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Abstract

The crystal-field (CF) spectra of Eu®" in various inorganic crystalline phases are summarized based on previous investigations.
A majority of experimental results can be well interpreted using a standard CF model. However, there are cases in which the
spectroscopic properties and fluorescence dynamics of Eu®* cannot be interpreted within the framework of the standard model. A
particularly interesting system is Eu® " doped into microcrystals of a charge-unbalanced host such as BaFCl. For Eu®*:BaFCl, one
Eu’" site (Site I) exhibits normal CF splitting and its energy levels and fluorescence intensity are similar to most other normal
systems ever reported. A standard CF fitting has been performed for Site I. However, Eu®" at a distorted site (Site II) is of
anomalous fluorescence dynamics and CF splitting which are significantly different from those of Site I. In the metastable state of

Do, Eu™" ions at Site II also exhibit unusual temperature-dependent lifetime.

© 2004 Elsevier Inc. All rights reserved.
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1. Introduction

The characteristics of the 4f° energy-level structure
and electronic transition intensity of Eu®" have been
extensively investigated in various crystals for several
decades. In general, the crystal field (CF) is relatively
weak in comparison with electrostatic and spin—orbit
coupling because the partially filled 4f shell is shielded
by the filled 5s and 5p orbitals. A majority of
experimental results can be well interpreted using a
standard spectroscopic model that allows diagonaliza-
tion of the combined free-ion (FI) and CF energy
matrices [1-3]. Occasionally, there are special cases in
which the spectroscopic properties of an ion in 4f°
configuration cannot be interpreted within the frame-
work of the standard model of CF interactions and
fluorescence dynamics [4—13]. Unlike other rare-earth
(RE) ions, the charge-transfer states (CTS) of Eu®" in
solids are much lower and lie near the 4/ energy levels.
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The CTS are believed to be closely related to the
anomalous CF spectra. As a result, charge-transfer
(CT)-induced f-electron delocalization (or covalency) in
solids may significantly influence the energy-level
structure of Eu® ", whereas the violation of the closure
approximation assumed in Judd-Ofelt theory [14,15]
may change the 4/~4f transition intensity pattern. In this
paper, we first summarize the characteristics of standard
and anomalous CF spectra of Eu®" ions doping in
inorganic crystal hosts. We then focus on new results
from Eu’" at two sites of BaFCI microcrystals, and
discuss the anomalous spectroscopic properties which
cannot be interpreted by the standard CF model.

2. Experimental

The microcrystals of 0.1at% Eu:BaFCI were grown
by solid-state reaction in the atmosphere of He. A
stoichiometric mixture of BaF,, BaCl,, and EuF; were
ground, placed in an Al,O; crucible then heated at
300 °C (1 h) to drive out the moisture and then at 800 °C
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for one more hour. The TEM image of the as-prepared
particles indicates an average particle size of approxi-
mately 1-2um. The energy dispersive X-ray spectrum
and powder X-ray diffraction confirms the tetragonal
crystalline phase of BaFCl.

For the site-selective fluorescence spectra, a pulsed
dye laser with a tunable range from 510 to 580 nm, or an
ultraviolet (UV) pulsed laser at 266 or 355 nm, was used
to pump the samples. The dye laser wavelength was
tuned to match the excitation transition 'Fy—°D; of
the Eu’" ions at various sites. The fluorescence
was dispersed by a monochrometer (SPEX 1704) at a
spectral resolution of approximately 0.008 nm and
detected with a cooled RCA C31034 photomultiplier.
The signals were recorded using a gated boxcar
(Stanford Research Systems, model SR250). The sample
was mounted in a cryostat with temperature variable
from 2 to 300 K. The fluorescence decay measurements
were performed using a digital storage oscilloscope
(Tektronix TDS 680C).

3. A summary of CF spectra of Eu®™"
3.1. Standard CF spectra of Eu’*

Eu®" ions are usually employed as a sensitive probe to
investigate the coordination and local environment
around the cations substituted in the crystalline lattice
based on the fact that the °D, and 'F, levels are not
subjected to CF splitting while the splittings of the
emission (or absorption) transitions involving the > 'L,
multiplets with J>0 are symmetry-dependent [3,16]. In
most cases, the CF splitting can be well interpreted by
parameterization of a one-electron CF and FI model.
The commonly used effective operator Hamiltonian is

H = Hg + Hcr, (1

where the FI Hamiltonian can be expressed as follows:

Hpi=Eog+ Y F'f) 4 {Aso +oaL(L+ 1)

k=246
+BG(R) + 7GR+ > Ty
i=2,3,4,6,7,8
+ 3 Mm+ > Py, 2)
h=0,2,4 f=2,4,6

There are up to 20 FI parameters in Eq. (2). The
single-particle CF Hamiltonian is usually expressed in
Wybourne’s notation [17] in which the specific number of
CF parameters is determined by site symmetry:

Hcg = Z quckq(i)~ (3)
k,q.i

The physical meaning of those FI parameters and CF
parameters can be referred to Ref. [2] and references
therein.

The lowest energy of the excited 4f°5d configuration is
approximately 70,000 cm ™" higher than the ground level
of the 4f° configuration according to Dieke’s FI spectra
[18]. Specifically, among the trivalent lanthanide series,
Eu’" and Yb’" have relatively large optical electro-
negativity thus much lower CTS due to the higher
electron affinity of f° and f** electronic configurations.
For this reason, the CTS of Eu®* or Yb* " are generally
much lower than the lowest energy levels of the 4/°5d
configuration. Recently, van Pieterson et al. [19]
reported a systematic study of CT luminescence from
Yb*". Dorenbos [20] has summarized the systematic
variation of trivalent lanthanide CT energies relative to
the valence and conduction bands. The schematic
diagram of energy-level structure as well as the CTS of
Eu’" is shown in Fig. 1. According to Jorgensen [21],
the CTS position relative to the 4/° ground state can be
empirically estimated by

Act = [£(X) = 2(Eu*")]3 x 10*em ™!, (4)

where Act gives the position of CTS and y(Eu**) and
2(X) are the optical electronegativity of the Eu®" ion
and the ligand anion, respectively. For instance, the y
values have been determined to be about 1.75, 2.8, 3.2
and 3.9 for Eu®*, §>7, O°~ and F~, respectively [21-23].
Therefore, the CTS position depends primarily on the
nearest ligands in the host, and it may locate as high as
63,000cm™" for Eu*"—F~ or as low as 28,000cm ™! for
Eu’*-S?". Due to the much lower CTS, the f-f
transitions of Eu®" borrow the intensity according to
Judd-Ofelt theory from the intermediate CTS instead of
the 4/°5d states. This is achieved by mixing the 4/°
configuration with the CTS with the opposite parity via
the interaction of odd CF or vibrational modes. As to be
discussed later, the CTS play a very important role for
the fluorescence intensity distribution of Eu’*. On the
other hand, the CTS play an important role also in the
energy transfer and luminescence quenching processes
of Eu®" in some phosphors [24].

According to the branching ratios determined by the
Judd-Ofelt theory, the transition from Dy to 'F, is
usually the strongest. It is hypersensitive to site
symmetry and of electric-dipole (ED) nature. For
comparison, the *Dy—'F, transition is primarily of
magnetic-dipole (MD) nature and insensitive to site
symmetry. The intensity ratio of the above transitions
provides some structural information such as distortion
of ligand environment and site symmetry. Radiative
transitions to levels with J =0 or odd J (J = 3,5) are
both ED and MD forbidden, and only weak transitions
from >Dy to these levels are observed due to CF-induced
J-mixing effect.

Due to the large energy gap between the >D, and "Fy
(~12000cm™") as shown in Fig. 1, the lifetime of D,
usually on the order of milliseconds, does not vary
significantly below room temperature (300K). The
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Fig. 1. The schematic diagram of energy-level structure as well as the
CTS of Eu’ ™" ions in crystals.

fluorescence decay from D, of Eu’" ions at normal
sites is generally single exponential with an initial
buildup time varying from ps to ms in different hosts
due to nonradiative relaxation from °D; and upper
states.

CF spectra of Eu®" in various crystals have been
summarized in Table 1. The systems listed in Table 1
are grouped with similar compositions or structures
for the purpose of a better comparison. For most of
them, standard CF fitting has been carried out and
the optimized CF parameters are available from
the literatures listed in the last column. The value
of Act is experimentally determined by the peak
position of the lowest CT absorption band, and S
is the scalar CF strength, according to Chang’s

definition [62]:

1/2
1 1
S={3 D 52 1Bul*] - (%)

Note that S can be converted to N,, another CF
strength defined by Auzel et al. [63,64] by: N, =
V1278 ~ 68S. Ioo/Io; is the ratio of the integrated
intensity of Dy—'F, to >Dy— 'F,, an important factor
that indicates the behavior of the Eu®" fluorescence
dynamics. According to the ED selection rule, 0-0
transitions are only allowed in the following 10 site
symmetries, Cs, Ci, Cs, C3, Cy, Cg, Coy, Csy, Cy4y, and
Csy, because there exist linear CF components. As
shown in Table 1, for those standard CF spectra, the 0-0
transition is very weak. Also tabulated in Table 1, the
lifetime of °D, varies from several hundred microse-
conds to 10 ms depending on the type of hosts.

Some useful inferences can be obtained based on the
comparison of hosts that belong to the same or different
families. First, the lifetime of °D, is generally much
longer in halide hosts than in oxide or oxysulfide hosts
due to much higher CTS in the former. Similar to the
case of 4/°5d intermediate states, the radiative lifetime of
3D, is approximately proportional to the square of Acr,
as can be derived from the second-order ED transition
mechanism in the Judd—Ofelt theory. One should keep
in mind that the above lifetime variation cannot be
ascribed to any multi-phonon relaxation mechanism
since the maximum phonon frequency in those solids is
very low (<1000cm™") compared to the large energy
gap; therefore, the nonradiative relaxation rate is
negligibly small. Secondly, the shift of Act to lower
energies in the series of Lu, Y, Gd, La (such as Ln,O,S
and LnOX, Ln=Ilanthanide, X=halide) can be ascribed
to the larger cation radius, which results in a lower
Madelung potential at the anion sites, as pointed out by
Blasse [65]. On the other hand, the shift of Act to lower
energies in the series of F, Cl, Br, I, (such as LaX; and
LnOX) is mainly due to the smaller optical electro-
negativity along this series, which results in the
nephelauxetic (electron cloud expanding) effect. Thirdly,
contrary to AcT, no consistent trends for the variation of
the CF strength along the series can be found. For
example, as shown in Table 1, the CF strength decreases
with increasing ionic radius of the host cation for the
Ln,0O,S family. This evolution is the reverse of that for
the LnOX families. In fact, many factors such as ionic
radii, optical electronegativity, covalency, and structural
distortion could significantly influence the CF interac-
tion of the Eu’* ion.

3.2. Anomalous CF spectra of Eu’*

Since the ratio of Ipy/I¢; can be used as a probe of
fluorescence dynamics of Eu®", Table 1 also lists some
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Table 1
A summary of crystal-field spectra of Eu®" in different crystals
Host Site symmetry S (em™") Aer (x 10°em™) Ioo/Io 7(>Do) (ms) Ref.
Lu,0; C, 718 40.5 0.15 1.00 [25,26]
Y,05 C, 673 40.8 0.15 0.90 [27,28]
Lu,0,S Csy 395 ~30.0 ~0.3 0.59 [20,29,30]
Y,0,S Csy 375 29.0 0.3 0.44 [20,29-31]
Gd,0,S Csy 361 ~29.0 ~0.3 0.41 [20,29,30]
La,0,S Csy 314 ~28.8 ~0.3 0.37 [20,29,30]
YOCI Cay 395 354 0.5 —= [5,6]
GdoCl Cyy 398 35.0 0.4 — [5,6]
LaOCl Cyy 460 33.3 2 (second strongest) — [5,6]
YOBr Cyy 426 33.9 <0.1 — [7]
GdOBr Cyy 440 33.4 0.2 — [7
LaOBr Cyy 513 32.9 2.5 (strongest) — [7]
LaOI Cay 515 29.8 — — [7,20]
LaONO; Cyy 467 — 0.6 — [9]
YPO, Doy 247 45.0 0 0.25 [24,32,33]
YVO, D»y 250 31.2 0 0.475 [24,32,34]
LaPO, Ci(~Cy)° 317 37.0 0.01 4.27 [24,35,36]
LaVO, Ci(~Csy)° 428 ~30.0 0.02 — [24,35]
LaBO; Cyy 438 444 0.02 — [20,37,38]
EuPs0,4 Ci(~Csy)° 318 — <0.01 5.0 [39,40]
YAIO; C; 464 ~39.0 <0.02 1.64 [41]
LaAlO; D; 440 32.0 0 2.0 [42,43]
YAL(BO3)4 D5 497 — 0 1.14 [44,45]
GdAIl;(BO3), Ds 402 39.4 0 1.16 [20,44,46]
Y;Al50; D, 682 44.7 0 4.00 [47-49]
Y;Gas0» D, 484 42.6 0 — [20,50]
LaF; Cyy 346 ~63.0 0.05 6.70 [2,51]
LaCly Ciyp 192 ~41.5 0 — [52]
LiYF, S 379 ~63.0 0 — [53,54]
KY;F, Cyy 323 ~63.0 ~0 5.80 [55]
Cs,NaYClg On 498 ~41.5 0 11.1 [56,57]
Cs,NaEuClg Oy 536 ~41.5 0 5.50 [56,57]
ThO, Csy 589 39.5 0.1 0.86 [58]

Oy 748 39.5 <0.01 5.27 [58]
CaF, Cy(FO)° 475 66.0 — 11.8 [20,59]

C3(0%7, G1)¢ Large ~42.0 2.7 (second strongest) 1.81 [60]
Sr5(POy)sF C(0*)° Large ~32.5 >20 (strongest) — [13]
Ca o(PO,4)s(OH), C(0*)f Large 31.4 ~10 (strongest) 0.52 [61]
Ca,o(PO4)(OH)»:BO3™ C(0*)f Large 323 ~10 (strongest) 0.58 [61]
BaFCl Csy 538 41.5 0.058 0.78 This work

Cy(O*)e Large 35.0 25 (strongest) 0.31 This work

“Not available.

The site symmetry is approximately taken as Cs, in the CF fitting.

“Charge-compensating fluoride ion located in an interstitial position along the [100] direction.

dCharge-compensating oxide ion substituting a nearest-neighbor fluoride ion in the lattice along the [111] direction, usually labeled as G1 center in
CaF, crystals.

°Eu’” in the Sr(II) site, charge-compensating oxide ion substituting a nearest-neighbor fluoride ion in the lattice.

"Eu®" in the Ca(Il) site (64 site), charge-compensating oxide ion substituting a nearest-neighbor OH™ group in the lattice.

£Charge-compensating oxide ion substituting a nearest-neighbor fluoride ion in the lattice.

anomalous Eu®" containing systems where “strongest” strongest among those transitions from the same °D,
or “‘second strongest” is marked in the Ioy/¢; column. state in Eu®":LaOBr [7]. As we know, the extent of CF
For instance, the >Dy—F, line was observed to be the mixing of a state with different J should be no more
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than 10% of the total wave function. Obviously, it is
impossible for such a low extent of J-mixing to induce
the strongest >Dy— ' F, line. It is obvious that the role of
CF J-mixing has been overestimated in the previous
work in which strong *Dy—'F, line was reported
[7-8,13].

It was realized by Nieuwpoort and Blasse [4] and Judd
[66] in 1966 that the linear CF parameters which exist
only in particular site symmetries may play an im-
portant role in inducing the strong 0-0 transition as well
as the hypersensitive 0-2 transition. To resolve this
puzzle, Wybourne [67] and Downer et al. [68,69] later
proposed a mechanism of spin—orbit interaction in the
excited-state configuration to include the third-order ED
contribution that was previously neglected in calculating
the electronic transition intensity. Their work was
actually an extension of the Judd—Ofelt theory. Similar
to the derivation by Downer et al. [68], a semi-
quantitative expression of the line intensity of 0-0
transition can be derived by taking into account the
intermediate CTS

2
ICDy — "Fo) ox -, (6)
Acr

| 1/2
S = (5 Zl|Alq|2> , (7)

q=0,%+

where S is the scalar linear CF rotational invariant and
Ay, is the linear CF components. Therefore, the
presence of even a small linear CF term in the CF
Hamiltonian could contribute a large enhancement to
the strength of the Dy — F, transition in those systems
where the energy gap between CTS and the 4f states is
relatively small.

Several interesting features should be noted in
Table 1. (1) Anomalous CF spectra are often found in
those systems in which the charge is not balanced (such
as Eu®" substituting Ca®>"), and particularly there are
oxygen-compensating sites. This observation indicates
the strong CT-induced lattice distortion [70,71]. The
influence of lattice distortion in those systems can
be understood as the following. In a CT process, the
trivalent Eu is virtually reduced to divalent Eu with a
hole left in the ligand, and the ionic radius will be
increased from 98 to 116pm [20]. Obviously, this
process will be followed by a strong lattice relaxation.
(2) The hosts with anomalous CF spectra usually have a
very large CF strength, and the standard CF fitting
program often fails to fit their energy levels. To improve
the fit for anomalous CF spectra, the effects of
covalency and delocalization of f-electron on the Eu® "
CF might have to be reconsidered, in view of the
complicated chemical nature of CT process in those
charge-unbalanced systems.

4. CF spectra of Eu’":BaFCL microcrystals

We now discuss the spectroscopic properties of two
main sites of Eu’' in BaFCl microcrystals. Special
emphasis will be given to the spectroscopic comparison
between the normal site (Site I) and anomalous site
(Site II).

Because of charge imbalance and the presence of
point defects, multiple sites are expected for trivalent
Eu’" ions in BaFCl crystals. Previous studies on
Eu’"-doped bulk BaFCl crystal [72,73] have identified
the existence of more than 15 sites (see Fig. 1 in Ref.
[73]) and demonstrated laser-excitation-induced Eu®"*
site-to-site conversion for persistent spectral hole burn-
ing. Based on the charge-transfer vibronic exciton
(CTVE) model in charge-unbalanced solids, Vikhnin et
al. [70,71] have explained the mechanism of multi-site
structure conversion. That is, the CTVE clusters trapped
by charged impurities (Eu®" in Ba>" site of BaFCl) are
likely connected with different sites as detected in the
spectroscopic experiments. As shown in Fig. 2, when
pumped by a laser in UV region, multi-site structures in
Eu®":BaFCl microcrystals were verified. The main site
of Eu®" was determined to be Site I for laser pumping at

Site |— (a)

1

i DO LT

T T T 1
570 575 580 585

-~ Site I ®

Fluorescence Intensity (a.u.)

570 575 580 585
Wavelength (nm)

Fig. 2. Fluorescence spectra in the region of *Dy—’F, for Eu’":
BaFCl microcrystals under UV excitation at (a) 266 nm; and (b)
355nm. Both spectra were measured at 4 K.
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266nm, and Site Il for laser pumping at 355nm. It
should be noted that the observed multi-site structure in
the microcrystals is very different from that in the bulk
counterparts due to the role of oxygen defect in the
former. For instance, Sites I or II are not the main sites
in the bulk unoxidized crystals when pumped by a
355nm laser. But, after aging this bulk sample in the air
for a long time, its multi-site structure becomes very
similar to that of the microcrystals. Sites I and II can be
selectively excited to °D; by a dye laser at 526.85 and
553.62 nm, respectively. The fluorescence spectra of Sites
I and II in the range of 570-850 nm which corresponds
to the °Dy— "F; (J = 0 — 6) transitions are compared in
Figs. 3(a—c), respectively. The energy levels of both sites
are summarized in Table 2.

4.1. Site I

As shown in Fig. 3 and Table 2, the fluorescence
intensity distribution and CF splitting of Eu® " at Site I
in BaFCl are similar to the most cases reported hitherto.
In those cases, the strongest transition occurs between
>Dy and ’F, and the >Dy— 'F, transition is very weak.
Based on such a comparison, we assume that a Eu®* ion
at Site I substitutes the Ba®" site at an approximate Cy,
symmetry in the lattice. Actually, the CF environment of
the Eu’ " may be distorted toward C», due to the charge
imbalance around the Eu®* . This reduced site symmetry
has been further confirmed by the number of allowed
CF transitions identified from unpolarized emission
spectra at low temperature. Were the site symmetry of
Site I exactly Cy,, according to the selection rules, the
allowed maximum CF transitions due to the forced ED
or MD nature from °Dq to 'F, would be 2 (J = 1), 2
J=2),2U=3),4(J=4),4( =5 and 5 (J=06),
respectively, which would show less fluorescence peaks
than in the observed unpolarized emission spectra.

Based on a C,, site symmetry, we have performed the
energy-level analysis and standard CF fitting for Site |
by using the method discussed in Section 3.1. The final
FI and CF parameters are listed in Table 3. It is not
possible to label the CF levels with irreducible repre-
sentations from unpolarized measurements on micro-
crystals. Therefore, for those multiplets to which
incomplete CF levels were assigned, the experimental
CF levels were assigned to the energetically closest
calculated ones. The initial values of the FI parameters
were taken from Carnall et al. [2], while initial values of
the CF parameters were estimated based on the
modified point-charge model and lattice-sum technique
[1]. The rms deviation (23 cm™") is a little bit larger than
other hosts reported in Table 1. The relatively small
values of By, Bg», and Bgg obtained are in accordance
with the hypothesis that the site symmetry is slightly
distorted from Cjg,. It is worthy to mention that the
ratios of CF parameters with the same rank for

Fluorescence Intensity (a. u.)

570 580 590 600 610 620 630 640
(a) Wavelength (nm)

5 7 5 7

M

640 650 660 670 680 690 700 710 720

Mb:j

1

1

Fluorescence Intensity (a.u.)

640 650 660 670 680 690 700 710 720

(b) Wavelength (nm)
SD°_7F6

| V
—_ Site |
3
S
> 1
‘» |
C
qJ w
.15 =
o 20 840
o
c
8 Site I
(D]
3
o)
=
e

720 740 760 780 800 820 840

(c) Wavelength (nm)

Fig. 3. Comparison of fluorescence spectra of Eu’":BaFCl micro-
crystals at Sites I and II in the range of (a) 570-640nm; (b)
640-720 nm; and (c) 720-850 nm, site-selectively excited by dye laser
at 3.2K. The fluorescence emission was detected using a boxcar
integrator that averaged the fluorescence signal from a cooled PMT
with 15 ps gate width. The delays from the pump laser pulse were set at
0.10 and 0.23 ms for Sites I and II, respectively.
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Table 2 Table 3
The energy levels of Eu®" at two main sites in BaFCI microcrystals at FI and CF parameters (in em™!) for Site 1 of Eu®':BaFCl in
3K approximate C,, symmetry
Multiplet Site 1 Site 1T Parameter® Fitted values®
Exp (cm™") Fit (cm™") Exp (ecm™") Eove 63768(77)
; P 82638(102)
F 0 1 0 F [60937]
F, 293 290 176 F [41121]
343 355 249 ¢ 1318(5)
432 450 549 Bao —72(75)
B>» —290(52)
F, 781 828 780 Byo —1489(96)
842 837 1145 By 188(183)
942 912 1494 By 1266(70)
1271 1234 1607 Beo 16(145)
1326 1302 1699 Be, 51(98)
): 1200(66)
7
F; — 1824 1929 Beg ~101(125)
1865 1844 1966
— 1917 2154 rms® 23
— 1942 2237 - .
1948 1951 2330 “Thea, f,7, T' (i = 2,3,4,6,7,8), M/ (j = 0,2,4), and P* (k = 2,4,6)
1970 1970 2348 parameters were kept constant during the fitting procedure at the
_ 2111 2411 following values [2]: o = 20.16, f = —566.9, y = 1500; T* = 300, 7° =
. 40, T* = 60, T® = —300, 77 = 370, T® =320; M° =2.1, M*/M° =
Fy 2466 2461 3018 0.56, M*/M° = 0.31; P* = 360, P*/P> = 0.5, PS/P*> = 0.1.
2811 2803 3064 ®Values in parentheses are errors in the indicated parameters. Values
2834 2835 3099 in brackets were not allowed to vary in the parameter fitting.
2871 2866 3150 “Deviation rms=X[(Ai)*/n-p]'"?, where Ai is the difference between
2975 2985 3164 observed and calculated energies, 7 is the number of levels fit, and p is
3013 3021 3206 the number of parameters freely varied.
3080 3088 3270
3089 3112 3283
3121 3141 3292
7
s B 2;2421 ;ggg Eu® " :BaFCl (Bus/Bso and Bgs/Bg) are different from
3782 3781 3954 those available for Sm?":BaFCl [74,75] although
_ 3878 4063 the Sm>" ion is isoelectronic to Eu®*. It is understood
3977 3970 4426 since the local environment distortion of Eu®* caused
4000 3979 by the charge imbalance in BaFCl may strongly
- :gé? influence those structural parameter ratios. In fact,
o 4143 the signs of the resulting CF parameters for Site I are
4194 4208 in agreement with those calculated ones which include
— 4217 the contributions of point charges, dipoles and quadru-
"F — 4885 4694 poles [76]. .
_ 4891 4806 Interestingly, an ‘“anomaly” in the fluorescence
— 5006 4874 intensity pattern of Site I is observed in Fig. 3(b). The
- 5010 4952 usually weak *Dy— Fj line at 655.4nm is even stronger
- 2085 4979 than the strongest line among °Dy— ' F, transitions (Fig.
- o o 3(b)). This * Iy can be well explained by CF
- 5093 5247 : (b)). This ‘anomaly” can be well explained by -
_ 5174 induced J-mixing. The wave function of the CF levels
— 5181 obtained from CF analysis showed clearly that J-mixing
- 5255 from ’F, to ’F; induced by the large fourth-rank CF
- 3257 parameters (By = —1489cm™! and By = 1266cm™")
— 5258 : . LT
_ 5259 can reach as high as 6.5%, thus contributing signifi-
cantly to the strong >Dy— ’F; line. For comparison, the
Do 17227 17236 17512 cor 7 T 0/
extent of J-mixing from 'F; to 'Fj is about 2%, induced
D, 18981 18971 18063 by the relatively small second rank CF parameters
— 18992 (By = —72cm™! and By, = —290cm™"). This result is
— 19015

in accordance with the observed weak intensity of the
3Dy—"F, line in Fig. 3(a).
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4.2. Site I1

As for Eu®" ions at Site I, the fluorescence intensity
distribution is quite different. The strongest *Do— 'F
and second strongest *Dy—'F, transitions (Fig. 3(a))
cannot simply be ascribed to J-mixing effect. Moreover,
as shown in Fig. 3(c), a very strong *Dy— ' Fg emission at
780nm comparable to the *Dy— ’Fj intensity is ob-
served for Site II, whereas this transition is too weak to
be observed for Site I. The unusually high position of
the °Dy level (17512cm™") exceeds most of the values
reported for other Eu’"-doped crystalline compounds.
Similar to our observations, Piriou et al. [8] observed the
high position of the *D, level (17450 cm ™" for A4 site and
17,510 for B site) in Cajo_yEu(PO4)O; + x> polycrys-
tallines. Wright et al. [13] also observed the high position
of the 5D0 level (17,525 cm~ ! and 17,550 for two sites) in
Srs(POy)sF single crystals. In an early report, Gaigerova
et al. [77] suggested that CTS should be responsible for
the high-energy position and the high intensity of
>Dy—"F, line observed in several charge-unbalanced
matrices.

The °D; level of Eu®" at Site II is located at an
unusual low position (18063 cm™") in comparison with
the range of 18,900-19,100 em~! for Eu®" in most
crystals. As a result, the energy gap between *D; and °D,
reduces to only 551 cm™". Such a narrow energy gap has
never been reported in other charge-unbalanced systems
such as oxyapatite or strontium fluorapatite aforemen-
tioned. Due to the large CF parameters, the CF-level
splitting of "F, at Site II was observed to be as wide as
919cm™". Similar CF splitting of 'F, was previously
reported for the oxyapatite or strontium fluorapatite
systems [8,13,78].

Our spectroscopic results indicate that the CF
environment of Eu®" at Site II is strongly distorted.
Most importantly, for Site II, the inevitable oxygen
defects act as the charge compensator of Eu’" by
substituting the nearest F~. The symmetry of Site II is
presumably reduced to C. Our results suggest that Site
IT is dominant in the microcrystals, and in the aged bulk
crystals as well, possibly due to the increasing oxygen
defects [79]. Currently, attempts to perform the CF-level
fitting of Eu®" at Site II by the same diagonalization
approach as we did for Site I does not result in good
agreement between the experimental data and calcula-
tions. This also happened in some other Eu-doped
charge-unbalanced systems, such as Sr5(POy4)sF [13]. It
is possibly due to (1) drastic changes in the electronic
states of Eu® " at Site II in consistency with the large line
shifts; (2) inaccurate energy-level assignment because of
the lines due to other indistinguishable sites; and (3) the
failure of the standard CF model as discussed in Section
3.2. Further work on the CF analysis of Site II to
include the covalency or RE delocalization effects may
improve the fitting. However, in comparison with the

CF splittings at Site I, the CF strength of Site II is
obviously much larger than that of Site I. By utilizing
Leavitt’s method [80], the CF strength of Site II has been
roughly estimated to be about 1300cm™" according to
the fitting of CF invariant (rank 2, 4, and 6) on the three
reliable "F; (J = 1,2,3) multiplets.

4.3. Fluorescence lifetime

Fluorescence decay of the °Dj state of Eu®":BaFCl
microcrystals at different temperatures for both sites
was measured and compared. The detailed discussion on
the mechanisms of efficient energy-transfer processes for
Eu’" at both sites in the diluted BaFCI microcrystals is
beyond the scope of the present paper and will be
presented elsewhere [79]. To support the present analysis
of CF spectra, it is noteworthy to mention the following
facts: (1) The fluorescence decay curves of Eu® " at Site I
at all temperatures are significantly nonexponential,
whereas the decays for Eu’' at Site II are perfectly
single exponential from 3 up to 180 K. The fluorescence
decays of Eu®" at both sites are sensitive to temperature
with no rise time, which is contrary to the normal Eu®”"
decay characteristics of >Dy. (2) The measured radiative
lifetime of Eu® " at Site I is 0.779 ms. The rate of energy
transfer from the Eu’ " at Site I to the acceptors or traps
(e.g. Eu’" in other sites, self-trapped exciton, and
surface defect) obeys approximately 7° dependence on
temperature. (3) The measured radiative lifetime of
Eu’" at Site IT is 0.305 ms. The temperature dependence
of nonradiative energy transfer rates for Eu®* at Site I
is observed to obey an approximately 7° dependence
which is quite unusual for Eu®" in dielectric crystals. It
is expected that, the lower CTS and larger linear CF
parameters of Eu® " at Site II may lead to the shorter
radiative lifetime of °D, than that of Site I.

5. Conclusions

We have analyzed the CF spectra of Eu®* in terms of
standard and anomalous behaviors. Results from
Eu®":BaFCl crystals have been interpreted based on
CF theory and various mechanisms of electronic
transitions. Comparison is made with previous results
for Eu®" in inorganic crystalline hosts. Unlike other RE
jons in the series, Eu®" has much lower CTS. In
addition to the 5d states, the CTS with opposite parity
may act as the intermediate state to induce the second-
order ED (Judd—Ofelt mechanism) and third-order ED
(Wybourne-Downer mechanism) transitions. Whereas
one of the Eu®" site has normal characteristics that can
be interpreted by the standard CF model, the anom-
alous CF spectra and fluorescence dynamics of Eu’ " at
another site are attributed to charge imbalance and
specifically to oxygen compensators that induce strong
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CF distortion. In such an anomalous CF environment, a
third-order ED contribution should be comparable to or
even larger than that from the second-order ED.
Evidently, the fluorescence spectra and dynamics of
Eu’" in charge-unbalanced solids are significantly
influenced by the electron transfer process (covalency)
and f electron delocalization.

Due to the strong distortion of CF environment and a
large linear CF terms enhanced by charge-imbalance,
Eu’" ions at Site I not only exhibit distinct fluorescence
intensity distribution and line-shifts but also have
unusual temperature-sensitive lifetime. We believe that
these anomalous fluorescence properties can be well
described within the framework of Wybourne-Downer
mechanism. However, there are still some theoretical
difficulties to quantitatively evaluate the Wybourne—
Downer mechanism for Eu’" systems which includes
the nonlocal CTS. From this point of view, fundamental
understanding of the Wybourne—Downer mechanism
enhanced by charge-imbalance or covalency is of great
importance to gain more insights into the physical or
chemical nature of lanthanide spectra.
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