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Spectroscopic properties of Euions (<0.1 at % at two main sites of BaFCI| microcrystals are investi-
gated. For E# ions at site | the energy levels and luminescence intensity distribution are similar to most other
normal systems ever reported. But ﬁﬁEo lifetime of EL?* at site | decreases rapidly with the temperature and
the nonradiative energy transf@&T) rate is observed to b& dependence. In contrast, Euat site Il shows
unusual energy level structure and luminescence intensity distribution with the strBDgesfFo transition.

The nonradiative ET rate of Etiat site Il obeys al® dependence. Spectroscopic results and theoretical
analyses indicate that site Il is associated with the charge compens&taic€upying the nearest Fsite

around Ed*. The mechanisms for anomalous luminescence properties at both sites are further discussed based
on the model of charge transfer vibronic excit@TVE) and charge-imbalance induced large linear crystal-

field potential.
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[. INTRODUCTION mechanism is extension of the Judd-Ofelt theory. According
to the Wybourne-Downer mechanism, the presence of even a
Eu®* ions are usually employed as an optical probe tosmall linear CF term in the CF Hamiltonian could induce a
investigate the coordination and environment around the catarge enhancement to the strength of Ig— ’F, transition
ions substituted in the crystalline lattice based on the facgiven that the energy gap between the intermediate states of
that the®D,, (or 'Fy) level is nondegenerate and the splitting opposite parity5d or charge-transfer statesnd the 4 states
of the emission(or absorption transitions reflects the is relatively small. The Wybourne-Downer mechanism thus
crystal-field(CF) splitting of the nominalF, (or *"'L) lev-  successfully explained the exceptionally strotiy,— 'F,
els that depend on site symmetry. The characteristics of thgansition of Ed* in those reported casé4?
4f® energy level structure and luminescence line intensity of On the other hand, ionic-covalent solids with strong vi-
Eu** have been extensively investigated in various hosts fopronic interaction enable some specific excitations connected
several decades. A majority of experimental results can b@ith self-consistent charge transfé€T) and lattice distor-
well interpreted using a standard model of free (8 plus  tion. Charge transfer vibronic excitg@TVE) in the charge-
CF interactions established through systematic analyses @hbalanced system such as’EBaFCl crystals can be con-
the electronic properties of f-element ions in the lanthanideidered as a bipolaron comprising spatially correlated
seriest= Due to the large energy gap between g and  electron and hole polarons. The theoretical framework of
"Fg (~12 000 cm?), the °D,, lifetime of EW* in inorganic  CTVE in solids was first established by Agranoigkand
solids, usually on the order of millisecond, varies little with Reinekef* based on a linear exciton-phonon interaction
the temperature from 2 K to 300 K. Specifically, based onwhich is induced by modulation of the Coulomb electron-
Judd-Ofelt theory, the electronic transitions from the hole attraction, and later developed by VikhA#2” The
Eu** 5DO state to low-lying levels witll=0, 3, or 5 are both driving force for CTVE formation is charge-transfer-lattice
electric-dipole (ED) and magnetic-dipoléMD) forbidden.  distortion. The leading contribution to such an exciton total
The observed weak transitions frot, to these levels are energy is indirect electron-hole interaction via lattice with
due to CF induced)-mixing effect. However, a series of the appearance of the “Negative-U” effect. Strong vibronic
observations of stronEDO—>7F0 lines of Sn* (Refs. 5-8  energy lowering due to an accompanied lattice relaxation
or EU** (Refs. 9-18ions occupying some particular symme- leads to well-defined conditions of CTVE self-trappf¥g®
try sites(Cs, C,, Cp,y N1=1,2,3,4,6 of crystalline or glass Because of charge imbalance and the presence of point de-
which allows a linear CF parameter have been reported sindects, multiple sites are expected for trivalent*Eipns in
the 1960s. The role of CE-mixing has been often overesti- BaFCl microcrystals. Previous studies on®Edoped bulk
mated for strong’D,— 'F, line in some cases reportéd. BaFCl crystal have observed the existence of more than 15
Due to the fact thad-mixing appeared inadequate to explain sites as well as the laser-excitation-induced*Esite-to-site
the magnitude of the intensity or the “hypersensitivity” to conversion for persistent spectral hole burrifé?Based on
local environment, Wybour& and Downeret al??? pro-  the model of CTVE in the charge-unbalanced solids, Vikhnin
posed a mechanism of spin-orbit coupling in the excited conet al. have explained the mechanism for multisite structure
figuration (such as #°5d) that includes contributions from conversior?>26 That is, CTVE-clusters trapped by charged
the third order ED previously neglected in calculating theimpurities (Eu** in Ba?* site of BaFCJ are connected with
line-to-line transition intensity. The Wybourne-Downer different sites detected in the spectroscopic experiments.
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FIG. 2. XRD spectra of Eif:BaFCI microcrystals.
FIG. 1. TEM image of E&:BaFCl microcrystals. The inset

shows the electron diffraction patterns of this sample. ments were performed using a digital storage oscilloscope
(Tektronix TDS 680G.
This paper reports the experimental evidence of anoma-
lous luminescent dynamics of EuBaFCl. Interpretation of
the experimental results is provided based on the Wybourne-
Downer mechanism due to a large linear CF strength in the A. Crystal-field spectra and intensity

Euw**-doped charge-unbalanced systems and the model of When pumped by a laser in the UV region, multiple sites

CTVE-cluster trapped by charged impurities. of EW®* in BaFCl were verified. The main site of Euwas
determined to be site | for 266 nm laser pumping, and site Il
for 355 nm laser pumping. At 3 K, sites | and Il can be

Il EXPERIMENTAL DETAILS selectively excited tor?Dl by 526.85 nm and 553.62 nm la-

The microcrystals of 0.1 at % Eu:BaFCl were grown by sers, respectively. The luminescence spectra of sites | and Il
solid-state reaction in the atmosphere of helium. A stoichioin the range of 570-640 nm are compared in Fig. 3. The
metric mixture of Bak, BaCl, and Euf were ground, energy levels and relative luminescence intensity fPagto
placed in an AJO; crucible then heated at 300 °@ h) to  each CF level are summarized in Table I. As shown in Fig. 3
drive out the moisture and then at 800 °C for one more hourand Table I, the luminescence intensity distribution, CF level
The top of the sample was covered by active carbon powsplitting of EG** at site | are as normal, similar to most other
ders. Major E&* accompanying with minor Ei were con- Eu** systems reported hitherto, with the strongéﬁto
tained in the microcrystals. Figure 1 shows the TEM image—>7F2 and very weaI?DO—>7F0 transitions. Thus we assume
of the as-prepared particles, with an average particle size of
approximately 1-2um. The electron diffraction pattern as D, F,
shown in the inset of Fig. 1 indicates the crystalline phase. f ¥
Energy dispersive x-ray spectruf@DXS) confirms that the (@) Sitel
particles contains Ba, F, and Cl elements. Due to the ex-
tremely low doping concentration, the element of Eu was not
detected by EDXS. Figure 2 shows the powder x-ray diffrac-
tion (XRD) pattern of EG*: BaFCI microcrystalline. The line
positions match the published diffraction pattern for tetrago-
nal BaFCI(JCPDS #76-1368 which is consistent with the
observation by TEM.

For the site-selective luminescence spectra, a pulsed dye
laser with a tunable range from 510 to 580 nm, or an ultra-
violet (UV) pulsed laser at 266 or 355 nm, was used to pump
the samples. The dye laser wavelength was tuned to match
the excitation transitiodF,— °D, of the E¢* ions at sites |
and II, respectively. The luminescence was dispersed by a g 3. Luminescence spectra of EuBaFCI microcrystals at
monochromete(SPEX 1704 at a spectral resolution of ap- () site I, \.,,=526.85 nm andb) site I, Ao, =553.62 nm. Both
proximately 0.008 nm and detected with a cooled RCAgpectra were measured at 3.2 K. The luminescence was detected
C31034 photomultiplier. The signals were recorded using @sing a boxcar integrator that averaged the luminescence signal
gated boxcarStanford Research Systems, model SB250 from a cooled PMT with 15s gate. The delays from the pump
The sample was mounted in a cryostat with temperature variaser pulse were set at 0.10 ms and 0.23 ms (&@r and (b),
able from 2 K to 300 K. The luminescence decay measurerespectively.

Ill. RESULTS
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TABLE |. Energy levels and relative luminescence intensities
from °D,, of EU** at two main sites in BaFCI microcrystals at 3 K.

Site | Site Il

PHYSICAL REVIEW B 70, 205122(2004)

Multiplet Energy(cm™) Intensity Energycmi?) Intensity %
Fo 0 3.1 0 100 5
F, 293 0.5 176 2.9 2>
343 18 249 25 5
432 1.2 549 5.3 =
F, 781 2.0 780 2.3
842 100 1145 1.4
942 2.0 1494 25
1271 5.0 1607 47
1326 32 1699 25 IiIG 4. (Cplor _onlln? Lumlnes_cence decay from thrbDO of
7F3 1865 0.9 1929 0.3 Eu’*ions at sites | in E¥ :BaECI mlgrocrystals at various tempera-
tures (3—296 K. The scattering points are experimental, and the
1948 11 1966 0.2 solid curves are the fitting results.
1970 6.4 2154 0.4
2237 1.7 J-mixing effect. Compared to the range 18900—19100%m
2330 0.2 found in most crystals, théD, level of E?* at site Il is
2348 0.15 located at an unusually low positiof18063 cm?), which
2411 0.2 leads to the most narrow gapnly 551 cnt) betweenSD1
*F, 2466 0.5 3018 1.8 and 5D0 among those ever reportedusually about
2811 0.1 3064 0.2 1700 cm?). The unusually high position of theD, level
2834 0.2 3099 0.4 (17512 cm?) excee_ds most of the values reported f(_)r_ other
2871 12 3150 35 Eu3+_—doped crystalline com_pounds. The C_F I_evel splitting of
7 —
2975 02 3164 2.0 F, is observed to b_e as wide as 919¢nSimilar CF spec-
tra were also found in some charge-unbalanced hosts such as
3013 0.3 3206 0.4 oxyapatite or strontium fluorapatité18 The characteristics
3080 33 3270 0.9 of standard and anomalous CF spectra of'Eu some inor-
3089 5.9 3283 15 ganic crystal hosts has recently been reviewed in Ref. 30.
3121 2.9 3292 1.3
Fy 3782 12 3700 0.04 B. Temperature dependence of luminescence lifetimes
8977 0.06 3843 0.08 In order to investigate the luminescence dynamics 6f Eu
4000 0.09 3954 0.05  jons at sites | and I, the luminescence decay of’Dgstate
4194 0.04 4063 0.16 in Eu**:BaFCI microcrystals at different temperatures was
4426 0.13 measured. The observed decay curves for sites | and Il at
7|:6 Not observed 4694 1.7 various temperatures are compared in Figs. 4 and 5, respec-
4806 0.03 tively. The decay curves of site | at all temperatures are sig-
4874 0.05 nificantly nonexponential, whereas the decays from*Eu
site Il are single exponential from 3 K up to 180 K. Al-
4952 0.09 . . .
though the doping concentration of ¥uis less than
4979 0.08 0.1 at %, luminescence of site Il is significantly
5049 0.02 quenched at higher temperatures. This makes the lifetime
5247 0.04 measurement of site Il difficult at temperature above 180 K
°D, 17227 17512 because the weak luminescence ofEat site Il is mixed
°D, 18981 18063 with the broadened emission lines of other defect sites which

have less temperature dependence. Both decays of sites | and

) ) ) . ~Il'are sensitive to temperature with no rising time, contrary
that El}+ at site | substitute the éé site with an approxi- to the normal EEI+ decay characteristics 6D0

mate C,, symmetry in the lattice, the CF environment of
which is weakly distorted by the CTVE effect due to the
charge imbalance around £u

As for EU?* ions at site Il, the luminescence intensity
distribution appears anomalous with the strongé@()

C. Relevant experimental evidence of anomalous Eii

dynamics

The following evidence further supports the existence of

— F, and second stronge¥d,— 'F, transitions(Fig. 3 and  the anomalous site Il in Et:BaFCl. First, to study the per-
Table |). This anomalous result cannot simply be ascribed tesistent spectral hole burning in the bulk ¥uBaFCl
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El.G' 5 (Cglor on_llne I+_.um|nescepce decay from tl. B, of FIG. 7. Luminescence spectra of EuBaFCl microcrystals at
Ew?t ions at sites Il in E&':BaFCl microcrystals at various tem- . S
. . . 30 K when pumped by a 266 nm laser, showing the emission band
peratures. The scattering points are experimental, and the soli 22 e .
o of oxygen defect(Og“"). The emission was detected with LS
curves are the fitting results.

gate, and the delays from the pump laser pulse were set at 0.10 ms.

(0.1 at % crystals which were grown in air by the Bridgman
method, Liuet al?82° previously observed that many other
sites, instead of site Il, dominate the emission spectra whil
the bulk Ed*:BaFCl crystals were pumped by a 355 nm
laser, as shown in Fig.(8. When pumped by a single-
frequency laser at 571.08 nm which corresponds to’Eqe

-year-aging in air, site Il became dominant in the crystals
rown in air with thickness less than 1 mm. The lumines-
ence spectrum of the aged crystals is very similar to that of

the microcrystal counterparts, as compared in Fig¢ls) &nd

6(c). The lifetime of Ed* ions at site Il is distinct, and has

5 " : ) ; : the same temperature-dependence either in the aged bulk

— Dy transition, the site-selective luminescence lines werg,yqiais or the microcrystals. The above facts indicate that

coquent W'th those shown in Fig(3, Wh'Ch. |nd|qates oxygen defects in BaFCl lattice may participate in the struc-

that site Il lines were also formed but not dominant in thoseture formation of site Il. Although the microcrystals were

th|k cryste;lsil!r:zq(}(.)ntrast,l the sitle I Iri]r?ehs almost disap_peﬁr ir?nitially synthesized in the atmosphere of helium, the smaller
the same bu :BaFCl crystals which were grown in the ', ioje size and active surface may facilitate oxygen adsorp-

atmosphere of argon to reduce the oxygen defect according,, and penetration and the formation of oxygen defect dur-
to the site-selective laser spectroscépecondly, after 5 0 the nost-synthesis treatment in the air. Thirdly, the pos-

sibilities of assigning the observed lines to other divalent or
trivalent rare-eartiRE) impurities such as Pt, Snt*, S,

and Dy** can be clearly ruled out because of differences in
K i energy and the distinct behavior of temperature-dependent

I ] lifetimes.
- J ” J - In particular, we have also observed the luminescence of

560 570 580 590 600 610 620 630 640 oxygen defects in addition to the emission from site | yvhep
—— prevrerrey " the sample was excited by a 266 nm laser. As shown in Fig.

7, the broadband luminescence in the visigeaking at

~540 nm, with a lifetime of 0.35 ms at 2.5)Koriginates

from the oxygen defect(s(),:z', or O~ substituting one of the

nearest F site around E®F), which is usually termed as type

| oxygen defects in BaFCl crystats.

Intensity (arb. units)
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IV. DISCUSSION
A. Possible mechanisms for the observed" dependence

To date, there are few reports on the temperature-
.......... e dependence of energy transfer from thg, state of E&*
560 570 580 590 600 610 620 630 640 doped in inorganic Crystals. Bettinelét al. I’eported the
markedly nonexponential decay of luminescence from the
°D, at 12 K in stoichometric G&aEuC}, crystals®® They

FIG. 6. Comparison of the luminescence spectra Gffians in ~ ascribed the complex kinetics to energy migration and en-
(a) BaFCl bulk crystals(b) BaFCI bulk crystals aged for 5 years; ergy transfer to defects and relaxation at both defect and
and (c) BaFCI microcrystals. The spectra were measured at 77 Kegular sites at competitive rates. Similar decay behaviors of
when pumped by a pulsed 355 nm laser. 5D0 and ET mechanisms were also reported and discussed in

Wavelength (nm)
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TABLE 1l. Approximate temperature-dependent phonon-
10000 5 assisted ET mechanistn.
’g 1000 Mechanism T-dependency
g Direct one phonon W T
8 1005 Two phonon: 2-site nonresonant W = T3
E Two phonon: 1-site Raman W 0<T7(Short)\phono,)
w 10 W «T9(Long Aphonon
Two phonon: 1-site resonant Wi < exp(—A/KT)
1 Two phonon: 1-site nonresonant W; «T7
1 10 100

8From Ref. 41W; is the ET rate from ion sité to sitej; A is the

splitting to real stateAnonon is the wavelength of the involved
FIG. 8. Nonradiative ET rate of Btiions at site | as a function PPhonons to make up the energy mismatch betweerl site .

of temperature. The scattering points are experimental, and the lines

are the fitting results. T? dependence. The nonexponential decay of site | also pro-

vides a direct experimental evidence of the existence of

CTVE-connected cross-relaxation for site conversion as-
I(EF;jéAf!sgéc,)lzjn((qu ggg?(ngfMg%grlgvﬁS;ysisi?r(l\éEP 4d)|3 sumed by Vikhninet al?>2° Similarly, Buijs et al. had ob-
luted in crystals, Buijt al. reported the temperature depen- served one-phono_n assisted ET at very IO‘_N temperatures and
dence of E3" site-to-site ET rates in G@s (Ref. 37 and two-ph0n50n two-sﬂgnonr_esonant ET at higher teméoeratures
B-G(M0O,); (Ref. 3§ crystals. In  the from the®D, of Eu** ions in B'-Gth(M0O,);3 crystgls?
Eu**(0.1 at % :BaFCl crystals we studied, the decaysr’f) The temperature-dependent I|fet|me ofEat site Il be- .
luminescence of Eli at site | can be well fitted by the haves very dlfferent!y frqm thqt c.’f site I. The expolne.ntlgl
Inokuti-Hirayama modet®=4° The decay of the site | lumi- decay shows no rising time within the detectable limit, in
nescence obeys accordance with the observed small energy gap betﬁ‘Dgn
' and5D0. The measured lifetime at 3 K305.3 us) is reason-
ably assumed to be the radiative lifetirtgy) of EL?* at site
Il since the lifetime observed varies little below 34 K. As-
suming the radiative lifetime of site Il is independent of the
@) temperature, the temperature-dependence of phonon-
Whereca is the concentration of acceptor trapping théﬁ[ assistant ET rates of E\Uﬁt site Il is calculated based on the
site | andr, is the nearest neighbor distance corresponding t@bserved lifetime(r(T)) according toWyg(T)=7(T)*-7;*
the donor-acceptor transfer ratg. I'(1-3/s) is the Gamma and shown in Fig. 9. Figure 9 showsTa (n=9.1+0.1 de-
function, ands=10 stands for quadrupole-quadrupole inter-pendence folVyg with temperature. Note that the deviation
action. The radiative lifetime of B at site |, 7o, was mea- from the fitted line at 34 K in Fig. 9 is possibly due to the
sured to be 0.779+0.001 ms. The fitted decay curves of sitegncertainty of lifetime measurement since a tiny fluctuation
| from 3 K to 296 K are shown in Fig. 4. The very good Of the observed lifetime may mask the extremely low nonra-
agreement between the observed and fitted decay curves @igtive ET rates. As a matter of fact, the fitted lifetimes from
all temperatures indicates the success of Inokuti-Hirayama

Temperature (K)

Inlt)—In1(0)=-t/7g— gWCal’g[Wo(T)t]B/SF<1 - 2) ,

model for site I. The temperature-dependent ET ratésT), 10°
can be extracted by fitting the decays of site | from °°°
3 K to 296 K with Eg. (1), as shown in Fig. 8. Figure 8 = 10“-%200 aillng i
clearly shows tha¥\, is proportional toT"(n=2.0+0.1. - £

The ET rates of Etf at both sites are very sensitive to 3 1023w i
temperature, thus suggest that phonon-assisted ET processes E »
are dominant nonradiative relaxation mechanism. The theory W o] TEREsmmwdm p N=9.1
of diagonal phonon-assisted ET processes has been system- 2 Temperature (1)
atically formulated by Holsteiret al*! In Table Il, the ap- -
proximate temperature-dependent ET rate are summarized £ 09 * Expt }
according to different microscopic mechanisms. The limita- = . Fit
tions to derive these results were addressed in details in Ref. 10'530 o0 200

41. In general, &2 dependence of phonon-assisted ET rate
can be ascribed to two-phonon two-site nonresonant process,
while aT* dependence is due to direct one phonon process. FIG. 9. Nonradiative ET rate of Bfiions at site Il as a function
Therefore we conclude that the ET mechanisms of*El  of temperature. Inset shows the temperature-dependent lifetime.
site | might involve both two-site nonresonant and direct oneThe scattering points are experimental, and the lines are the fitting
phonon processes which on the average leads to the observedults.

Temperature (K)

205122-5



CHEN et al. PHYSICAL REVIEW B 70, 205122(2004)

3 K to 180 K are in good agreement with the experimental
values, as shown in the inset of Fig. 9. Assuming the validity
of the T° dependence at room temperature, the lifetime at
300 K is extrapolated to be approximately 14 ns, shortened
by more than 4 orders of magnitude in comparison with the
lifetime at 3 K.

The unusualT® dependence of nonradiative relaxation
rates for EG* at site Il as shown in Fig. 9, cannot be ascribed
to a process of direct multi-phonon relaxation, since the
maximum phonon frequency of BaFCI microcrystal was ob-
served to be 294 cth and thus at least 40 phonons are
needed to bridge the energy gap betwedn and Fy
(~12 000 cm?). The contribution from the local vibrational O
modes of impurities induced by?Odefect can also be ruled C6

® o

=@

C4

@

F3

out for the same reason, since the maximum localized vibra-
tional frequency of the axial Et-O?" cluster at site Il is ® B
reasonably assumed to be less than 600*dmased on the . F cr
reported values for other similar systefi¢? Among those
possible phonon-assisted ET procesSele ), direct one
phonon and two-site nonresonant processes that have weak

power dependence of temperature can also be ruled out. One- O
site resonant or nonresonant processes are not applicable to

the °D, state, because they both require the existence of the

third electronic level neartd: Finally, within the currently

available theoretical framework, we infer the two-phonon () 2

one-site Raman ET process as the primary mechanism for ) -©
the observed excited state dynamics of Eat site Il. As ¢ F2
predicted by Holsteifi! one obtains a temperature depen- EI F3
dence proportional t@® for one-site Raman ET rate at the
temperature much lower than the Debye temperature
(~468 K),*? by taking into account the significant contribu-
tion of coherence factor and assuming long phonon wave- O
length in his formula. For the short phonon wavelength ap- Co6
proximation, aT’ dependence is theoretically predicted.
Nevertheless, so far we have no evidence to exclude thg,
contrll_)utlons from other ET mechanisms than tWO'ph_Onor}nicrocrystaIs. In(a), only the CIr— EW** charge transfer channel
one-site Raman ET processes for the temporal behawors_ om the nearest C) induced by E&" charged impurity is taken
site Il. On the other hand, the observed single-exponentighi, account. For simplicity, charge transfers from other neighbor-
decay of site Il at different temperatures may also indicatgng cr- jons (C1, C2, C3, C4, and Q6are ignored. In(b), the
ultra-rapid donor-donor transfgsupermigration or superex- oxygen defects act as the charge compensator 3f Eusubstitut-
changg, followed by a quenching to traps at a comparativelying the nearest Fwith strong CTVE effect.
slow rate, according to Huber’s thed®The nature of this
ultra-rapid donor-donor transfer in the microcrystals is ex-CTVE effect. As mentioned in Sec. Ill C, the oxygen defects
pected to be related to the exciton hopping trapped by Eu may play an important role for the structure of site II. In Fig.
at site I, which deserves further studies. 10(b), the unavoidable oxygen defects act as the charge com-
pensator of Etf by substituting the nearest FThe symme-
_ try of site Il is C.. Note that the distances from #uo C5,

B. CTVE model of sites | and |l 0% (or F1, F2, F3, F4 C1 (or C2, C3, C4, and C6 in Fig.

To understand the CTVE effect on the anomalous lumi-10 are approximately 0.320 nm, 0.265 nm, 0.329 nm, and
nescence dynamics, we propose the structural CTVE mode&403 nm, respectively, determined from the crystal structure
for EL®* at sites | and Il based on the spectroscopic resultsdata®*4°>Our attempts to perform the CF level fitting of £u
The assumed structures of the nearest neighbor ligands site Il by the standard CF model did not result in good
around the E%f ion at sites | and Il are shown in Figs.(8)  agreement between the experimental data and calculations.
and 1@b), respectively. Due to CTVE, the symmetry of site This also happened in some other Eu-doped charge-
| is slightly distorted fromC,, towardC,,. Recently, a stan- unbalanced systems, such ag(B0,)sF.!8 This discrepancy
dard CF levels fitting has been performed accordin€$p  may be possibly due t¢l) drastic changes in the free ion
site symmetry for site | with a moderate rms deviation parameters at site Il in views of the large energy level shifts
(~23 cnt).3% Our spectroscopic results show that the CFsuch as that of théD, state;(2) inaccurate energy level
environment of E& at site Il is strongly distorted by the assignment because of the appearance of other indistinguish-

Cc4

FIG. 10.(Color onling Proposed structures of the nearest neigh-
r ligands around the Btiion at (a) site I; (b) site Il in BaFCl
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able sites or missing lines; ©B) the failure of standard CF mechanisnithe third order ED intensity the line strength of
modeling, as will discussed in the following section. How- the °D,— ’F, transition which borrows intensities from the
ever, in comparison with the CF splittings at site I, the CFCT transitions is proportional tch/ACT“ according to a
strength of Site Il is obviously much larger than that of site I.rederivation similar to Judd’s and Downer’s original papers,
The existence of large CF strength is typical in some othewhere At is the mean energy difference betweei§ and
hosts in which anomalous BUCF spectra were identified.  the intermediate CT configuratiof§821 As can be seen
In comparison with the radiative lifetimél—20 mg of  from this relationship, the third order ED intensity is in-
the 5D0 of EL** in other crystals or site | in BaFCl, the versely proportional to the fourth power af; thus should
radiative lifetime of site 11(~0.3 m9 is significantly re- be much more sensitive to the location of intermediate CT
duced, which might suggest the important role of CTVE ef-states than the second order ED intensitp.; 2). There-
fect on the 4-4f electronic transitions. As observed before, fore, both the relatively low Eli-O?~ CT states and large
the stronger CF interaction or lower CT sates of Emay linear CF strength for EUi at site Il may lead to a very
lead to the shorter radiative lifetime oD, according to the ~strong®D,— 'F, intensity as we observed. Furthermore, as
mechanism of intensity borrowing from CT transitions via pointed out by Downeet al?*:?2and Sheret al® and Tanaka

the 4f°-CT configurational mixing® et al,®’ the third order ED interaction, which exclusively
contributes to théD,— 'F,, line intensity, may significantly
- ; i cancel the second order ED transition of tig— °D, (or
C. Linear crystal-field potential and Wybourne-Downer : 7 . IolHE ! 2
mechanism D,— ‘F,) lines due to the opposite sign. It is expected that,

. , , ) , ) by taking into account the CT states as the intermediate

In this section, special emphasis will be given to thegiates; this cancellation also holds and accounts for the weak
Wybourne-Downer mechanism which is very important forsp _,7c |yminescence intensity of site II. As a result, the
understanding the anomalous branch ratios of the IumineasDo_jF0 intensity is experimentally observed to be even
cence spectrum we observed for*Eat site II. Obviously, |arger than that of théD,— 'F, transitions if such a strong
the CTVE at site Il is much stronger than that at site | due oy cellation occurs. So far, a quantitative intensity analysis
the role of oxygen ion. An equilibrium value of the EU-O e those reported in Refs. 8 and 21 is still lacking due to
distance decreasing in the CTVE at site Il is significantlyeqretical difficulties in defining the quantum states and co-
stronger than the Eu-Cl distance decreasing in the CTVE &jgjency of the CT intermediate states. Nevertheless, the

site |. Simultaneously, the equilibrium CTVE charge tra”SferWybourne-Downer mechanism should play a dominant role
for the site Il is more significant than for that of site I. These;, e 5D0—>7F0 line intensity. The anomalous branch ratios

facts jointly lead to a large linear CF potential in site 1. The ¢ the Juminescence intensity for Euat site Il as well as in
strength of Iinear CF potentigl is g'energlly mea;ured PYother host&!® can be explained based on the Wybourne-
the scalar linear CF rotational invariant defined bypowner mechanism. However, the significant shift of the
Sl:(§Eq=O,tl|A1Q|2) ., Wwhere Ay, is the linear CF  centroid of multiplets of E#f at site Il is not well understood
componenf®2! S, is invariant under arbitrary rotations of within the standard CF model. The observed large line shift
the crystal lattice, similar to the common even-order CFrom the multiplets of E&* free-ion state might indicate the
strengthsS, (k=2,4,6.%” Approximately, by taking into ac- considerable changes in electrostatic and spin-orbit interac-
count point-charge model and 9 nearest neighboring ligandgons. Such changes are induced possibly by the CTVE-
shown in Fig. 10, the estimated value $f significantly in-  enhanced covalent effect of Eu-O bonding or orbital mixing.
creases from 6 714 ci A for site | to 14 425 criit/A for  As pointed out by Hoshinat al#® and Jgrgensett,the spin-
site I, which confirms the above hypothesis. It has beemestricted covalency effect may further modify the line posi-
reported that in several oxide matricésuch as SiTiOy, tions of 'F multiplets of the 4° configuration due to their
Ca;(PO,)sF and Sg(PO,)sF) ELP* ion substitutes a divalent interaction with the lowest septet CT states of tHé(%5)
cation and exhibits unusually stroﬁ@0—>7F0 line intensity  +hole configuration, while th@}J states are mainly affected
due to the charge-imbalance induced large linear Chby the central field covalency effect. Further studies of rela-
potential®13171848The CT states of such Btidoped mate- tionship between the CF level fitting including both FI and
rials are known to be fairly low in energy compared with CF parameters and CTVE mechanigan covalency effegt
those in other oxide host8.Similarly, for EL** at site Il in  are required to confirm the above hypothesis. A modified
BaFCl, the Eu-O CT states as well as Eu{Gt Eu-H CT  ligand-field theory similar to the treatment in the exchange
states locate at much lower levels than those of'Bd®5d  charge modéF is needed.

states, which thus act as intermediate states to induce the In an effort to interpret the anomalous luminescent prop-
forced second order and third order ED transition. This hagrties of site I, we also noticed the quantum-confinement-
been confirmed by the observation of &wal. that the Eu-Cl  induced ligand-RE hybridization theory proposed by Bhar-
CT states(4f’3p™) in EW**:BaFCl crystals lie approxi- gava for explaining the lifetime shortening from ms to ns in
mately at 41 500 cit.* It is expected that the Bt+O>" CT  nanocrystals of Mf":ZnS 33 Apparently, this theory might
energy is even lower than that of the®ClI™ in views of the  well interpret what we have observed, since not only the
structural stabilization from oxygen impurity charge com- lifetime of E** ions but also the intensity distributiofor
pensation at site Il. Cheet al. reported that the lowest oscillator strengths and line positions are significantly
Euw*-0%" CT states in Eff:BaR, o=Cl; o5 or Eu,O5 crystals  changed for ESf at site Il, which strongly support the hy-
lie at ~35000 cm'>® Based on the Wybourne-Downer pothesis osp-f mixing (hybridization in the RE ions. How-
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ever, we gave up this kind of mechanism for the following laxation rates from théD, state of EG" at site Il could be
two reasons(1l) TEM results reveal that the particle size of possibly ascribed to two-phonon one-site Raman ET pro-
Eu:BaFCI microcrystals is approximately 1-2n, there- cesses. The CTVE model for Buat sites | and Il is pro-
fore, the quantum confinement effect is negligi{®; Bhar-  posed for explaining the spectroscopic experiments. Specifi-
gava’s experimental results have been challenged by severedlly, the structure of site Il is formed due to the ubiquitous
author§*~>¢ and the ligand-RE hybridization theory lack of oxygen defects which act as the charge compensator $f Eu
clear experimental evidence. For example, similar to his conby substituting the nearest FThe oxygen defect thus in-
troversial finding on the nanocrystal of KzZnS, duces a strong CTVE effect. The experimental evidence of
Bhargava’ had ever reported that the lifetime of ¥bwas  ET at sites | and |l may further confirm previous assumptions
greatly shortened from-3 ms in the bulk phosphors to 7 ns that CTVE-connected cross-relaxation is responsible for
in 2—5 nm ZnS nanocrystals. Unfortunately in his paper theexcitation-induced site conversion. These findings suggest
luminescence intensity distribution and line positions fromthe potential use of Eii at site 1l as an environmenté.g.,
5D4 of Th®* ions was not significantly changed, which makestemperature and oxygen pressusensor as well as a struc-
his assumption less convincifg). tural probe. It is predicted that anomalous luminescence
Nevertheless, due to the very short®Eu0Q?" distance properties like EE* at site Il may also be observed in the
(0.265 nm at site I, we have no reason to exclude such aEu?*-doped charge-compensated systems in which there ex-
possibility that the two ions’ orbital overlap is enhanced byist a large linear CF potential and low-lying CT states. We
charge compensation thus leads to unusual ligand-RE hyrave also shown that, in particular, the luminescence dynam-
bridization. ics of EG* at site Il in BaFCI microcrystals is strongly af-
fected by the CTVE and the linear CF potential. Given that
Eu**:BaFCI crystals may have potential applications in op-
tical data storage, signal processing and flat panel display
In summary, we have observed anomalous spectroscopfeVvices, fundamental understanding of the CTVE effect and
properties of E& at two crystallographic sites of BaFCI mi- \Wybourne-Downer mechanism that are enhanced by charge-
crocrystals. E® ions at site | show normal CF splitting and imbalance on the rare earth luminescence dynamics is of
luminescence intensity distribution except for rapid energydreat importance.
transfer from 3 K up to room temperature. The energy trans-
fer of EL?* at site | may be induced by both two-site non- ACKNOWLEDGMENTS
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