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Polarized laser selective excitation and Zeeman infrared absorption ofC4v and C3v symmetry
centers in Eu3¿-doped CaF2, SrF2, and BaF2 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 2001!

Laser selective excitation and Zeeman infrared-absorption spectroscopy have been employed to study Eu31

centers in CaF2, SrF2, and BaF2 crystals. At low dopant concentrations~<0.1 mol%!, the dominant center for
both CaF2 and SrF2 crystals is the well-establishedC4v(F2) center that consists of a Eu31-F2 dipole oriented
along the @100# crystallographic directions. The dominant center for BaF2:Eu31 and a second center in
SrF2:Eu31 hasC3v symmetry with the charge compensating F2 ion 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 Eu31 7F6 multiplet reveal interesting non-
linear Zeeman splittings as a function of the applied magnetic field. Crystal-and magnetic-field analyses of the
C4v(F2) andC3v(F2) 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.

DOI: 10.1103/PhysRevB.64.035102 PACS number~s!: 71.70.Ch, 71.70.Ej, 78.30.2j
y

r o

rm
th

el
n-
e

re

on

a

o

rie
in

y

er

by
e

or

-

arate
ide
l
han
t of
as

try,

ita-
aF

ese
of

pre-
ter-

lev-
ly
eld
and

er-
I. INTRODUCTION

The alkaline-earth fluoride lattice consists of a bod
centered~fluorite! cubic structure. The F2 ions form a cubic
cage with the alkaline-earth cation residing at the cente
each alternate cage. Trivalent rare-earth ions (R31) can be
substituted for the divalent alkaline-earth cation. Some fo
of charge compensation is required that normally takes
form of interstitial fluorine ions. For CaF2:R

31 crystals with
R31 concentrations less than 0.1 mol percent, the w
establishedC4v(F2) center is predominant. This center co
sists of aR31-F2 pair with the charge-compensating fluorin
ion located in the nearest-neighbor position along the@100#
directions from the rare-earth ion.1–9 For SrF2:R

31 the cen-
ter distributions are more complicated with ions in the ra
earth series up to Dy31 having a predominantC4v(F2) cen-
ter, with a change over between Ho31 and Er3 to a center of
C3v symmetry.6,10This center consists of aR31-F2 pair with
the F2 ion located in the next-nearest-neighbor positi
along the@111# directions from theR31 ion.

The spectra of trivalent europium have received much
tention in the literature.11–19 A particular feature prompting
many studies is the extreme sharpness of the7F0→5D0 tran-
sition for some crystalline hosts at low temperatures.20 The
width of this transition ~with the implied slow optical
dephasing of the excited5D0 state! is a very effective and
sensitive probe of disorder created by the introduction
defects and strains during crystal growth. For CaF2:Eu31,
Voronko, Kamnskii, and Osiko used the concentration se
method to obtain information on the defect distribution,
ferring the presence of at least three distinct centers.21 Za-
kharchenya and Rusanov22 did optical Zeeman spectroscop
on the magnetic dipole allowed7F0→5D1 transitions that
identified a cubic symmetry center.

With laser selective excitation, more detailed studies w
undertaken. Hamers, Wietfeldt, and Wright4 investigated the
defect equilibria of CaF2:Eu31. Five major centers were
identified and these comprised a cubic Oh , tetragonalC4v, a
0163-1829/2001/64~3!/035102~10!/$20.00 64 0351
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single-ion center~labeledP!, and two-cluster centers~labeled
R andQ! assigned as dimers. More recent investigations
Cirillo-Penn and Wright23–25have shown these centers to b
the ~2Eu•3F! ‘‘ R’’ dimer and the~3Eu•4F ‘‘Q’’ trimer, re-
spectively. Related Sm31 centers have been observed f
CaF2:Sm31 crystals9 and mixed heterogeneous Eu31-Sm31

analogues in double-doped CaF2:Eu31:Sm31 show complete
energy transfer from the4G5/2(Sm31) multiplet to the
5D0(Eu31) multiplet.26

For SrF2:Eu31 and BaF2:Eu31, 77 K laser selective exci-
tation measurements identified the dominant centers.27,28 For
SrF2:Eu31, both C4v and C3v symmetry centers were ob
served together with an additional center of cubic Oh sym-
metry whose spectroscopy was also presented in a sep
study including cubic centers for other alkaline-earth fluor
host lattices.29 For BaF2:Eu31, a single center of trigona
C3v symmetry could be detected for concentrations less t
0.1 mol percent of the rare-earth dopant. The assignmen
this center as trigonal is in disagreement with its adoption
being ofC4v symmetry by Silversmith and Macfarlane.30 For
the purposes of the latter work, a center of axial symme
eitherC4v or C3v could suffice.

In this paper, we present polarized laser selective exc
tion and Zeeman infrared-absorption measurements on C2,
SrF2, and BaF2 doped with Eu31. These follow earlier con-
ference reports of upconverted fluorescence for th
systems.32 Detailed experimental and theoretical analyses
the axial-symmetry centers for these three hosts are
sented. Polarized laser selective excitation is used to de
mine irreducible representations of the electronic energy
els while Zeeman-infrared absorption conclusive
determines the site symmetries. Crystal- and magnetic-fi
analyses give an excellent account of the energy levels
of the measured magnetic splitting factors.

II. EXPERIMENT

The CaF2, SrF2, and BaF2 crystals containing EuF3 were
grown by the Bridgman-Stockbarger method at the Univ
©2001 The American Physical Society02-1
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FIG. 1. ~a!, ~h!, and ~m! 16 K 5D2 optical-
absorption spectra for CaF2:0.15% Eu31,
SrF2:0.2% Eu31, and BaF2:0.3% Eu31, respec-
tively. ~b!, ~i!, and~n! 16 K laser excitation spec
tra for the 5D1 multiplet in CaF2:0.05% Eu31,
SrF2:0.05% Eu31, and BaF2:0.05% Eu31, re-
spectively.~c!, ~j!, and ~o! 16 K laser excitation
spectra for the5D0 multiplet in CaF2:0.05%
Eu31, SrF2:0.05% Eu31, and BaF2:0.05% Eu31.
Laser-selective excitation spectra~d! for the
C4v~F2) center~monitoring at 16 981 cm21!, ~e!
for theOh center~monitoring at 16 937 cm21!, ~f!
for theR center~monitoring at 16 878 cm21! and
~g! for the Q center~monitoring at 16 935 cm21!
in CaF2:0.05% Eu31. Laser-selective excitation
spectra~k! for the C4v~F2) center~monitoring at
16 974 cm21! and ~1! for the C3v~F2) center
~monitoring at 16 442 cm21! in SrF2:0.05%
Eu31.
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sity of Canterbury. In all cases, PbF2 was added to the start
ing materials to scavenge for unintentional oxygen impu
ties. The starting materials were placed in a graphite cruc
and lowered at 4 mmh21 through the temperature gradie
produced by the induction coils of a 38-kW rf furnace. E
cellent optical quality samples were obtained and orien
crystals for polarization studies were cut from as gro
boules, aligned using the~111! cleavage planes. Both th
Eu31 doped SrF2 and BaF2 crystals were completely clea
while the CaF2 crystals were colored a light violet from th
presence of Eu21. The divalent species is created through t
reduction of some of the Eu31 during the growth process.

The details of the experimental setup have been prese
elsewhere and the reader is referred to Ref. 9, since iden
equipment and techniques have been employed here.

III. OPTICAL SPECTROSCOPY OF Eu 3¿

IN CaF2, SrF2, AND BaF2

A. Energy levels of Eu3¿ ions
in tetragonal and trigonal symmetry centers

The 4f 6 configuration, appropriate for trivalent europium
consists of 3003 electronic states. Four multiplets of the5D
term ~with J50, 1, 2, 3! have absorption transitions in th
visible region. The ground multiplet is7F0 and fluorescence
to all the 7FJ multiplets could be observed. Typically, th
optical transitions of Eu31 are weak because of the spin s
lection rule. They could only be observed due to interme
ate coupling effects that mix states of the sameJ but differ-
entL andS. Crystal-fieldJ mixing of higher-lying states also
occurs~7

F2 is mixed into7F0, for example!.
The standard notation of a letter plus a numerical s

script is used here for labeling the crystal-field levels of va
ousLSJmultiplets. The ground multiplet is labeledZ, the7F0
ground state beingZ1 , and the first excited multiplet7F1
labeled byY. The single level of the5D0 multiplet is labeled
by A, while those of5D1 are labeled asB1 andB2 .

The Eu31 energy levels have wave functions that tran
form as one of the irreducible representations~irreps! of the
03510
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point group of the Eu31 ions. For non-Kramers ions inC4v
symmetry centers, the energy levels transform as one of
nondegenerate irrepsg1 , g2 , g3 , g4 or the doubly degener
ateg5 irrep, while for Eu31 ions in centers ofC3v symmetry
the wave-function symmetry can be labeled by theĝ1 , ĝ2 or
ĝ3 irreps. The predicted polarization behavior of the lev
for non-Kramers ions such as Eu31 in C4v andC3v symme-
try centers has been presented by Reeveset al.2

B. Absorption, laser selective excitation,
and fluorescence spectra

Optical studies of Eu31-doped compounds are usually r
stricted to levels of the5DJ multiplets. For these weak spin
forbidden transitions, useful information is obtained by e
ploying the high sensitivity and dynamic range of las
selective excitation.

Figure 1~a! shows absorption transitions to the5D2 mul-
tiplet of a 19.8 mm thick CaF2:0.15% Eu31 sample cooled to
16 K. These transitions have been assigned by compar
with the laser selective excitation spectra already prese
in Ref. 4 and are assigned to a principal center ofC4v sym-
metry consisting of a single Eu31-F2 dipole and two cluster
centers labeledR andQ.

The 5D1 and 5D0 laser excitation spectra are given
Figs. 1~b! and 1~c!, respectively. Table I gives theC4v(F2)
center5DJ crystal states. The5D1 transitions show the sam
defect distribution as the7F0→5D2 transitions but as a con
sequence of their significant magnetic dipole moment
single transition associated with a Eu31 cubic-symmetry cen-
ter is also observed. The relative intensity of the cubic-cen
transition@compared to theC4v(F2) transitions# is strongly
dependent on the Eu31 concentration and is linked to th
presence of anion excess clusters.31 Figures 1~d!–1~g! show
laser site selective excitation spectra of the5D1 multiplet for
the C4v(F2), Oh , R, and Q centers. TheR and Q centers
each give rise to three transitions. These centers have
previously assigned as dimer and trimer centers23–25 and
analogous Sm31 ion centers have been observed f
2-2
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TABLE I. Calculated and 16 K experimental energy levels~as
measured in air, cm21 61! for the C4v(F2) centers in CaF2:Eu31

and SrF2:Eu31. † indicates data from Ref. 27.

Multiplet
State and
Symmetry

CaF2:Eu31

Energy
SrF2:Eu31

Energy

Calc Expt Calc Expt

7F0 Z1g1 0 0 2 0
7F1 Y1g5 316 307 335 324

Y1g2 497 456 452 427
7F2 X1g4 841 852 865 874

X2g5 971 971 961 968
X3g3 1134 1123 1154 1169
X4g1 1244 1261 1203 1221

7F3 W1g5 1808 1814 1824 1835
W2g4 1828 1835 1849 1853
W3g5 1954 1953 1934(g2) 1936
W4g2 1977 1977 1938(g5) 1939
W5g3 2117 2130 2073 2084

7F4 V1g1 2500 2510 2522 2531
V2g5 2764 2800 2773 2779
V3g2 2939 2947 2907 2921
V4g5 3003 3006 2979 2986
V5g3 3075 3089 3035 3051
V6g4 3106 3114 3078 3081
V7g1 3141 3156 3083 3114

7F5 U1g4 3750 3747 3747 3748
U2g5 3832 3829 3819 3820
U3g2 3959 3970 3942 3960
U4g3 4031 4020 3985(g5) 3994
U5g5 4035 4035 4020(g3) 4021
U6g5 4113 4115 4067 4054
U7g1 4184 4183 4133
U8g2 4185 4192 4134 4141

7F6 T1g4 4885 4866 4911 4888
T2g5 4894 4873 4916 4892
T3g1 4902 4879 4917 4895
T4g2 5132 5150 5078 5055
T5g5 5159 5158 5117 5077
T6g3 5168 5142(g1) 5139
T7g1 5177 5167 5154(g5) 5140
T8g5 5216 5184 5151(g3) 5146
T9g4 5390 5285
T10g3 5390 5285

5D0 A1g1 17 801 17 288 17 332 17 298
5D1 B1g5 19 014 19 023 19 049 19 049

B2g2 19 086 19 073 19 095 19 082
5D2 C1g3 21 452 21 455 21 482 21 480

C2g1 21 491 21 495 21 512 21 511
C3g5 21 519 21 537 21 542 21 554
C4g4 21 517 21 544 21 566†

5D3 D1g5 24 337 24 335 24 373 24 373
D2g3 24 383 24 362 24 408 24 391
D3g4 24 358 24 371 24 390 24 401
D4g2 24 367 24 385 24 401 24 419
D5g5 24 409 24 397 24 426 24 436

Std Dev s 16 17
03510
CaF2:Sm31 and codoped variants.9 The spectroscopy o
these centers has been covered adequately, and thus, n
ther detail is given in this work.

The defect distribution for SrF2:Eu31 is simpler. Absorp-
tion transitions to the5D2 multiplet for a 22.2-mm-thick
sample doped to 0.2 molar percent are shown in Fig. 1~h!.
Two transitions are present, associated with a major cente
C4v symmetry. Laser selective excitation for the5D1 and
5D0 multiplets were performed for SrF2:0.05% Eu31

samples@Figs. 1~i! and 1~j!#. Transitions of theC4v(F2) cen-
ter are observed together with weakC3v(F2) center transi-
tions at a factor of 300 times weaker. Figures 1~k! and 1~l!
show laser site selective excitation spectra of the5D1 mul-
tiplet obtained for both centers. The BaF2:Eu31 spectra show
the presence of only one center ofC3v symmetry in Figs.
1~m!–1~o!.

1. C4v„F
À
… center in CaF2:0.05% Eu3¿

and SrF2:0.05% Eu3¿ crystals

The previous work on CaF2 and SrF2 doped with trivalent
europium,4,23–25,27and the absorption and excitation spec
presented in this paper, indicate that the major center pre
hasC4v symmetry. In contrast to the previous studies th
largely have concentrated on the defect distribution, th
studies have constructed detailed energy-level schemes
determined irrep symmetries for the Eu31 energy levels via
polarized laser excitation experiments.

Figures 2 and 3 show polarized fluorescence spectra
the C4v(F2) centers for@100# oriented CaF2 and SrF2 crys-
tals doped with 0.05 mol percent Eu31. Both Figs. 2 and
3~a!–3~f! are fluorescence from the5D0 multiplet for
Rhodamine 590 excitation. The7F0→5D0 pump transitions
are electric-dipole allowed and thus the polarization geo
etry is YX:YY as indicated in Figs. 2 and 3. As the5D0
multiplet consists of a single state transforming as ag1 sin-
glet, only fluorescence transitions to states that areg1 orbital
singlets org5 doublets are electric-dipole allowed, whil
transitions terminating on states ofg2 symmetry are
magnetic-dipole allowed. Many polarization ratios obtain
are significantly degraded from that predicted,2 which is at-
tributed to a mixed electric- and magnetic-dipole mome
This has been observed previously for theC4v centers in
CaF2 and SrF2 doped with Tb31 ~Ref. 5! and Sm31 ~Ref. 9!.

Figures 2 and 3~g!–3~l! show polarized fluorescence from
the 5D1 multiplet excited using Coumarin 540 dye. The p
larization dependence in theZX:ZY geometry confirms tha
the 7F0→5D1 pump transitions are magnetic-dipole allowe
The observed fluorescence is complicated by overlapp
fluorescence from5D0 . For CaF2:Eu31, some nonselectivity
is caused by the overlap of aQ center transition with theC4v
center transition excited.

Figures 4 and 5 show polarized upconverted fluoresce
for the C4v centers in both crystals resonantly exciting t
5D0 multiplet. These upconversion processes have been
signed as sequential absorption to high-lying Eu31 states at
around 34 600 cm21.32 These decay nonradiatively to th
5DJ multiplets from which optical fluorescence is observe
2-3
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FIG. 2. 16 K polarized fluorescence spect
from 5D0 to ~a! 7F1, ~b! 7F2, ~c! 7F3, ~d! 7F4, ~e!
7F5, and~f! 7F6. From 5D1 to ~g! 7F1, ~h! 7F2, ~i!
7F3, ~j! 7F4, ~k! 7F5, and ~l! 7F6 for the C4v~F2!
center in CaF2:0.05% Eu31. The numerical nota-
tion used here denotes the terminating (7F1) state
of the transition. Q denotes transitions of the
cluster center.
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The 5D3 fluorescence places this upper multiplet at clo
to 24 370 cm21. Hamers, Wietfeldt, and Wright4 placed it
closer to 25 000 cm21 for CaF2:Eu31 in disagreement with
our results. Confidence in our assignments is obtained f
consistency with other Eu31 doped materials33,34 and agree-
ment with crystal-field calculations~Sec. V below!. It is
likely that Hamers, Wietfeldt, and Wright4 were in fact ex-
citing the 5L6 multiplet. Table I gives the experimenta
crystal-field levels established for theC4v(F2) centers in
CaF2:Eu31 and SrF2:Eu31.

2. C3v„F
À
… center in SrF2 :0.05% Eu3¿

and BaF2 :0.05% Eu3¿ crystals

The laser selective excitation spectra revealed a m
center ofC3v symmetry in SrF2:Eu31 and the only center
that is present in BaF2 :0.05% Eu31 also hasC3v symmetry.
Figures 6 and 7 show fluorescence for these two centers.
spectroscopic similarities of the spectra are striking and
dicate that these two centers have the same charge com
03510
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sation configuration. From the relative intensities of the7F0

→5D0 transitions and the magnitude of the crystal-fie
splittings of theJ51 multiplets compared to theC4v~F2!
centers, it is apparent that theseC3v centers have only a
weak axial distortion consistent with the remote placem
of the charge compensating interstitial fluorine in the ne
nearest-neighbor position along the@111# directions.

For the ~111! oriented crystals, only weak polarizatio
dependence is observed confirming the trigonal symmetr
the centers. As a consequence of the weak polarization
pendence, the polarization ratios were typically hand m
sured and the spectra presented in Figs. 6 and 7 are unp
ized. As with theC4v~F2! centers, these polarization ratio
are degraded from those expected.2 This is due to a mixed
electric- or magnetic-dipole moment but may also be due
deviations from exactC3v symmetry as has been reporte
previously for SrF2:Er31.10

Upconversion fluorescence was observed for theC3v~F2!
center in BaF2:Eu31 and are shown in Figs. 7~m!–7~r!. It
e

-

FIG. 3. 16 K polarized fluores-
cence spectra from5D0 to ~a! 7F1,
~b! 7F2, ~c! 7F3, ~d! 7F4, ~e! 7F5,
and ~f! 7F6. From 5D1 to ~g! 7F1,
~h! 7F2, ~i! 7F3, ~j! 7F4, ~k! 7F5,
and ~l! 7F6 for the C4v~F2! center
in SrF2:0.05% Eu31. The numeri-
cal notation used here denotes th
terminating (7F1) state of the tran-
sition. An underline is used to de
note transitions orginating from
the 1st excited upper state.
2-4
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was not possible to observe upconversion for the SrF2:Eu31

C3v~F2! center since the transitions available for excitati
were considerably weaker than those of the BaF2 center. The
C3v~F2! center energy levels for both SrF2:Eu31 and
BaF2:Eu31 are presented in Table II. A noticeable feature
the fluorescence recorded for theC3v~F2! centers in both
materials is the prominence of the one-phonon sideba
coupled to the Eu31 electronic states. The observed phono
displacement frequencies correspond to peaks in the res
tive host-lattice phonon density of states. A sharp feature
the BaF2:Eu31, 5D0→7F2 spectrum at 16 431 cm21 cannot
be assigned to emission from5D0 and is tentatively ascribed
to upconverted emission from the5D2 multiplet due to its
close match with the expectedC1→T4 transition energy.

3. Fluorescent lifetimes

The 16 K fluorescence lifetimes for the5D0 , 5D1 and
5D2 multiplets have been measured for theC4v~F2! centers
in CaF2:Eu31 and SrF2:Eu31 and for theC3v~F2! center in

FIG. 4. 16 K polarized upconversion fluorescence spectra f
5D3 to ~a! 7F1, ~b! 7F2, ~c! 7F3, ~d! 7F4, ~e! 7F5, and~f! 7F6 for the
C4v~F2! center in CaF2:0.05% Eu31. The numerical notation use
here denotes the terminating (7F1), state of the transition. An un
derline is used to denote transition orginating from the 1st exc
upper state, superscript # from the 2nd excited state, superscr*
from the 3rd excited state, and superscript from the 4th exc
state. Transitions emanating from5D2 and 5D1 are labeled sepa
rately.
03510
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BaF2:Eu31 and are given in Table III. The lifetimes for th
5D0 multiplets are relatively long at around 13 millisecond
This is a consequence of the radiative nature of the deca
the 5D0 multiplet, itself a direct result of the large energ
gap to the nearest7F multiplet at close to 12 000 cm21.
Trends across the alkaline-earth series show an increas
lifetime with increasing ionic radius of the alkaline-earth ca
ion. This is entirely consistent with the proposed char
compensation configurations for these centers as the inte
tial F2 ion ~responsible for the predominantly electric-dipo
character of the emitted radiation! becomes progressivel
distant as we proceed through the host cations. The meas
5D1 and 5D2 lifetimes follow the differing phonon cutoff
energies for the three hosts, modified by the exact comp
tion of the electronic wave functions.

IV. INFRARED AND ZEEMAN INFRARED ABSORPTION

A. CaF2:Eu3¿ and SrF2:Eu3¿

Transitions from7F0 to the levels of the7F multiplets can
be observed by infrared absorption. Multiphonon host-latt

m

d
t
d

FIG. 5. 16 K polarized upconversion fluorescence spectra fr
5D3 to ~a! 7F1, ~b! 7F2, ~c! 7F3, ~d! 7F4, ~e! 7F5, and~f! 7F6 for the
C4v~F2! center in SrF2:0.05% Eu31. The numerical notation used
here denotes the terminating (7F1), state of the transition. An un
derline is used to denote transitions orginating from the 1st exc
upper state, superscript # from the 2nd excited state, superscr*
from the 3rd excited state, and superscript ˆ from the 4th exc
state. Transitions emanating from5D2 and 5D1 are labeled sepa
rately.
2-5
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FIG. 6. 16 K unpolarized fluo-
rescence spectra for5D0 to ~a!
7F1, ~b! 7F2, ~c! 7F3, ~d! 7F4, ~e!
7F5, and~f! 7F6. From 5D1 to ~g!
7F1, ~h! 7F2, ~i! 7F3, ~j! 7F4, ~k!
7F5, and ~l! 7F6 for the C3v~F2!
center in SrF2:0.05% Eu31. Thev
notation is used to indicate a
strong vibronic peak. All other
symbols are as defined previousl
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absorption limits these observable transitions to the7F2 to
7F6 multiplets. In addition, the electric-dipole selection ru
allows observation to only those multiplets satisfyingDJ
52, 4, 6 for transitions from the7F0 state. Figure 8 shows 1
K infrared-absorption transitions to the7F2 , 7F3 , 7F4, and
7F6 multiplets for 25-mm-thick CaF2 :0.05% Eu31 and a 29-
mm-thick SrF2 :0.05% Eu31 crystal. The observation of tran
sitions to the7F3 multiplet indicate the admixture of states
different J through crystal-fieldJ mixing. The infrared tran-
sitions are assigned from comparison with laser selective
citation presented in Sec. III. The observed spectra
CaF2:Eu31 are rendered more complicated than those
SrF2:Eu31 by the presence ofR andQ center cluster transi
tions whose levels are known from previous studies.4,35

Transitions to the7F4 multiplet for both CaF2 and SrF2 show
a transition asociated with cubic centers. WhileDJ54 tran-
sitions have no magnetic-dipole moment it is possible t
this can occur through crystal-fieldJ mixing with the 7F1
03510
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multiplet. Weak C3v center transitions also appear fo
SrF2:Eu31 @inset in Fig. 7~g!#.

4.2 K Zeeman infrared-absorption measurements w
performed on theC4v~F2! centers for~111! oriented crystals.
For the magnetic field directed along the~111! crystallo-
graphic axis, allC4v centers are magnetically equivalent, a
the Eu31 site symmetry is reduced toC1 . With a non-
degenerate ground state, a doublet splitting that correspo
to the lifting of the twofold degeneracy of the excited-sta
orbital doublet is expected. The derivedC4v~F2! center mag-
netic splitting factors are presented in Table IV.

Particularly interesting Zeeman splittings are observed
the T1g4 , T2g5 , and T3g1 states. Figure 9 shows th
infrared-absorption spectra for these states as a functio
applied-magnetic field along the@111# direction for both
CaF2:Eu31 and SrF2:Eu31. The observed Zeeman pattern
are markedly nonlinear as a consequence of second-o
Zeeman interactions that mix in components of the doub
with the two
.
d

FIG. 7. 16 K unpolarized fluo-
rescence spectra for5D0 to ~a!
7F1, ~b! 7F2, ~c! 7F3, ~d! 7F4, ~e!
7F5, and~f! 7F6. From 5D1 to ~g!
7F1, ~h! 7F2, ~i! 7F3, ~j! 7F4, ~k!
7F5, and~l! 7F6 Upconverted fluo-
rescence spectra from5D3 to ~m!
7F1, ~n! 7F2, ~o! 7F3, ~p! 7F4, and
~q! 7F5 ; ~r! from 5D2 to 7F3 for
theC3v~F2! center in BaF2:0.05%
Eu31. The v notation is used to
indicate a strong vibronic peak
All other symbols are as define
previously.
2-6
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singlets states. The Zeeman operator (Jz) transforms as ag2
and can connect the three crystal-field states. The mixin
the T2g5 with the T1g4 state also has the effect of lendin
the transition moment of the doublet to the singlet, there

TABLE II. Calculated and 16 K experimental energy levels~as
measured in air, cm21 61! for the C3v(F2) centers in SrF2:Eu31

and BaF2:Eu31. † indicates data from Refs. 27 and 28.

Multiplet
State and
Symmetry

SrF2:Eu31

Energy
BaF2:Eu31

Energy

Calc Expt Calc Expt

7F0 Z1ĝ1 21 0 0 0
7F1 Y1ĝ3 334 322 343 325

Y2ĝ2 406 396 398 391
7F2 X1ĝ3 834 831 856 852

X2ĝ1 856 853 868 883
X3ĝ3 1281 1316 1254 1288

7F8 W1ĝ2 1835 1836 1842 1842
W2ĝ3 1877 1875 1868 1875
W3ĝ1 1947 1934 1927 1922
W4ĝ3 1965 1967 1948 1948
W5ĝ2 2126 2121 2100 -

7F4 V1ĝ1 2445 2454 2462 2458
V2ĝ2 2846 2860 2832 2848
V3ĝ3 2846 2881 2837 2867
V4ĝ3 3084 3063 3058 3040
V5ĝ1 3095 3068
V6ĝ3 3103 3084 3069 3059

7F5 U1ĝ3 3785 3782
U2ĝ1 3800 3791 3788 3787
U3ĝ2 3951 3937
U4ĝ3 3955 3942
U5ĝ2 4131 4111
U6ĝ3 4141 4112
U7ĝ3 4189 4151 4146

7F6 T1ĝ1 4957 4962 4948 4943
T2ĝ3 5002 5003 4990 4982
T3ĝ3 5064 5049 5041 5024
T4ĝ2 5072 5073 5048 5047
T5ĝ1 5088 5052
T6ĝ1 5247 5212
T7ĝ2 5248 5215
T8ĝ3 5254 5224
T9ĝ3 5263 5228

5D0 A1ĝ1 17 306 17 295 17 329 17 303
5D1 B1ĝ3 19 034 19 046 19 055 19 057

B2ĝ2 19 055 19 061 19 071 19 071
5D2 C1ĝ3 21 460 21 454† 21 480 21 482

C2ĝ3 21 529 21 543 21 565†

C3ĝ2 21 535 21 550 21 571†
5D3 D1ĝ3 24 372 24 362

D2ĝ1 24 385 24 376
D3ĝ2 24 400
D4ĝ3 24 409
D5ĝ2 24 415

Std Dev s 17 17
03510
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creating nonvanishing matrix elements for the electric-dip
operator between the7F0(Z1g1) and 7F6(T1g4) states. This
is observable in Fig. 9 by the appearance of the transitio
T1 at fields higher than 1 Tesla.

B. BaF2:Eu3¿

Figure 10 shows 4.2 K infrared-absorption spectra fo
11.1-mm-thick BaF2 :0.1% Eu31 crystal. Transitions to both
the 7F4 and7F6 multiplets could be observed. The absence
transitions to the7F2 and 7F3 multiplets is a result of the
small axial field experienced by the Eu31 ions in theC3v~F2!
centers. A weak cubic-center transition is observed to the7F4
multiplet at 2884.2 cm21.

Figure 10 also shows Zeeman infrared-absorption spe
for magnetic fields applied along the@100# and @111# direc-
tions in order to conclusively determine the symmetry of t
Eu31 ion center. Of all the observed transitions, those to
7F4(V3g3) and7F6(T2g3) states at 2869.2 and 4984.7 cm21,
respectively, have been assigned as doublets from the
selective excitation measurements and only these states
a Zeeman splitting.

For the magnetic field along a~111! direction, there are
two magnetically inequivalent trigonal centers giving rise
Zeeman patterns of four lines. One of the four trigonal cen
orientations is along the magnetic-fieldB, while the other
three are equally inclined to the magnetic field and exp

FIG. 8. 16 K infrared absorption spectra for~a! 7F2, ~b! 7F3, ~c!
7F4, and~d! 7F6 in CaF2:0.05% Eu31, ~e! 7F2, ~f! 7F3, ~g! 7F4, and
~h! 7F6 in SrF2:0.05% Eu31. The sharp upward spikes in~b! and~f!
result from the subtraction of a water vapor background.

TABLE III. 16 K fluorescent lifetimes~in milliseconds65%!
for the 5D2 , 5D1 , and 5D0 multiplets of theC4v(F2) centers in
CaF2:Eu31 and SrF2:Eu31, and theC3v(F2) center in BaF2:Eu31.

Crystal
Site

Symmetry

Lifetime

5D0
5D1

5D2

CaF2 C4v 11.8 3.6 1.6
SrF2 C4v 13.4 5.9 5.4
BaF2 C3v 14.6 10.3 6.3
2-7
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ence a field component of (1/3)B along their symmetry axis
giving one third the Zeeman splitting for their absorpti
lines. The combined pattern is four equally spaced lines w
a 1:3:3:1 intensity pattern, and the splitting of the outs
pair arising from trigonal centers along the field. The me
sured magnetic splitting factors aresi51.03 and sinclined
50.35 for theV3 upper state, andsi53.0 andsinclined51.6
for the T2 upper state. Unlike theV3 doublet, the Zeeman
splittings of theT2 state do not have even line separatio
due to magnetic-field admixtures between the crystal-fi
wave functions that yield a nonzero perpendicular Zeem
splitting factor.

FIG. 9. 4.2 K, Zeeman splittings as a function of applied ma
netic field for the7F6, T1g4 , T2g5 , andT3g1 states of CaF2:0.05%
Eu31 and SrF2:0.05% Eu31.

TABLE IV. @111# Zeeman splitting factors„calculated and ex-
perimental ~60.2!… for the C4v(F2) centers in CaF2:Eu31 and
SrF2:Eu31 determined from Zeeman infrared absorption.

State Field~Tesla!

Magnetic Splitting Factors

CaF2 SrF2

Calc Expt Calc Expt

X1 4 2.0 1.99 2.0
W1 4 0.71 0.44 0.6
W3 3 2.6 2.2 2.70 2.360.3 (W4)
T2 4 0.21 ;0.3 1.08 1.0
03510
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For the magnetic field along a~100! direction, all trigonal
centers are equally inclined to the magnetic field at an an
of cos21(1/)) yielding a single Zeeman split line pair. Th
measured splitting factors ares(100)50.6 ands(100)52.3 for
the V3 and T2 states, respectively. These~111! and ~100!
Zeeman measurements conclusively confirm the trigo
symmetry of the principal center for BaF2:Eu31.

A particular feature of the Zeeman spectrum is the d
placement in the field of the 5049.7 cm21 singlet level. In the
~111! 4T field it has moved 2.5 cm21 and in the~100! 4T
field it has moved 4.0 cm21 to higher energy. This is cause
by nonlinear Zeeman interactions between this singlet le
and a nearbyg2 singlet.

Extremely weak splittings could also be observed for
SrF2:Eu31 C3v~F2! center, 7F4(V3g3) transition at 2881.2
cm21 for a ~111! magnetic-field direction. These yield spli
ting factors ofsi51.22 ands(111)50.39 that are similar to
those measured for BaF2:Eu31.

V. CRYSTAL- AND MAGNETIC-FIELD ANALYSIS
OF THE C4v„F

À
… AND C3v„F

À
… CENTERS

Crystal-field analyses have been performed using
f-shell empirical programs of Dr. Mike Reid. These assist
the determination of irrep symmetry and are used to interp
Zeeman splitting factors. The combined free-ion and crys
field Hamiltonian matrices for the 4f 6 configuration were
diagonalized for a truncated set of 4f 6 basis states of the
lowest 400 electronic states~approximately the lowest 40
multiplets! as a realistic approximation for the entire 4f 6

configuration. The free-ion Hamiltonian is parametrized
follows:36

H f i5 (
k52,4,6

Fkf k1(
i

z i•si1aL~L11!1bG~G2!

1gG~Rg!1 (
h50,2,4

Mhmh1 (
k50,2,4,6

Pkpk

1 (
i 52,3,4,6,7,8

Tit i .

-

FIG. 10. 4.2 K, zero field and four Tesla Zeeman spectra
@111# and @100# applied magnetic fields for the7F4 and 7F6 multi-
plets of BaF2:0.1% Eu31.
2-8
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The major terms in this Hamiltonian are the electrosta
and spin-orbit interactions represented by the parameterFk

and z. The residual terms represent interactions of sign
cantly smaller magnitude that play a role in accounting
the energy level structure of the 4f 6 configuration. These are
the configuration interaction~a,b,g!, spin-spin and spin-
other-obit interactions represented by the parametersMh, the
two-body electrostatically correlated magnetic interactio
with parametersPk, and the three-particle configuration in
teractions,Ti . Only the electrostatic and spin-orbit param
eters were varied in the fitting procedure, while the rema
ing parameters are held constant at the values given in
36. As only levels of the5D and7F terms have been exper
mentally determined, theF4 and F6 parameters were con
strained to the ratiosF4/F250.71 andF6/F250.51 as ob-
tained for LaF3:Eu31 in Ref. 36, via a new parameterF tot.

The crystal-field Hamiltonians appropriate forC4v and
C3v symmetries, in terms of Racah spherical tensorCq

(k)

~Ref. 37! have:

H tet5BA
2C0

~2!1BA
4$C0

~4!2A 7
10 @C4

~4!1C24
~4! #%

1BA
6$C0

~6!1A 1
14 @C4

~6!1C24
~6! #%

1BC
4 $C0

~4!1A 5
14 @C4

~4!1C24
~4! #%

1BC
6 $C0

61A 7
2 @C4

~6!1C24
~6! #%.

H trig5BA
2C0

~2!1BA
4$C0

~4!2 1
2 A 7

10 @C3
~4!2C23

~4! #%

1BÂ
6
$A 11

42 @C3
~6!2C23

~6! #1A 5
21 @C6

~6!1C26
~6! #%

1BA
6$C0

~6!1 4
7A 10

21 @C3
~6!2C23

~6! #2 4
7 A 11

21

3@C6
~6!1C26

~6! #%1BC
4 $C0

~4!1A10
7 @C3

~4!2C23
~4! #%

1BC
6 $C0

~6!2A35
96 @C3

~6!2C23
~6! #

1 1
8 A 77

3 @C6
~6!1C26

~6! #%,

where the tensor combinations are the invariant scalars u
the point group-symmetry reduction chainsSO3→O→D4
→C4 andSO3→O→D3→C3 , respectively. The paramete
of these Hamiltonians are grouped intoBC

(k) terms which
form a cubic symmetry Hamiltonian andBA

(k) terms that rep-
resent the noncubic components as appropriate forC4v or
C3v symmetries.

Crystal-field fits to the 45 and 46 energy levels det
mined for theC4v~F2! centers in CaF2:Eu31 and SrF2:Eu31,
and the 24 and 29 energy levels determined for theC3v~F2!
centers in SrF2:Eu31 and BaF2:Eu31 were performed with
the results from laser selective excitation~see Tables I and
II !. For the C4v symmetry centers, seven free paramet
were employed in the fits to obtain standard deviations of
and 17 cm21 for CaF2:Eu31 and SrF2:Eu31, respectively.
The resulting crystal-field parameters, shown in Table V,
consistent with those previously reported for other rare-e
ions.1,3,5,6,8,9,38,39Table IV gives the calculated~111! mag-
03510
c

-
r

,

-
ef.

er

-

s
6

e
th

netic splitting factors for theC4v~F2! centers that well match
those measured from Zeeman infrared absorption.

TheC3v~F2! center crystal-field fits yield standard devi
tions of 17 cm21 for both SrF2:Eu31 and BaF2:Eu31 ~see
Table IV!. The resulting crystal-field parameters give go
agreement with those of Ref. 10 for the so-calledJ center in
SrF2:Eu31 and compare well with those obtained for th
C3v~F2! center in BaF2:Er31.40 Both the SrF2 and BaF2 cen-
ters have only weak axial distortions from the placement o
nearest-neighbor F2 interstitial along the~111! direction,
making these centers quite close to cubic in their spec
scopic properties.

VI. CONCLUSIONS

Optical absorption and laser selective excitation and fl
rescence has enabled the construction of energy-l
schemes for the four major crystal-field centers in Ca2,
SrF2, and BaF2 crystals doped with trivalent europium. From
polarized laser selective excitation and Zeeman infrared
sorption, the Eu31 centers comprise the well-establishe
C4v~F2! and C3v~F2! centers. The latter is only weakl
present for SrF2:Eu31 and is the only center found fo
BaF2:Eu31. The unambiguous determination of aC3v sym-
metry center in BaF2:Eu31 resolves conflicts in the literatur
where the center has been assigned to have eitherC4v or C3v
symmetries.

TABLE V. Optimized free-ion and crystal-field parameters f
the C4v(F2) and C3v(F2) centers in CaF2:Eu31, SrF2:Eu31, and
BaF2:Eu31. Those in square brackets were not varied but were h
at the values in Ref. 36.

Parameter

CaF2:Eu31 SrF2:Eu31 BaF2:Eu31

C4v C4v C3v C3v

F tot 83 233 83 378 83 206 83 316
a @20.16# @20.16# @20.16# @20.16#
b @2566.9# @2566.9# @2566.9# @2566.9#
g @1500# @1500# @1500# @1500#
T2 @300# @300# @300# @300#
T3 @40# @40# @40# @40#

T4 @60# @60# @60# @60#

T6 @2300# @2300# @2300# @2300#
T7 @370# @370# @370# @370#
T8 @320# @320# @320# @320#
M tot @2.1# @2.1# @2.1# @2.1#
M tot @360# @360# @360# @360#
z 1327 1326 1327 1325
BA

2 714 458 217 165
BA

4 446 372 106 161
BA

6 551 482 247 240

BÂ
6 2193 2107

BC
4 21211 21182 1227 1124

BC
6 665 561 1091 1031

n 45 46 25 29
s 16 17 17 17
2-9
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The Zeeman infrared-absorption measurements for
7F6 multiplet reveal notably nonlinear Zeeman patterns fro
the mixing between excited-state singlets and a doublet
both CaF2:Eu31 and SrF2:Eu31. These mixing effects are
also observable in BaF2:Eu31 as a nonzero perpendicula
Zeeman interaction for the excited state doublets of the E31

ion.
Crystal-field analyses give good account of theC4v~F2!

and C3v~F2! center energy levels with excellent agreeme
between the crystal-field parameters obtained in this st
and those of previous workers. The inclusion of the Zeem
operator in the combined free-ion and crystal-field Ham
el
-
,

nl

ys

B

, J

y

J

k-
ol

m
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tonian yields magnetic splitting factors that accurately
count for the measured Zeeman splittings.
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