalars undg@earest-neighbor F interstitial along the(111) direction,

the point group-symmetry reduction chaif;—0O—D,  making these centers quite close to cubic in their spectro-

—C,4 andSO;—0—D3—Cjs, respectively. The parameters scopic properties.

of these Hamiltonians are grouped inBY terms which

form a cubic symmetry Hamiltonian argf} terms that rep-

resent the noncubic components as appropriateCigr or

Cs, Ssymmetries. Optical absorption and laser selective excitation and fluo-
Crystal-field fits to the 45 and 46 energy levels deter-rescence has enabled the construction of energy-level

mined for theC,,(F~) centers in CafgEW" and Sr5:EUW, schemes for the four major crystal-field centers in £aF

and the 24 and 29 energy levels determined forGhg(F ) SrF,, and Bak crystals doped with trivalent europium. From

centers in SIEEW" and Bak:EUW’" were performed with  polarized laser selective excitation and Zeeman infrared ab-

the results from laser selective excitatitsee Tables | and sorption, the E& centers comprise the well-established

II). For theC,, symmetry centers, seven free parameters,,(F") and C3,(F") centers. The latter is only weakly

were employed in the fits to obtain standard deviations of 16resent for STEEW' and is the only center found for

and 17 cm? for Cak:EW*" and Srk:EUW*", respectively. BaF,:EW*". The unambiguous determination ofCa, sym-

The resulting crystal-field parameters, shown in Table V, arenetry center in BajsEW®" resolves conflicts in the literature

consistent with those previously reported for other rare-eartiwhere the center has been assigned to have ditheor Cg,

ions135689383%gple |V gives the calculate@l1l) mag- symmetries.

VI. CONCLUSIONS
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The Zeeman infrared-absorption measurements for thtonian yields magnetic splitting factors that accurately ac-
’Fs multiplet reveal notably nonlinear Zeeman patterns fromcount for the measured Zeeman splittings.
the mixing between excited-state singlets and a doublet for
both Cak:EW®" and Srk:Eu*". These mixing effects are
also observable in BaFEUW*" as a nonzero perpendicular
Zeeman interaction for the excited state doublets of thi§ Eu  This research has been supported by the University of
ion. Canterbury and the New Zealand Lotteries Board. The au-

Crystal-field analyses give good account of tbg,(F~)  thors would like to thank Dr. Mike F. Reid of the University
and C5,(F") center energy levels with excellent agreementof Canterbury for supplying his crystal-field fitting programs
between the crystal-field parameters obtained in this studgnd Dr. Glynn D. Jones for many informative discussions.
and those of previous workers. The inclusion of the ZeemarTechnical assistance has been provided by R. A. Ritchie, W.
operator in the combined free-ion and crystal-field Hamil-Smith, and R. Culley.
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