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Low-temperature thermoluminescence spectra of rare-earth-doped lanthanum fluoride
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Lanthanum fluoride consistently shows two strong thermoluminescence glow peaks at low temperature in
pure material near 90 and 128 K. A model is proposed in which these thermoluminescence peaks arise from the
annealing of halogen defect sites, similar to BheandV, centers of the alkali halides. Relaxation and decay
of these defects in the pure Lgfattice results in broad-band intrinsic luminescence. Addition of rare-earth-
impurity ions has two effects. First, the broad-band emission is replaced by narrow-band line emission defined
by the trivalent rare-earth dopants. Second, it preferentially determines the formation of the halogen defect sites
at impurity lattice sites and such sites appear to increase in thermal stability since the glow peak temperature
increases from 128 K in the intrinsic material up to 141 K through the sequence of rare-earth dopants from La
to Er. The temperature movement directly correlates with the changes in ionic size of the rare-earth ions, when
allowance is made for differences in effective coordination number of the impurity ions. The data suggest two
alternative lattice sites can be occupied. The model emphasizes that the intense thermoluminescence signals
arise from internal charge rearrangements and annealing of defect complexes, rather than through the more
conventional model of separated charge traps and recombination centers. At higher temperatures there is a
complex array of glow peaks which depend not only on the dopant concentration but also are specific to each
rare earth. Such effects imply defect models giving thermoluminescence within localized complexes and
possible reasons are mentiong80163-18208)04701-9

[. INTRODUCTION structural instabilities. One consequence of which is that the
rare-earth impurity ions in the dosimeters often associate in
Lanthanum halides have played a central role as the hogtairs or form cluster type sites involving several components
material for the characterization of the emission spectra ofimpurities, vacancies, off-axis ions, interstitials, gt¢=12
rare-earth ions in solids: The rare-earth dopants have the Fortunately, the presence of the narrow emission lines result-
same valence, and very similar ionic radii, to the lanthanuning from screened shell transitions of rare-earth impurity
ions, therefore they are expected to occupy normal latticéons offers a probe of the geometry and crystal field near the
sites, without excessive lattice distortion or the need forimpurity sites so, in principle, high-resolution spectroscopy
charge compensators. For the purposes of color center studf the rare-earth-ion transitions can reveal small wavelength
ies this provides a simplified situation for analysis of impu- shifts associated with changes in the site structure. More dra-
rity and intrinsic lattice defect interactions which are herematic changes in the emission pattern may occur as the result
explored using one of the most sensitive techniques for thef changing the fraction of single, pairs, or higher-order rare-
detection of lattice imperfections in insulators, namely ther-earth cluster sites, by altering the dopant concentration or
moluminescencéTL). This type of analysis has an extensive applying thermal treatment4-1® Spectral analysis of the
literature associated with the presence of rare-earth ions, andirious TL glow peaks clearly indicates where rare-earth
their influence on TL, particularly in the highly sensitive ions are active in the luminescence, but even when just
radiation dosimeters such as CaS@ MgB,0; doped with  broad-band spectra are recorded the emission bands can dif-
Dy or Tm*® Many similar dosimetry examples of rare-earth fer significantly between the glow pedksinked to different
(RE) ions in alkaline earth fluorides, e.g., Caler BaF,, defect types. For radiation dosimetry the variations are un-
have been widely documentéd In all these examples the desirable, but for more fundamental studies of the lattice
need for charge compensation of the impurity site results inmperfections the spectral changes offer useful data. Because
complex defect sites which are variously thought to influenceof the inherent complications of interpretation of the major-
between 5 and 50 normal lattice sites. Interpretation andty of thermoluminescence studies using rare-earth activators
analysis of such “point” defects is thus difficult and most (i.e., with compensators and impurity-intrinsic complexes
radiation dosimeters using thermoluminescence have bedhe present study was undertaken to benefit from the simpler
developed from a semiempirical basis. Dosimetry optimiza-defect situation which is expected for rare-earth-dopedl.aF
tion invariably includes addition of secondary or tertiary where the trivalent impurities should merely substitute for
dopants and thermal treatments to sensitize the matéfial. the La ions. Thermoluminescence data have excellent sensi-
There are many factors still poorly understood, not least ofivity and are widely used to separate the charge detrapping
which are the reasons why there are orders of magnitudprocesses from different imperfections as a function of tem-
difference between the sensitization produced by differenperature. In this study the power of the technique is greatly
rare-earth ions in the same host. Current discussions recogicreased by inclusion of spectrally resolved TL, a method
nize that the inclusion of impurity ions introduce lattice dis- which is much less widely used for reasons of experimental
tortions and also need charge compensators. This results difficulty.
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Il. EXPERIMENTAL DETAILS corded for nominally pure material from different sources. In

The RE-doped lanthanum fluoride samples were Obtainell1ermo|uminescence terms_ the highest purity material came
from Optovac with nominal dopant levels from 0.1 to 2.0 % "om Southampton and this gave a small phosphorescence

of the dopant fluoride. The original crystal boules were secdecay near 20 K and two intense glow peaks near 90 and 128
tioned for the TL measurements and it was noted that ifK. The spectral image of these features is shown in Rig. 1
many cases the dopant, and trace impurity levels, varied beénd wavelength slices of the spectra are displayed in Fig.
tween successive slices. A “high-purity” sample was pro- 1(b). The wavelengths of the peak maxima at 20, 90, and 130
vided by Professor Rutt of Southampton University. TheK were near 305, 328, and 319 nm, respectively. Figuice 1
various crystals were grown with nominally only one rare-shows that at higher temperatures there were other glow
earth dopant but, as will be noted, several crystals were COrseaks with a totally different spectra which are characteristic
taminated by other rare-earth ions. This was most apparei rare_earth dopants. Note that the intensity scales of Figs.

for the heavily doped samples. Thermoluminescence w . . :
primarily made at low temperature in the range 20 to 300 lif(a) and Xc) are very different, by-1000 times. Figure (1}

following x-ray excitation at 20 K, but some data were alsorecorOIs wavelqngth slices at 2(.)5 and 270 K from which .it Is
collected for irradiations above room temperature. The low-2Pparent that different narrow line features, and hence differ-
temperature heating ramp of a Cryophysics closed cycl€nt rare-earth impurities, define the spectra. Overall the fig-
cooler was driven by a Lakeshore controller. Heating rateg!re indicates that the TL spectra can reveal trace impurities
were typically 6 K/min. Above room temperature a heaterof rare-earth ions and even the best samples are contami-
strip was controlled by a Eurotherm controller at rates of S0nated. Other nominally pure samples showed weaker, but
to 150 °C/min. A key feature of the analysis was the spectrastill strong, main peaks, plus additional UV features below
information and this was obtained on a high sensitivity specgg K, and longer wavelength line features above 130 K.

tral apparatus with f/2.2 opticS. This employs two Photek  The addition of rare-earth impurities has several effects

(formerly ITL) imaging photomultiplier tubes giving \\hich are immediatel o
y apparent in Figsiap-2(f) for the
UViblue (200440 nm and blue/green/red380-800 nm .dopant concentrations of0.1 to 0.3 % for the sequence of

coverage, respectively. The wavelength dispersion i :
achieved by grating spectrometers blazed for each regioi"?mthamdes of Pr, Nd, Sm, Tb, Ho, and Er. In all cases the

All spectra were corrected for the wavelength dependent eforiginal broaq b_and in_trinsic features are retained but greatl)_/
ficiency of the double spectrometer system. Two experimensUppressed in intensity. The dopant ions appear to be effi-
tal artifacts are noted. First, as collected, the data frequentlgient recombination sites since there are line-type emission
display a mismatch intensity step at the interf&20 nm)  bands which are characteristic of the well documented tran-
between the two systems. Second, the low-detection effisitions of the dopants. Above the 130 K region these are the
ciency for wavelengths longer than 780 nm can result in gredominate source of TL emission. For the glow peaks
false signal from second-_order diffraction of strong emissiorhomina”y at 90 and 128 K the dopants are in competition
near 390 nm and these signals have not been suppressed. The the intrinsic bands. At lower temperatures some lines

matching step has been minimized by scaling for most of the, o 5narent, not in the form of glow peaks, but as athermal
figures shown here, but the second-order signals show

above 780 nm remain, however, for the present purposegom'i'%n ?L;e:iigﬁéﬁcc;rg; r;t gfen?r?é%itf :3' Zj)mftc; r t?ur? are
they do not introduce any interpretive problems. P y y

The TL spectra system is designed for weak light collec-consistent for the spectrometer and data sets. Neutral density
tion, not high resolution, such that resolution5 nm. A filters were used during recording and their transmission fac-

major benefit of this Wavelength multiplexed method of datatO!'S have been includ_ed i_n the (_:alculations of the intensities.
collection is that an entire spectrum is recorded every sed! IS apparent that the intrinsic signals for the Pr, Nd, and Ho
ond. Thus in principle, any differences in emission spectra a§&mples are approximately half as intense as for the pure
a function of temperature can be directly observed with s@mples, the signals from Th- and Er-doped samples are re-
temperature resolution of 0.25 K. This proved to be highly duced a further 50% and the Sm broad-band signals are the
desirable in the present work, and for example some of th#eakest. However, all samples produce comparable bright-
smaller temperature differences between emission lines froMess per unit radiation dose, if one integrates across the en-
different RE ions would probably have been overlooked withtire spectrum. For these specimens the Er, Th, and Sm dop-
scanning monochromator spectral recording of the TL, evemnts are particularly effective at reducing the intrinsic
though a scanning system might have offered higher spectramission in favor of light generation at the impurity sites.
resolution. The temperature measurements, in absolute On increasing the concentration of the dopant ions the
terms, are limited by experimental factors such as the variaspectral components change in a number of ways. In general
tions between samples as the result of different thermal couhere is a suppression of the intrinsic signals, as is seen by
pling between the control stage and the sample, and as @mparing Figs. 3 and 4 with data of Fig. 2. Signals from
result of temperature gradients through the Saﬁ'“-th? ~ high concentration boules of from 1.0 to 2.0 % dopant levels
low heallrlg rates, and py using thin samples, these variationg, Pr, Sm, Tb, and Er are shown in Fig. 3. For the Pr dopant,
were minimized to typically about one degree at low tem-rig 34 the spectral components are nominally the same as
peratures. for Fig. 2, but there are small changes in their relative inten-
IIl. RESULTS AND COMMENTS sities. The number and relative intensiti_es of th_e higher tem-
perature parts of the glow curves obviously differ, and on
The TL of pure and RE-doped LaFat low temperatures closer inspection there are many more features apparent even
is relatively intense and comparable glow curves were rein the 90 to 150 K region, as shown in Figah Below 90 K
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the athermal signals are more pronounced. Figyb @is- maps of two 1% Ho-doped sampléBigs. Ga) and Gb)]

plays the TL from Lak with 1.0% Smk but because the with the lightly doped 0.1% Ho boulgFig. 6(c)] and a 1%
intrinsic signals are so weak relative to those from Sm thePr-doped sampléFig. 6d)]. In all cases there is some evi-
data are shown with a @imes higher magnification for the dence of cross contamination but the majority of the Ho and
UV/blue region. This magnification emphasizes the presencBr lines are separable.

of two further TL peaks with broad emission bands near 160 The mixed Ho/Pr samples show high-temperature glow
and 270 K. Comparing Figs(B) and Zc) for the Sm peaks peaks via emission bands that are almost entirely character-
near 200 and 250 K it is noted that these have inverted ized by only one or other of these two elements. To assess if
terms of relative intensity, as have those near 90 and 128 Khis is a feature of the TL process or a temperature-dependent
A highly doped NdF sample was not available for compari- anomaly of the emission efficiency several experiments were
son with Fig. 2. The Tb data of Fig.(® has also required made using the temperature ramp whilst continuously excit-
higher magnification of the UV/blue signals, where the datang with x rays. Figure &) shows one such RL/TL contour
resemble the Sm pattern of peaks. Similarly the intensities gplot. All the line features, from both dopants, persist at a
the lower temperature Th glow peaks are more equal than fooughly constant intensity level throughout the temperature
the lower concentration data of Fig(d. Finally, Fig. 3d) range from 20 to 300 K. However, because this is a dynamic
provides TL data for the doping with 2.0% EyFThe signals  situation there are TL signals superposed on the constant RL
at 90 K and lower are enhanced relative to those near 128 Kackground. Hence the RL stimulated Ho and Pr emissions
and further strong peaks emerge at higher temperatures. Tlage not temperature sensitive and separation of high-
only sample of Eu was at the 0.5% dopant level and this i$emperature glow peaks by emission spectrum is a phenom-
included on Fig. 4 with various examples of nominally 1.0%enon related to the TL traps. The figure also indicates a
Ho doping. High concentrations of holmium produce datastrongly temperature-dependent intrinsic background near
Figs. 4c) and 4d), which show the pattern of raising the 310 nm which falls smoothly in intensity from 20 K down to
intensity of the 90 K peak relative to that of the one near 128nly trace signals by-200 K.

K. At higher temperatures the spectra of the different peaks The data are representative of the general trends seen in
clearly differ, an effect which is apparent from Figs. 3 andthe RE-doped Lak; despite the fact that the original boules
4(a), but as will be discussed later, some of the lines can b&ere nonuniformly doped. Whilst the isometric plots indi-
attributed to a second dopant of Pr. These differences inate considerable complexity in the TL spectra at various
spectra as a function of temperature, and the variations béemperatures, they require processing into contour maps and
tween various samples from the Ho boule are emphasized spectral slices taken at fixed temperatures or wavelengths, in
the contour plots shown in Fig. 6. Because of the large dyerder to emphasize and quantify the changes between the
namic range of signal intensities the contour maps are of thglow curve patterns. Figure(d presents four examples of
logarithm of the intensity. Figure 6 contrasts the log contourspectra from a 1.0% Ho-doped sample, for the peak regions
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at 85, 125, 190, and 225 K. The latter spectral slices haveverlapping signals which differ in their temperature depen-
been magnified by 3 and 10 times because of the large dyence. Overall, not only do these curves differ in terms of the
namic range in signals. The figure emphasizes that the emigumber of glow peaks, but more significantly the peak posi-
sion pattern differs for the various glow peak regions. Ations are variously shifted in temperature, with clear changes
spectra at 20 and 280 K. In RL the 20 K emission containg!ominal 128 feature. Particularly from the high Ho concen-
not only the intrinsic emission in the UV but also a set of line ration sample it is apparent that for a signal near 550 nm
features from Ho, and trace impurities, whereas at 280 }ihere are at least three overlapping glow peaks in the 130 to
only the RE signals are intense. The situation is in fact no S%J;L%%g;{tal systematic problems of differences between
e e 01 e recoded hster stag tmperatur and at f e eniting
come displacede.g.. from 500 gnd 560’nm to0 shorter Wave_GSampIe are inevitable in TL because of difficulties of thermal

. . contact and heat conductivity in insulators. Such differences
lengths, whilst others have appeared at the high temperaturg,q redquced for low heating ratés.g., 6 K/min but never-

(at ~620 and 740 nm The line changes may reflect the {hejess some sample, and run, dependsbluteerrors are
results of several RE dopants. . inevitable. However, the detection of temperatshéfts be-
Finally, Figs. 7c) and 1d) are particularly instructive as tween the emission signals recorded here between intrinsic
they plot the conventional type of TL curve abstracted fromand dopant sites separated by different wavelengths are both
the isometric data set for a variety of wavelengths and theeal and reproducible using this wavelength multiplexed sys-
two concentration levels of Ho of nominally 0.1 and 1.0 %. tem.
The wavelengths chosen are at 310 nm for the intrinsic sig- Some measurements were made of the TL above room
nals, whereas the 761-nm data are mostly from Ho and 48tmperature. In these examples the emission bands were al-
nm is from Pr sites. The strong Ho signals near 650 nmmost totally characteristic of the dopant RE ions. Indeed, this
match those at 761 nm but, as indicated in Figp) 5the TL ~ was also the case even for many “pure” samples. An ex-
slices of the contour maps for the 550 maximum disguiseample of the high-temperature TL is given in Fig. 8. Note
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that the glow peak intensities are several orders of magnitudéBLAN, etc.) in that it consists of just one or two glow

weaker than those recorded at lower temperature.

IV. DISCUSSION

Intrinsic emission spectra he low-temperature TL of un-

peaks, below about 150 K, with emission bands in the near
UV region of the spectrum. The component luminescence
signals can often be stimulated by other routes such as radi-
oluminescence or optical band gap excitation. This general
pattern of behavior can be interpreted as the result of electron

doped lanthanum fluoride crystals is typical of that observedhole recombination which is, either directly or indirectly, the

in many halide crystals and glas€aF,, BaF,, NaF, LiF,

LaF3:Eu(0.5%)

x10°
<]
z z<
lg '@ I
9 ga
7 z
~Z
3, "%
x102  LaF;:Ho(1.0%) © x102
2
z a
7, % -3
5 54
e ”
z z°

LaF;:Ho(1.0%) )

result of the formation of an excitonic type state with a long

LaF;:Ho(1.0%)

®)

FIG. 4. Examples of spectra
from more heavily doped Laf
crystals. (a) contains 0.5% Eu,
(b)—(d) are all for 1.0% Ho dop-
ing. Note, however, that there is
some Pr within these Ho samples.
Data of(a), (c), and(d) are for TL
whereas curveb) is for a com-
bined RL/TL excitation.
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FIG. 5. (a) Examples of TL slices from data
sets for Pr-doped crystals. The slices were chosen
at 478 nm. The intensity of the signal from the
0.1% sample has been multiplied by 4 times for
ease of comparison of the signals) Normalized
slices for a Ho-doped sample from the region of
the 550 nm peak, for the 530 and 560 nm sides of
) N P 2 VP the peak. The contour map of this example is
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lifetime. Relaxation of the exciton then provides broad emiscenters. Detailed examination shows that the temperature
sion bands corresponding to singlet or triplet states. Since thier dissociation, and the precise emission spectrum are sen-
central feature is the relaxation of the bound electron-holesitive to impurities associated with the lattice sites. In crys-
pair the emission energy is only slightly modified by the talline and glass oxides, such as silicates, silicate fibers, sap-
dielectric constant and the details of the local lattice strucphire, MgO, or BGO, the recombination sites are normally
ture. Hence many wide band gap insulators, oxides as well agiscussed in terms of variants of oxygen vacancy centers,
halides, have characteristic emission decay of excitons, diowever, they behave similarly in that the emission bands
electron-hole recombination at defect sites, that is apparemire sensitive to association with impurities. For example, lu-
in the near UV/blue spectral region. For the alkali halidesminescence signals shift through the 380 to 500 nm region in
commonly observed defects are t¥g or H centers which silicates such as quartz, on varying the dopant ions fbto
involve either self-trapping of a hole on a pair of adjacentGe or Al?>?2Glow peaks with these intrinsic type emission
halide ions ¥,), or a hole trapped on the larger unit of four bands are variously dominant to about 15G“KAt higher
halide ions spread over three lattice sité) (2132°?1The  temperatures in all these examples the signals are much more
thermal stability of these structures in the alkali halides isstrongly influenced in temperature and spectra by the impu-
such that they typically dissociate in the temperature range aities and stable defect complexes. These well documented
80-100 and 130-150 Ke.g., as in LiF for theH andV,  examples are closely analogous to the present observations
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FIG. 6. Logarithmic contour maps of the TL frofa) and(b) 1.0% Ho-doped sample&;) 0.1% Ho, andd) 1.0% Pr.
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of LaF3; and the conclusion is that the broad emission band#attice. The fact that not only do the glow peaks move with
near 300—400 nm which show glow peaks near 90 and 128 idopant inclusion, but also that the emission spectrum is char-
are also the result of electron-hole pair recombination at inacteristic of the impurity, implies that the trapping and re-
trinsic halide lattice sites. The more speculative, but not uneombination sites are spatially linked. In other words, the
reasonable, suggestion from the comparisons is that thienpurities distort the lattice to stabilize a neighboring
lower temperature band is from the Lakquivalent of a V,-type center, and when this thermally dissociates, the en-
fluorine H center and that at 128 K is from thg self-  ergy release drives the excitation of light from the RE dopant
trapped structure. The presence of a fluoride type interstitiadtabilizer.
center(the | center in alkali halidgsmay be proposed as a Effects of ionic radius on the lattice site€omparison
first guess as a model for the signals at 20 K but currently thavith the low-temperature TL data for RE-doped Lsaénd
data are experimentally limited for LaFas they commence BGO (Bi,Ge;0;,) dat&® shows considerable similarities. In
at too high a temperature to record this feature as a resolvatie BGO results there are broad band emissions from pure
glow peak. material(ascribed to electron hole recombination at vacancy
Linkages between trapping and recombination centirs siteg but addition of rare-earth dopants quenched these sig-
is tempting to draw similar conclusions from the Laflata  nals above-75 K and replaced them with TL emission char-
as have been made from the very similar type of observatioacteristic of the rare-earth dopant. For the high-temperature
recorded for the case of the BG®?® The common features glow peaks the precise glow peak temperatures deviated
are (i) in pure material there is broad band emission typicaffrom that of the pure material as a linear function of the ionic
of relaxed electron-hole pair recombinatigin) with increas-  radius of the dopant ion for RE ions which have radii smaller
ing RE content the intrinsic emission is suppressed in favothan the BF* ion, which they were assumed to replace in the
of the RE emission(iii) the temperature of the intrinsic pro-
cess alter with ionic radius of the dopant, aingd at higher
temperatures and high dopant levels the glow peaks vary an
emission is almost entirely via the RE transitions. For L aF
exciton trapping, either by migration of free excitons, or via
the presence ofl- or V,-type centers can generate the two
intrinsic glow peaks with strong broad UV/blue emission
bands. Small impurity sites in alkali halides introduce distor- -,
tions which can favor charge trapping at the expense of per-
fect lattice sites. Hence, by analogy, a competition between
intrinsic and impurity sites will favor th&/,- and H-type
centers in Lak which are in close proximity to the RE dop-
ants, which are all smaller than the host lanthanum ions. The
impurity stabilized sites willas forH or V, centers in alkali FIG. 8. An example of the high-temperature TL for nominally
halideg dissociate at higher temperatures than in the perfegbure LaF,.

\ntensity
AQ0 200 300
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lattice?® No obvious pattern was apparent for oversize RE
ions. The activation energies were the same in each case and
the peak temperature variation could be described as a result
of mass-dependent changes in the vibrational frequency of
the defect site. More recent data for CaSDy:Tm (Ref. 30
also indicate temperature shifts of 10 °C, between the
emission of nominally the same dosimetry glow peaks re-
corded at Dy or Tm emission wavelengths. These differences
in peak temperature are perhaps more surprising as they are
apparent for the glow peaks above room temperature near
220 °C. For the Lak the movement of the “128 K" glow
peak is much greater than for the BGO and Ca®®amples
and is as much as 13 K in the case of Er where the peak
occurs at 141 K. Inspection of the entire set of data from
numerous runs emphasizes a consistent pattern of peak shift
with dopant ion. In view of the known tendency for pairing
and clustering of RE dopants in many crystals, the simplest
analysis is attempted for the lightly doped samgieg., with
TL as seen in Fig. R For the higher dopant level§igs. 3 . , , ‘ , AN
and 4, etg. additional glow peaks or shoulders appear which 0.09 0.10 0.11 0.12
may result from RE-intrinsic complexes, or at least in the
case of the Ho samples which are contaminated with Pr,
from Ho-Pr complexes. The presence of a wider range of RE
defect sites is inevitable at higher RE-doping levels since at FIG. 9. A plot of the temperature shifts for the RE emission
high dopant concentrations there will be increasingly greatefignals relative to the intrinsic glow peak near 128 K as a function
formation of impurity pairs or clusters from statistically ran- ©f RE ionic radius. Note for the ions of Er to Pr the radii are for
dom lattice dopants; as well as preferential strain induce&'xmld coordination but for Eu, Sm, and La the eightfold values are
impurity pairing. The main advantage of LgBs the host for used(see texl_ Also note that the Ho/Pr and Pr/Ho values refer to
the RE dopants is that charge compensators are not requirecdf)SS contaminated samples.
so that the large lattice distortions from a combination of
impurity and compensator are avoided. Strain induced coneccurs near 134.5 K, but in double doped samples the Pr
centration pairing is well documented for Cr luminescencepeak position is increased te 136 K. All the Ho samples
changes in the ruby structure of AD;:Cr where new Cr were contaminated with Pr to some extent. A few samples
pair emission bands are generated. In the TL radiation doshowed weak contamination and the larger temperature shifts
simeters of CakRE, CaSQ:RE, CaCQ:Mn, or for these examples are indicated on Fig. 9 just as Ho. How-
MgB,O;:RE the effect of raising the dopant levels is to rap-ever, inspection of many sets of data from these samples
idly quench the luminescence efficiency for dopant concensuggests that the composite Ho/Pr glow peaks have a maxi-
trations above about 0.1%. This same pattern of behavior haaum value which often occurs at too low a temperature rela-
already been mentioned in detailed spectroscopic studies tifre to the other data. The influence of double doping seems
the energy levels of P in LaF; where the changes have to lower the value for Ho/Pr peaks and raise that for the
been reported as evidence for the formation of impurity ionPr/Ho signals, therefore one may infer that the dopant rare
pairs and cluster¥:?8 For LaF; the interpretation of lattice earths are not necessarily entering the }.4dttice as single
distortions on the defect stability of adjacevif-type sites dopants, but rather as larger units or clusters. Association of
may therefore be simplified by concentrating on the effects atwo different dopants would then lead to the displacement of
low-dopant concentration. signals from those expected for singly doped material. How-
The pattern of glow peak shift can be partially rational- ever, if only simple Ho-Pr pairs were involved then the peak
ized by a plot of the movement of the nominal “128 K” would occur at the same temperature in the Ho/Pr and the
peak relative to the intrinsic signal at 310 nm as a function ofPr/Ho cases. This is clearly not the case so it either implies
RE ionic radius, as is shown in Fig. 9. It is recognized thatthat the two components are not equally effective in the TL
the concept of an ionic radius is very simplistic, but never-site complex, or that more than two impurities are required
theless in order to summarize the large amount of data on thend the involvement of say Ho-Ho-Pr would then differ from
shifts in glow peak temperature with RE-doped kasuch a  a Pr-Pr-Ho site.
parameter offers a first-order simplification to reveal trends. It is noticeable that the Eu data do not fit particularly well
The spectra for the samples doped with Er, Th, Nd, Eu, an@n the trend described by the other examples and on closer
Sm are clearly identifiable with the chosen dopant but forinspection the Eu data are seen to be even more difficult to
some of the boules containing Ho or Pr there appears to biaterpret since there are quite different temperature shifts for
cross contamination, and both boules contain traces of thine various Eu transitions. To some extent this effect is seen
other dopant. This is in fact fortuitous, as they offer within ain several of the heavily doped samples and, as already men-
single sample unequivocal evidence that the glow peak tentioned, the relative intensities of the lines from the same
peratures from the different dopants are displaced. From thdopants often alternate between glow peaks. Such variations
boule with a low-Pr concentration the glow peak positionmay be understood in terms of the electron orbital patterns
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Temperature shift from T, ;i (K)

N

lonic radius (nm)
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where the more extensive orbifs/pically from the higher trapping sites as a function of doping level. These may be
excited stateswill interact differently with neighboring ions from pairing, clustering, or just general lattice distortions
and, although all the doped crystals showed line spectraaused by the high dopant concentration since with a 1%
which are attributed to trivalent RE-dopant ions, this is not adopant level a uniform distribution of the impurities would
guarantee that the RE recombination ions occupy identicalesult in an average impurity to impurity distance of orl$%

site symmetry in the lattice. The observation that differentmetal ions. Hence, pairs and clusters, etc., are certain to ex-
transitions emit at slightly different temperatures offers somast. To some extent these may be the origin of the subpeaks
indication as to how the rare-earth ions might become exin the 130 to 150 K region, or may be the basis of the defects
cited within the defect-RE complex. Simple configurationalwhich produce the glow peaks at higher temperatures. It
coordinate diagrams of the complex will have branchesnust be recognized that while increasing the dopant concen-
which differ for charge transfer into different excited statestration will add new types of defect it will also quench the
and intuitively one might expect that the higher-energy state§L emission intensity and reduce the concentration of iso-
may involve longer-range interactions and so would allowlated defect sites. For improved separation of single and
charge transfer at slightly lower temperatures. Such an effedtigher order impurity effects a study is required with a much
has been noted earlier in the TL of calcite where at highwider range of rare-earth dopant concentrations. Experimen-
temperature the Mn line emission of higher photon energietally it should not pose detection problems even for levels
(blue lineg occurs at slightly lower temperature than for the down to ppm dopant concentrations as the TL signals are
lower levels(orange emission ling$® intense and were in fact attenuated in the present work.

It is also noted that there is considerable disagreement in Models for the defect sites which cause the higher tem-
the literature regarding the precise structure of L.af is  perature glow peaks, from 150 to 300 K, are problematic.
generally quoted as being of a Tysonite structlibeit there  The fact that the peak temperatures differ between the dif-
are small differences and conflicts in interpretation whichferently doped samples implies that the charge trapping sites
may result either from twinning or variations between differ-are not independent of the impurity ions. If the dopants
ent conditions of sample preparation. Nevertheless, the flugnerely introduced a lattice strain and stabilization of com-
rine has been shown to have four chemically different sitesnon defect structures then one might expect a pattern of
and the lanthanum has three alternative sites. Consequentigak shifts related to the size of the rare eéathfor the 128
the addition of rare-earth dopants and the formation of diK peak but no such pattern has yet emerged. The double
rectly associatet - or H-like halogen defects offers consid- doped specimens containing Ho and Pr are particularly sur-
erable scope for diversity, and indeed not all RE ions mayprising in that, as seen from Figs. 4, 6, and 7, there is a
have the same preferred substitutional site. This possibility isomplete separation of glow peaks by emission temperature
reflected in the construction of Fig. 9. In order to plot thewith for example an intense Ho glow peak near 190 K and a
displacement of the “128 K” glow peak as a smooth func- totally independent Pr peak at 230 K. Stabilization of the
tion of the sequence of RE ions in the data on Fig. 9 it wassame defect structure is feasible but seems unlikely since the
necessary to use the ionic radii of Er, Ho, Th, Nd, and Pisequence of peaks are in the opposite sense to those seen for
cited from tables for a sixfold coordination number. Thesethe 128 K variants. The only clear feature is that the absence
values define a clear pattern of temperature shift with ioni®f significant emission from the other dopant means that the
radius. However, in order to also include the data for Eu andgntire TL mechanism for these glow peaks must be operating
Sm the latter ions are included with radii appropriate forwithin a closed complex in which the emitting rare earth is
eightfold coordination. An alternative of 12-fold coordina- an integral part of the structure. The failure to see interme-
tion was discarded since these values would be much largetiate variants in which both Ho and Pr signals are emitted
at ~0.125 nm. Europium and samarium ions frequently befurther suggests that Ho-Pr pair sites are not readily formed.
have somewhat differently from the remainder of the other In more general terms the classic model of TL, initially
rare-earth ions, for example, they routinely show divalentmodeled in terms of isolated single lattice site defects, as-
properties, but the use of ionic radii of divalent ions seemssumed the charge trapping site and the recombination center
inappropriate, since the spectra are indicative of trivalengire totally independent. Whereas, for the examples cited here
sites. It should be noted that the trend line of Fig. 9 includedor LaFj, the earlier work with BGO, as well as very recent
a zero temperature shift for the pure lattice for the*ta data for CaSQ:Dy:Tm (Ref. 30, all suggest that indepen-
radius in the eightfold coordination. Alternative estimates ofdent site models are not appropriate for these examples. In-
6 or 12 coordinated La ionic radii were considered but onestead, one must consider that a dominant process in TL is
notes that the radius of the six coordinated La is muckdriven by charge or energy transfer between different parts
smaller at~0.1 nm, and the 12-fold value is much greater.of a single complex defect center involving a number of
Overall, the need to use two different types of RE local lat-lattice sites within a single “point” defect.
tice configurations to simplify the pattern of the TL peak Activation energies and pre-exponential factoFor the
shift suggests that there is the strong possibility that two ofightly doped materials, where the glow peaks seem to be
the alternative types of La site are involved, and doping withrelatively cleanly isolated, it is possible to estimate the en-
RE ions can be selective in the way in which they becomeergy required for stimulation of the glow peak by an Arrhen-
occupied. With these caveats, a pattern of glow peak shifius plot of In (intensity versus 1T. This activation energy
with ionic radius has emerged. (E) can then be used to derive a pre-exponential factor (

Data for highly doped material is more difficult to inter- which, for TL is often viewed as a local vibrational fre-
pret because of the presence of additional TL peaks andquency factor. Values so obtained are included on Table |
shoulders. The figures demonstrated the presence of differeand are reliable te-5%, but this assumes there are no over-
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TABLE |. Examples of activation energies and glow peak temperatures in RE-doped LaF

Sample Pure Laf LaF;:Sm Lak:Eu LaR;:Pr LaR:Pr/Ho LaFR;:Nd LaF;:Tb LaF;:Ho/Pr Lak;:Er

E, eV 0.232 0.239 0.23 0.234 0.24 0.239 0.214
Tmax K 128 131.2 130 134.5 136 136.2 139 137.5 140.8

lapping glow peaks. The activation energies appear to be inatisfies this condition. The energy associated with the relax-
the expected energy range which, for TL this can often betion and annealing of thé, fraction of the complex can be
approximated by the simple estimate of assuming it isesonantly transferred to the RE part, and hence give the
~ 25K Tmax,» Wherek is the Boltzmann constant arid, .« is  characteristic emission of the dopant. It should be noted from
the peak temperature and the impli¢dvalue is that of the Figs. 2 and 3 that the emission contains relatively energetic
lattice vibrational frequency. For a 128 K peak th&kZg,,  photons of up to~3.5 eV.
value is~0.28 eV. There is not a clear pattern of variation in
the values folE with the sequence of RE ions and the num-
bers are constant within-10%. Indeed, a constant value V. CONCLUSION
would be expected on a purely classical model in which the
gloyv p(_eak is defined by qharge release T“’”." a trapping S't%e interpreted in terms of charge trapping at classical type
which is unconnected with the recombination center. For . L

L . e alogen defect sites, similar to tlie and V, centers of the
separated trap and recombination sites the emission spectr?ﬁ( A . )

L > . alkali halides. It appears that such defects are directly linked
would be characteristic of the recombination site. Howeverand stabilized by the rare-earth impurities. and as a conse-
in the classical model the glow peak temperature, and b uence, the TL yroduced durin the?r deca’ excites the rare-
definition the pre-exponential factor, would be invariant. ' LP . 9 . Y, .

. L R earth dopant ions and gives the luminescence characteristic
This is clearly not the situation here for, as shown in Fig. 9,

the peak temperature is a function of the ionic radii of '[heOf the impurity site. The strong coupling between impurity

dopants. If the activation energy is assumed to be a constaﬁpd the fluoride charge trap results in changes in the glow

at 0.232 eV then the pre-exponential factospans the range peak temptla;ature, p;imarr]ilfy thr?ugh a rkeduction of the prle_
: - - tial factor. The shift in glow peak temperature scales
from 2.53< 10" s~ ! for the pure Lak to 2.06x 10" s~ for exponen

the Er-doped material. There is thus a 25% change in thdlrectly with the ionic radii of the lanthanide ions in the

. fttice, however, this latter simplification is only possible if
frggﬁesnhci]}’t tecgrgl ::g\t‘i'r:edta?ocﬁT}pﬁlls?;ﬁt?;;?deeZE}?:Spfgc:ﬁﬁfferent rare-earth ions occupy different nonequivalent lan-
P ) : 9 9 N thanum ion sites which differ in their local coordination
creasing mass one would expect that a vibrational frequenc

involving the RE ion would decrease. hence the glow eakP{umber. While the ionic radius is a useful guide to estimat-

9 : ' g P ?ng the influence of the rare-earth distortions on the lattice
would shift to higher temperatures. By analogy with the ear'and defect complexes, the more subtle changes in relative
lier BGO result® one should consider if this could be related : P ’ 9

to the mass of the dopants. The mass changes from La to i%tensmes of the transition intensities and their glow peak
a

The low-temperature data of rare-earth-doped J.&Bn

are only from 139 to 167 atomic mass units and, for equ mperatures implies that much more detailed orbital effects

force constants, this would only imply vibrational changes ust be considered. In heavily doped material there is evi-
on the scale of (167/139f at most(i.e., a factor of just dence for more complex defect sites which are thought to

R .y involve pairs or clusters of impurity ions but the reasons why
0
10%), which is insufficient tc_) account for the observed glow some glow peaks are specific to a particular dopant are not
peak movement. However, if not only is there a mass depen-
. X et understood.
dence but also a change in coupling constant because of lat-

. X . . - The interpretation does not immediately agree with those
0, m -
ggﬁlceilstortlon then the observed 25% change might be eXp“examples of TL which also display thermally stimulated con-

ductivity since in the current model for LaRhere would not

eaDke Zﬂitf? itthii l'ISTicl:le(:}:g]rtl'?hsa![nt:]eeOpkl)‘:g:f/i(;negg_l? nﬁg\};ﬁ;;ﬂfe free carriers for charge transfer within the sites involving
P . pea he rare-earth ions. Future work might explore this and also
and emission features can only be generated if the TL pro:

cess involves a single complex which contains the source Oqttempt to use more structurally specific techniques such as
g P electron spin resonance and electron nuclear double reso-

charge release and also the possibility of releasing the energy. .o

via excited rare-earth ions. The proposed model ufdike ’

fluoride structure stabilized by the RE dopant, which both It is a pleasure to thank the Royal Society and the EPSRC
self-traps a hole and is directly associated to the RE dopantor financial support.
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