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X-ray excitation fluorescence spectra of the Eff-stabilized Vi center
in alkaline-earth fluoride mixed-crystal systems
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X-ray excitation fluorescence spectra were investigatedfbs:Eu (M = Ca, Sr, and Baand their mixed-
crystal systems, Ga,Sr,F, and Si_,BaF, with the same fluorite structure. The UV recombination fluores-
cence band of the Ycenter associated with blue emission due toftitetransition of EG* ions was observed
with changing mixture ratiog at room temperature. Two sets of weak spectra due ftdransitions of E&"
ions also appeared in the 500—-600-nm wavelength region. The peak wavelengths and the integrated intensities
of the observed fluorescence were investigated as a function of the Eu concentration as well as the mixture
ratio. For the blue emission of Bl pulsed x-ray excitation resulted in shorter lifetim(&0—800 nsthan
optical excitation, suggesting energy transfers between the excited statgscohiérs and E. A kinemati-
cal fluorescence mechanism was proposed, taking into account the formation of a close pair of a hppping V
center and an immobile Eti ion followed by an energy transfer from the former to the latter. Based on the
calculated fluorescence decay curves best fitted to the response curves by x-ray pulse excitation, the energy
transfer rates from ¥ centers to Eti” were estimated.S0163-1829)10941-X]

[. INTRODUCTION read-write functions of photostimulated fluorescence and de-
fect memories?!® Extensive studies on other intrinsic and
Radiation damage studies have contributed significantlyloped fluorite-type crystals as well have been performed to
to our understanding of defect creation and interaction. Undate® However, there have been no reports on the control of
der ionizing radiation such as x rays amdays, the appear- the scintillation parameters of materials fabricated by vary-
ance of a variety of lattice defects in solid crystals haveing the cation ratios of the systems.
attracted the interest of many researchers in the fields of In this paper, we present the studies of x-ray excitation
solid-state physics and scintillation materials research. fluorescence spectra of Eu ions doped with two series of
Fluorescence studies of alkaline-earth fluorides, as both imixed-crystal systems ¢a,Sr,F, and Si_,BaF,, at mix-
digenous lattice ions and/or impurities, have revealed théure ratiosx in the range of 0 to 1. The experiments were
characteristic properties of the electron-hole pairs forfhed.performed using onlyas-grown crystals rather thamfter-
Extensive investigations have been carried out on trappeiradiated ones.
holes like \i centers and trapped excitons in alkaline earth Usually, the \¢ center is a predominant hole center
fluorides doped with T ions>~° The trapping of an elec- formed when alkaline-earth fluorides are x-ray irradiated at
tron by a Tni* ion results in the formation of a T ion 77 K. At around room temperature, the \tenter or self-
with a consequent reduction in electron-hole recombinationtrapped hole moves through the fluorite-type lattice with a
In this process, the Y centers can interact more stably with hopping motion which is qualitatively different from the be-
the nearby Trii" ions at room temperature. Meanwhile, a havior of electrons in the conduction band. This motion can
series of fluorescence excitation spectra such as vacuum ule regarded as a succession of “random independent jumps
traviolet excitatiofi and core valence transition speéffa between equivalent sites in the latticg.
were investigated by Russian physicists in the high-energy An Eu ion in alkaline-earth fluoride crystal prefers,
region of over 5 eV for fluorite-type crystals containing uniquely, a divalent state rather than the trivalent one fa-
ce', EP, and Dy" as impurities or defect centers. vored by other rare-earth ions. This suggests that an immo-
Alkaline-earth fluorides offer attractive possibilities for scin- bile Ev* ion substituted for a cation may attract a neary V
tillation research studies because of the advantages of theenter in a stable manner. In this situation, thé'Bon does
crystal stability and high luminosity of doped rare-earth ions.not participate in the formation of the center, unlike the
In particular, Bak and impurity-doped BafFsystem&*!  Tm®" ion3° Actually, in an intermediate region of mixture
possess very short fluorescence lifetimes and offered potematios in a Ca_,Sr,F, system, a temporal decrease in the
tial for the development of new scintillators. emission yield of the Y center was observed. This can be
The fabrication of a mixed crystal composed of two scin-qualitatively explained by considering the formation of a
tillation crystals is expected to enhance the scintillation caclose pair of \t centers and E due to the aggregation of
pability of the mixed crystals resulting in a higher luminosity defects surrounding an Eu ion and subsequent energy
and shorter lifetime. As the hottest example, RaEu** transfers from the ¥ center to E&". Moreover, the depen-
(X=Br, |) phosphors obtained by replacing half the fluorinedence of the intensities of UV and blue bands on the Eu
in BaF, with other halides have been applied as the imagingoncentration revealed evidence of energy transfers between
plate(IP) that is a computerized digital radiograph providing the Vi center and E&f ion because the intensity of the
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former decreases with an increase in Eu concentration. The
first observation of the spectra of Eu ions in the trivalent RT

state for mixed-crystal systems is reported, although the ex- CaF,:Eu
istence of EG" has already been revealed for the special case
of Cak:Eu grown wusing the fluoridizing additive
method**~1’ From x-ray pulse excitation experiments, the
lifetimes of blue fluorescence were investigated for various
mixture ratios and Eu concentrations. Last, the fluorescence SrR:Eu

[arb.units]

mechanism is discussed on the basis of the rate equations 2 mw
between E@" and the \% center, and the results of the in- g
tensity balances between the observed spectra are explained e
according to the proposed mechanism.
BaFR:Eu
Il. EXPERIMENTAL DETAILS

The single crystals used for the present investigation were N

grown in the authors’ laboratory by the Bridgman | | | I
200 400 600 800

technique®® With the mixture molar ratiox (0<x<1),
powder mixtures of Cafand Srk for Ca _,Sr F,, and those

Of, SrF, and Bak for Srl—,XB@FZ V\iere arranged together FIG. 1. Fluorescence spectra obtained by x-ray excitation for
with constant molar fractions of Et dopants of 0.05 and CaF, SrF, and Bak with Eu (0.1 mol % as dopants at room tem-

0.5 mol %. The quality of Caf SrF,, and Bak; crystals was  perature. Wavelength resolution is 1 nm.
excellent, although for their highly mixed crystals, the cleav-
age feature along thEl11] crystal axis was slightly indis- pulse triggered from a high-speed pulse driver, the electron
tinct. The results of 2angle x-ray-diffraction studies, how- heam could generate x-ray pulsggith a duration of 20 ns
ever, showetf that the lattice parameters of ;SkBaF,  from the Cu target. The very weak pulse signal detected was
changed smoothly in proportion to the mixture ratio, reflect-amplified using a high-speed and high-input impedance op-
ing uniform mixing throughout the entire crystal system.erational amplifiefNEC, uPC1664 and was accumulated
ESR(electron spin resonangstudies® for a EtF* ion doped  using a boxcar averagéStanford Res. Inc., SR-250 USA
into the same mixed-crystal system revealed evidence of disfhe enhanced fluorescence line shape was numerically
tortion compensation for lattice misfit at local sites in the smoothed using a personal computdEC PC9801 Japan
mixed crystal by the addition of low-symmetry crystal fields.
Infrared and Raman measureméntn Ca_,SrF, and IIl. EXPERIMENTAL RESULTS
Ba,_,SK,F, systems were reported by Verleur and Batker
and Lacina and Pershdhand theoretical models with pos- ~ The x-ray excitation fluorescence spectra of doped’Eu
sible configurations of a fluorine ion and its nearest-neighbotons are shown in Fig. 1 for three typical alkaline-earth fluo-
cations were proposed. ride crystals in the wavelength region of 200—800 nm at
The x rays for excitation are generated from the x-rayroom temperature. Four bands, a UV fluorescence band
source of a microfocus analysefRigaku Denki Co., (289-nm peak for SrEEu, indicated as band,la blue band
Microflex-4180, 50 kV using the kx line of a Cu target, (411 nm indicated as band) land two weak bandg50 nm
with a filament current of 0.5—-1 mA. A monochromator indicated as band Il and 585 nm indicated as band IV, re-
(Jobin-Yvon, H-20 with automatic wavelength scanning spectively are observed, although band Il disappears for
was used to analyze the fluorescence or scintillation lightBaF,. As band | is observed for nondoped crystals also, it is
Photomultipliers (Hamamatsu Photo. Co., R928, partly identified as the recombination fluorescence of thecenter,
R818, 1P28were cooled to suppress the dark current using.e., the B~ molecule self-trapped with a hole that is usually
a photomultiplier coolefHamamatsu Photo. Co., C659S formed in host alkaline-earth fluoride crystaighis Vi cen-
Optical alignment for the measurement system was perter spectrum was confirmed to be more prominent in inten-
formed by optimizing the output voltage of the green-bluesity at 95 K than at room temperature. Band Il is the emis-
fluorescence of a well-known scintillation crystal BGO sion due to the transition of the doped®ton from 4f°5d
(Bi,Ge;01,).22* All fluorescence measuremenwithout  (eg) to 47 (8S) because the peak energy agreed well with
polarization investigationswere carried out at room tem- the result from optical excitatiol?:?’ For Bak:Eu below
perature except for some test experiments conducted d#tuid-nitrogen temperature, however, a broad yellow band
liquid-nitrogen temperature. No visible coloration of crystalswith a 580-nm peak appears under UV light excitation whose
was observed during the measurements. emission has been reasonably assigned to an impurity-
For the precise measurement of lifetime, a continuousrapped exciton bantl.-2° For Cak, the integrated intensity
x-ray beam was pulsed with a much narrower pulse durationf band | is weaker than that of band Il, but for Srfhe
than that of the lifetime observed, and some pulse processinfgrmer is stronger than the latter. Bands Il and IV have a
techniques were appli€d.For deflecting the x-ray beam, a common tendency of a slight increase in intensity on the
magnetic induction coil was inserted into the path of theorder of Cak, SrF, and Bak, in comparison with bands |
electron beam of the x-ray microfocus analyZewhen the  and II.
direct current of the coil was switched off by a short duration The variations of the peak energy/wavelength of these

Wavelength [nm]
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FIG. 2. The variations of the peak energy/wavelength of the UV
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fluorescence ban@termed as band),l the blue bandband I, and
the two weak bandéands Il and I\ as a function of the mixture

g ° FIG. 3. Variations of the integrated fluorescence intensities of
ratio x of the two mixed-crystal systems.

the observed bands as a function of the mixture ratidagnitude

of the respective intensity indicates the relative change in each band
four bands are shown in Fig. 2 as functions of the mixturepyt not interbands.

ratio x of the two mixed-crystal systems €CaSrF, and

Sr—BaF,. Band I shifts with a linear decrease in peakfore decreasing to the minimum around=0.5. This
energy from Cafto BaR,. The peak position and linewidth temporal anomalous increase in the intensity was confirmed
of band Il coincides well with those of the strong, broadnot only in a similar experiment using another sample series
luminescence observed as thel transition of EG™ by the  with the same Eu concentration, but also from the results
excitation of THG (third harmonic wave; 354 nmof the  obtained using pulsed x rays as described later. The mixture
pulsed yttrium aluminum garmneéYAG) laser:®'**'Consis-  ratio dependence of the relative intensity ra8jo'S, of band
tency with the optical results is also confirmed by the char4| to band | is shown in Fig. 4. We can see that the ratio
acteristic behavior wherein the peak wavelength of band Ikhows an anomalous hump and the value of$h£S; ratio
moves to a longer wavelength for intermediately mixed cryshecomes 5 around=0.2, at which the emission of Bl

tals between CaFand Srf. For the band Il peak, the longest jons is enhanced, compensating for the decrease in the emis-
wavelength emission reaches 434 nm for a half mixedsijon of the \ center. Bands Il and IV for the $r,Ba,F,

Cay 5ShysF2:Eu crystal. This nonlinear behavior in peak en- system commonly exhibited a slight increase in their inten-
ergies has previously been explained as a contribution of theities in all regions with increasing value. From the ob-
electron-phonon interaction rather than the inhomogeneouserved intensity ratios of bands Ill and IV to band Il except
effect due to formation of mixed crystal$’® For the for the Ba-rich Sy_,Ba.F, system, the population fraction of
Sr,_«BaF, system, on the other hand, band Il moves once to

a longer wavelength similar to the CaSr,F, system, but 8
disappears abruptly as it approaches Bais phenomenon
is explained by the excited states of’Eulegenerating with é |
the conduction band in Ba-rich crystals, and a new yellow &6t
emission of impurity-trapped exciton replacing the blue o
emission at low temperaturé§.?° Bands Il and IV with s 5t
peak wavelengths independent of the mixture ratio arise due 24
to the transitions of a small amount of Euwhich are usu- [
ally assigned to the two transitions frotB, to ’F; and °D, 23]
to ’F,, respectively, as observed in severaf Egalts® - 25
Figure 3 shows thee variations of the integrated fluores-
cence intensities of the observed bands as a function of the 1
mixture ratiox for the two mixed-crystal systems with 0.05 0 . , ) ,
mol % Eu. It is noted that the intensity of band | becomes 0 02 0.4x 06 08 1

weak in the intermediate mixture regions for both the mixed-
crystal systems. For band Il in the £gSr,F, system, how-
ever, the intensity increases slightly once, aronad.2 be-

FIG. 4. Mixture ratiox dependence of relative intensity ratio
S, /S, of band Il to band I.
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FIG. 5. Mixture ratiox dependences of pulse fluorescence inten- o ) N
sities of band Il under x-ray pulgeuration: 20 nsexcitation with FIG. 6. Varlathns of the fluorescence intensities of band | and
0.05 and 0.5 mol % Eu concentrations in the, G&r,F, system. band Il as a function of the Eu concentration for G&ftI.

B ) i 0.05 and 0.5% Eu concentrations in ;CaSrF, mixed-
Eu™ of all the doped Eu concentrations was estimated {0 b,y sta| systems is shown in Fig. 7. For all the values, dhe

on the order of one-hundredth. This is in good accordanc
with the result estimated from the optical excitafibfl and  |itatimes than the lower concentratic®.05 mol % of Ed
lonic tatgernjocu.rrem(lTC) experiments carried out by our ,hoq The Jifetime decreases monotonically with increasing
group:™ It implies that the probability of ionization from x: from 830—520 ns and from 640—470 ns for the 0.05 and
EW" to EW" during the experiments of x-ray excitation is g 5 mqjo crystals, respectively. A similar result was ob-
very small in the present systems. For the Ba-iChineq in our earlier investigatidhperformed using the op-
SrxBaF, system, bands lll and IV retain their intensities (icq| excitation of UV light, in which the decrease in the
even after the disappearance of band II. This indicates thafetime was due to the increase in nonradiative rates caused
the emissions of bands IIl and IV are predominantly causeghy the decrease of thermal activation energy with increasing
by reabsorption of the fluorescence of band | because the’ the |ifetime for Cak:Eu becomes short with increasing
optical excitation spectra of these bands in the 500-600 nrg,, concentration, as shown in Fig. 8. We note Hetieat the
wavelength region are observed as sharp lines at the 390 niugts of UV laser excitation had revealed a lifetime qfsl
375 nm, and other fine spectra aroun+d 302 nm cggrespondwlgr more for the same blue band of the corresponding concen-
to thef-f transition absorptions of Eli (4f°) ions: trations of Eu. The shorter lifetimes obtained with x-ray ex-
The x-dependence of the fluorescence intensity of band Ijjtation mean that the blue fluorescence ofEdoes not
under x-ray pulse excitation is shown in Fig. 5 for 0.05 andqiginate from the reabsorption of the fluorescence qf V
0.5 mol % of Eu in the Ca.,SKF, system. Itis again éM-  ceniers in which the optical absorption bands have their
phasized here that the intensity of band Il is maximal around, oo at 214 and 334 nm for GaEu,13%°but is emitted via
x=0.2, independent of the Eu concentration. The intensity
maximum is highly enhanced in the case of higher Eu con- 1000
centration. This evidence is consistent with the result that the
peak position for the response function under x-ray pulse I
excitation exhibits an anomalous decrease read.2 which 900 CaySryF2:Eu
is explained in a later sectioffrig. 9). The variation of the Q Band Il
integrated fluorescence intensities of bands | and Il against
the Eu concentration in CaFEu is shown in Fig. 6. It is
observed that the intensity of band | decreases with the Eu
concentration, whereas band Il has the maximal fluorescence
intensity for the Eu concentration of 0.2 mol %. This sug-
gests that the increase of Eu concentration up to 0.2 mol %
enhances energy transfers from Wenters to Eti” because
the concentration of the Y center formed is thought to be 500
constant independent of the Eu concentration. The slight de-
crease in intensity of band Il for 0.5 mol% Eu corresponds 400
likely to the phenomenon of concentration quenching among
EW?* ions with higher densities. In the optical excitation re-
sults, on the other hand, the intensity of band Il exhibited a FIG. 7. Variations of the lifetimes of band Il at 0.05 and 0.5%
maximum at 0.05 mol % Eu concentratibtiThe variation of  Eu concentrations as a function »fin Ca,_,Sr,F, mixed-crystal
the lifetime of band Il with respect to the mixture ratio for systems.

figher concentratiof0.5 mol % of EQ crystals have shorter
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Eu concentration for CgFEuU crystals.

energy transfers from the excited stafe, of V centers to
the excited statey of EW?*. The results of extremely short
lifetimes of Vi centers (Caf; 49 ns, Srk;, 19 ns, Bak; 7.7
ns) obtained by Ershov, Zakharov, and Rodnsiipport this

consideration.
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IV. DISCUSSION

A. Hopping migration of the V center and its close pair
formation with the Eu?* ion

In earlier studies of x-ray excitation for alkaline-earth
fluoride crystalsi® it was reported that doped Trh ions
induced two main kinds of fluorescence besides temperature-
dependent defects, one from thg ¥enter which was a hole-
trap molecule consisting of a pair of fluorine ions and the
other from thef-f transitions of Tm", to which the normal
emission by UV-light excitation corresponded. They also de-
termined that although the Mcenters might be produced by
nondoped Caj-crystals at 77 K, their initial rate of produc-
tion could be increased by more than one order of magnitude
if the crystals were doped with trivalent rare-earth ions like
Tm3*.5 The temperature dependence results suggested that
the Vi centers were formed preferentially near T'nsites
retrapping some of the moving holes to form impurity-
stabilized hole centers. In the present study, however, the Eu
ion in alkaline-earth fluoride crystal prefers uniquely a diva-
lent rather than trivalent state, different from the other rare-
earth ions, which suggests that¥ons may attract nearby
Vi centers in a more stable manner than®Trions.

When we consider the radiation effect from a universal
point of view for the present mixed-crystal systems, we pro-

The fluorescence decay feature of band Il for a pulsepose that the generated number of defect centers in-
x-ray excitation was analyzed, particularly taking consider-creases from CafRo SrF, to BaF, due to the following two
ation of the variation of the timg,,, that gives a peak value, reasons. First, during the fabrication of mixed crystals, the

in the fluorescence decay curve. Thdependence df;,. is
shown in Fig. 9 for 0.05 and 0.5 mol % of Eu in £aSrF,

valence bands commonly constitut@ ®rbitals in F ions
while the conduction bands consist of 4rbitals for C&",

mixed-crystal systems with the inset indicating the position5s ones for St*, and & ones for B&", respectively. The
of tmax in @ typical line shape. The,,y is minimal around  decrease in the energy band gaps from LdR.2 eV} to
x=0.2 regardless of Eu concentration, in which the half-SrF, (11.44 eV to BaF, (10.59 eV} (Ref. 3 will result in the

width of the decay curve becomes much narrower.

500

4001

[ns]

tmax

100

tmax

Ca,_  Sr, F,:Eu

Band Il
0 :0.05 mol%

® :0.5 mol%

FIG. 9. Mixture ratiox dependence of the peak timhg,, in the
fluorescence decay curve of band Il. The positiont,gf, in the

0.2

04 0.6 0.8
X

transfer of conduction electrons from the Ca and the Sr sites
to the Ba site. As band | is emitted by electron trappings of
V¢ centers, this mixture process will lead to an increase in
the fluorescence intensity of Vcenters in the sequence of
Cak, Srk, and Bak. Second, there exists a condition that
the probability of photoelectric absorbance of host crystals of
x-ray radiation increases in proportion to the fifth power of
the atomic number of irradiated crystdlsThese two factors
result in the formation of a large number of \defects in the
above succession of crystals. We found, however, as shown
in Fig. 3, that the intensity of the Wband decreased tempo-
rarily in the intermediate region of mixed ratios, particularly
in the Caq_,Sr,F, system, although the number of\¢ten-

ters themselves should actually increase. Therefore we con-
sider that this anomalous decrease is caused by energy trans-
fers from Vi centers to Efi" because the distance between
them decreases down due to interdefect interaction. The in-
corporation of impurity ion into host alkaline-earth fluoride
crystal forces the shift from the normal positions of the sur-
rounding F ions due to the differences in ionic radii be-
tween the alkaline-earth cation and the impurity ion substi-
tuted for it. This effect is further enhanced by the formation
of mixed crystals. The atomic displacements ofibns cre-

ate small distortion points in the lattice and foffla~ mol-
ecules or \ centers during x irradiation. Since substituted
Ew?* ions and alkaline-earth cations are isovalent to host

decay line shape is shown in the inset indicating the raw experications, they do not form any electric dipoles, and are immo-
mental data and the best-fit curvexat 0.2.

bile in the lattices. It should be noted that the*Eipn was
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e|r

. Zle 1\r
Qe -l e

This can be divided among the ions to yield the actual dis-
placements. Then, the ionic displacemedts in the con-
tinuum approximation are
L Qze n2\ r 45
=tz |\ @2
wheree* is the effective charge describing lattice polariza-
tion and Q) is the atomic volume. Using the well defined
FIG. 10. Schematic diagram of the 180° jump available to thetheory on polarization in ionic lattice$,the activation en-
Vi center (B~ +hole) in the alkaline-earth fluoride lattice with the ergy E, calculated for the hopping migration of the \éen-
lattice parametea. ter is

202 252 2
not involved in this process because there was no proof of :2779 (n"+2)°Z d_
hole migration from E&" to EL?* ions in the experiment. On a 27n’azj a’
the other hand, ¥ centers are in polarized states and ap-

proach each other by dipole-dipole interactions. Such aggréinder the assumption of,d~0, whereqy, is the magnitude
gation phenomena would result in the gathering of aen-  Of the typical wave vector at the zone boundalyis the

ters around an immobile Et ion as a defect centét.The 1YMP distance, ana is the lattice parameter. For Cafo

o . . . . Srk, using the typical values 0Z=Zy/2 (F ion has an
faprlcatlon of mixed crystals would_ mduq_a more distortion effective half charge of cation e—6.8—6.5,n=1.45—1.47
points than those produced by Euimpurities. Hence the - ~ a

. . . . i aroundA =300 nm, a=0.545-0.578 nm, and=2d for
mixed crystal with the highest mixture ratio &= 0.5 may

h h . ber of Vi Additive di 180° jumps, we obtaif,=0.22—0.20 eV, which is compa-
1ave the maximum num er olx centers, ltive ) |qur- rable with the observed activation energy of 0.31-0.3¢ eV.
tions, however, due to the displacement of Eucan signifi-

s - This suggests that the hopping migrations gf &nters in
cantly affect the generation of/centers because the cation {he gikaline-earth fluoride lattice may result in their cluster-

displacement polarizability becomes twice that of the anionng according to their elastic and electrostatic misfits which
due to the valence differendelhe differences in the cation- are further enhanced by the formation of mixed crystals.

anion distances between the host lattice and the substitu-
tional E#*-anion lattice aret3% for Cak (0.2366 nm), no
misfit for Srk, (0.2511 nm, and —3% for BaF, (0.2685

n2
1- —), 4.3
€

B. Energy transfers between \¢ and Eu®* centers

nm).® Accordingly, Ca-rich crystals aroung=0.2 in the Besides \ centers and B, the ionizing yields of x ray
Ca,_,SrF, system can produce morg\tenters surround- to defect centers contribute very little to the production of
ing the EG* ion. intrinsic point defects in nondoped alkaline-earth fluoritles.

Also for the present mixed-crystal systems doped with Eu
in greater detail by Beaumoet al’ by preferentially align- ions, no defect bands such as F centers, hole-trapped V

ing the centers at 77 K using polarized bleaching light withvgr’?(’)r;ng dV;tA’rocoenqt?é%wgrr:tl?rzsesﬂi/negeIrt]ht:?n?(;rewzﬁil:arsen;f ?gz
Ell [001]. Based on their ESR studies, it was found that the? P )

. . . air of bands Il and IV were independent of the variations
centers which preferentially aligned alopg10] and [001] (F;f Vi centers and Ed in all the mifed-crystal systems, the

disappeared at the same rate to cpmplete destr_uction at ab%ﬁization process from Eii to EB* through \ is pre-

138 K; it was concluded that only linet80%) motion of Vk g med to be unlikely during x-ray excitation measurements.
centers occurred in Calbelow the temperature of disappear- thys a model of fluorescence mechanism proposed by con-
ance. The schematic diagram of the 180° jump available tQjgering energy transfers among the observed fluorescence
Vi center in the alkaline-earth fluoride lattice is shown inpands is described with greater clarity using Fig. 11. In the
Fig. 10. The defect may differ in size or shape from thefigure, it is indicated that the conduction electrons migrate to
perfect lattice it replaces. The surrounding lattice then detower energies from Ca @) to Sr (5s) and enter into the
forms to accommodate the mechanical misfit. Moreover, thelegenerate states ef of the Ba (&) conduction band. The
defect may introduce a modified charge distribution. Electricfour kinds of fluorescence observed are indicated by thick
fields originating from the charge misfit then distort the black arrows, except for the yellow emission observed below
nearby electronic and ionic distributions. This coupling be-77 K for BaF,:Eu (Ref. 2% which is attributed to be from an
tween electrical and mechanical relaxation near point defectsxciton level (e). The population migrations of electrons/
was examined precisely by Flyfihfor continuum descrip- holes among the energy levels of thg ¥enter {¢3), E"
tions of the dielectric and elastic behavior to simulate theons (g4 band, and Ed* ions (D) are indicated by shaded
lattice surrounding defects of atomic dimensions. A cubicarrows.

polar lattice (the static dielectric constard) of ions with A quantitative treatment of energy transfer between the
charge+ Z,e contributes to the polarizatioR(r) at the po-  V, center and E&i ion can be carried out by solving the rate
sition r surrounding a localized chargeZe, equations of the population level of each cerifef The

The thermally induced motion of }/centers was studied
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Conduction Band ters. In addition, energy transfers due to’EEW" ex-
Ca (4s) change interactions are ignored for the present diluted sys-
VﬁZu \ \. Sr (5) “ tems. Under these assumptions, we can treat the problem as a
1% e o rrrrres four-leve_l system tf_]at consists of_the.grou?ﬁilg [described
\ - I ey Ll e —————Ba (65) as level(i)], the excited', , [level (iv)] in the Vi center, the
\5p, (i) © e, bottom-most leve[level (iii)], and the groundfS state
[level (ii)] in the Ef" center. The transition probability per
| i unit time from leveli to j is expressed by;;. Both the
- [y I_L - . radiationless processes, frol, to e; and from®Sto '3
% are usually assumed to decay in a time of less than one
7|=2 nanosecond.
el 8 8g &g If Ng denotes the total number of defects in the system
D s S and N4 (1), Ny(t), N3(t), Nu(t) the time-variable numbers
—3 O of Vi centers in the'S ; state, EG" ions in the ®S ground
Vi ® Eu® state, E&" ions in theey bottom-most state, andVcenters
in the 13, state, respectively, then the rate equations among
F (2p) the population levels under pulse excitation are given by
Valence Band
FIG. 11. A model of the fluorescence mechanism proposed by ot PaNg+h(t)(N;—N,), (4.49

considering energy transfers among the observed fluorescence

bands. Four fluorescence bands were observed: band | to IV, repre-

sented by thick-rightward arrows and thin-downward arrows show- % = — 0Nat DN (4.4b
ing their transitions between energy levels. For B&R, the yellow dt PslNs™ Paglla, '
emission from an exciton levée) observed below 77 K by optical

excitation is shown by a dotted arrow. The energy transfers between dN,

the Vi center and E&f ions are indicated by dot-shaded arrows —— =—P2No+ P1oN1+ PaN3+ PNy, (4.49
together with the electron transfers out of the conduction band. The dt

numbers(i)—(iv) indicate the typical levels of the four-level ap-

proximate calculation. For details, see text. N1+N2+N3+Ns=No, (4.49

model calculation explains the anomaly that the intensity ofvhere p,=p;+ paot+ Paz and pz=piz;+pz> with N,(0)
band Il shows a nonlinear decrease in Fig. 3 while the life-=N3(0)=N4(0)=0. Here,h(t) may be considered to be a
time gives a monotonic decrease with increasing Fig. 7. pulse with heighth and durationw, then,

In particular, the analysis of the response decay curve of

fluorescence by x-ray pulse excitation is important for com- h(t)=h[u(t)—u(t—w)], (4.5
plete comprehension. ) ) ) )

When x-ray energy is absorbed in a crystal, it appears igvhereu(t) is the un_|t step functlo_n. Fd<ow, Fhe solutions _
the form of electrons in an empty conduction band and hole8f the above equations are obtained analytically by consid-
in an occupied valence band, or in the form of excitons affing the response to a sstaep-functmn pumping pulse. Using
lattice ions. The generated holes are trapped by distorted F these solutions alNy= 10*® and h=1.0 assumingN()
molecules to emit the fluorescence of band | as a result of0; the values of two important constaiNg(w) andN,(w)
recombination with the electrons from the excited stifg ~ att=w are roughly determined. The solutionsM(t) and
of the i center. For simplicity, théS, state is assumed as Na(t) for t>w are derived from the much simplified equa-
a source level of electrons to the excitegl level and the tlons of Eqs.(4.43—(4.4d, as follows:
ground 8S level of EUf*, in which the population of elec-
trons thermally migrating from the conduction band*®, N4(t) =Na(w)exp{ —ps(t— o)}, (4.63
is regarded as constant. Moreover, it is assumed that electron

population migrating through the paths frohd, ande, to _ P4gN4(w)

5D, are too small to be taken into account. These ?elssump— Na(t)=| Ng(w)+ Pa— P32 X~ Palt=— )}

tions are valid because, as seen in Fig. 3, the fluorescence

intensities of bands Il and IV are extremely weak and inde- _ PasNa(w) expl — pa(t—w)} (4.6b
pendent of the mixture ratio. The generation of ¥enters Psa— P32 4 ' '

and electron-hole pairs by x-ray excitation results in dynami- )
cal energy transfers depending on the distance betwegn EuThe decay flgnals of the fluorescence of band k)(\énd
and the \; center because the latter migrates byband Il (E¢™) follow N4(t) andN4(t) curves, respectively,

“jumping” 2 at room temperature. The,\Mcenters jump to N which the latter cp_nsists of two exponentials, as shpwn in
nearby distortion-rich areas to occupy definite sites predomiEd- (4.6D. If the exciting pulse is short enough, a maximum
nantly in high mixture ratio crystals. In order to interpret the €@n occur fom;(t) at a timetp,, given by

experimental results of variations of intensities and pulse de-

cay curves of the observed spectra, we will consider only the Lo/ Pe2, (Pa=PsdPsz No(w) @7

s to=— ’
retaining energy transfers betweep Wenters and Eu cen- M n,—pPs2 | Pa PaPaz  Ny(w)
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TABLE I. Comparison between the experimental and calculated values of the lifetimthe peak time
tmax, @nd the ratio of integrated intensities 8f (band II; E¥" ion) to S, (band I; Vi centey of the
fluorescence decay curve for the,CaSrF,:Eu (0.5 mol %9 system under pulse x-ray excitatiéduration;
). The population ratitdN;(w)/N4(w) att= w and the transfer rate,3/p, obtained from the calculation are
also given.

7e (N9 tmax (NS tmax (N9 Si /S [Expt] Si/S N3(@)/Ny(w) Pas/Pa

X [Expt.] [Expt.] [Calc] [Expt] [Calc] [Calc] [Calc]
0 640 210 211 2.3 2.70 0.176 0.540
0.2 580 170 170 5.1 4.10 0.205 0.644
0.4 510 180 179 3.8 3.35 0.111 0.489
0.6 470 230 230 2.1 1.00 0.042 0.261
0.8 460 250 250 1.9 0.20 0.014 0.173
1.0 450 280 281 0.8 0.24 0.011 0.109

where the condition fot,,,, to be positive must be satisfied ments were liable to be located close to the hole-released
as Tm?" ions. The situation is also predicted in the case Gf'Eu
doped into the present €a,Sr,F, mixed-crystal system, al-
though Ed" is not concerned. Substitution of the cations
Pas Ni(w) between C& and Sf* in the mixture system would produce
Ps>p3,; and _>N (@) (4.9 even more distortions of crystal lattices because of the large
Ps2 T4 differences in their ionic radii. Meanwhile, there exists the
pecularity that the ionic radii of Eii and Sf' are so close
Equation(4.8) represents the relation between the probabilitythat the distortions will be enhanced in Ca-rich crystals for
and the population when the fluorescence decays with <0.5, as obtained by the present experiment, in which the
curve as shown in the inset in Fig. 9. We may obtain aquantum efficiency of the fluorescence of’Elincreases.
best-fit experimental curve for band Il in response to x-ray

pulse (=20 ns) excitation to Eq4.6b) using the numerical V. CONCLUSIONS
iteration method starting with appropriate values mmf, o . .
Na(w), andN4(w) under the conditions of Eq4.8). The X-ray excitation fluorescence spectral studies were carried

: : out on Eu ion-doped fluorite-type €asSrF, and

p3» and py, values are obtained from the experiment as re- . x

; e i S _,BaF, mixed-crystal systems. The following conclu-
ciprocals of the lifetimesre for Eu emission andhy for Vi sién; V\%I’(ZE drawn frgm the{)resent investigation.g
emission, respect_|vely, n Wh!ChV V"?"“es for the mixed (i) The four sets of bands observed were explained, and
cr_ystals were es_tlmated by distributing proportional to thethe relationship between their integrated intensities and the
mixture ratios L173|ng they v_alues of CaEand_Ser, reported mixture ratios was given for the Ga Sr.F,:Eu system.
by Ershovet al. A comparison of the exp(_erlmental and cal- (i) The Vk centers were formed in a stable manner by the
culated results is given in Table |. Besides, as the deca}ﬁcorporation of E&" ions rather than Eii ions
curve of ba_md : IS calculljalz'&ed from E(4.69, the ratio of the (iii ) The blue fluorescence of Elidid not originate from
integrated intensit, (Eu™ ion or band ) to S, (V center the reabsorption of the Yfluorescence but was emitted via
or band ) for each decay curve was estimated and compare

with the experimental result shown in Fig. 4. The compari- nergy transfers from the excited stdfg, of V to thee

. . . band of EG".
h 0,
son is made using the result obtained for the 0.5 mol % of Eu (iV) A lel of the four-level fluor | i ,

:‘Pugr]:sfe%;ési?llt:én?i/ft%?b :fns d Slfi?d:irgitzlg:ﬁ gngnmdalghsthi?]:[akmg into consideration the lattice distortions due to the
y . formation of mixed crystals and the hopping of thg &&nter

crease _aroumi:O.Z_ When_ th_e |nten5|ty_of band I is mini- followed by energy transfers to the Eucenter, was pro-
mal. This evidence is qualitatively explained from the Calcu'posed

lated results. Namely, at the mixture ratio=0.2, the
distribution ratio p,3/p, of transition probability becomes
0.644 indicating the highest energy transfer rate from the V ACKNOWLEDGMENTS
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