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Abstract
Optical properties of LiYF4 : Ce and LiLuS : Ce were studied viz. optical absorption spectra and X-ray induced emission
spectra. The scintillation characteristics of LiYF4 : Ce and LiLuF4 : Ce were investigated viz. y-ray induced pulse height
spectra and decay time measurements. A model is presented to describe the variation of X-ray induced emission intensity of
LiYF4 : Ce crystals with temperature.
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1. Introduction
Since 1960, numerous results concerning
crystal growth and optical properties of LiMF4, where
M = Y or Lu have been reported. Several pure crystals [l-3], Ce-doped [4-71, Pr-doped [2, 3, g-101,
Nd-doped [3, 111, Ho-doped [ll], Er-doped [2, 31,
Tm-doped [3], or Ce-Tb co-doped crystals [12] have
been studied. The strong interest in these compounds
is due to their potential application as laser and lamp
phosphor
materials.
However,
lithium-containing
compounds also possess the ability to convert incident neutrons into secondary ionizing particles via
the reaction: !Li + An -+ :H + tl with a Q-value of
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4.78 MeV. Therefore, lithium-containing
compounds
could provide a neutron scintillation
detector. This
type of application was already envisaged by Spowart
[6] who compared the pulse height spectrum of a
LiYF4 : Ce crystal with that of a lithium-containing
glass, using an Am/Be neutron source. Our interest is
to study in more detail if LiYF4 : Ce or LiLuF4 : Ce
can be used in an efficient thermal neutron scintillation detector.
LiYF4 and LiLuF4 have both a tetragonal scheelite structure with four formula units in the unit
cell (for LiYF4: a0 = 5.26 A, CO= 10.94 A [13]; for
LiLuF4: ao = 5.13 A, CO= 10.55 A [14]) and space
group 141/a. The effective ionic radii of Y3+ and Lu”
are 1.O19 and 0.977 A, respectively [ 151. The Ce3+
ion has only one electron in its 4f shell, and has a
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larger radius of 1.143 A than the Y3+ and Lu3+ ions
which it substitutes. The optical properties of Ce3+
in LiYF4 and LiLuFd host crystals are very similar
because of the almost identical crystal structures.
The densities of LiYF4 and LiLuF4 are 3.97 and
5.96 g/cm3, respectively.

2. Experimental procedure

The different crystals studied were grown, either
by the Czochralski technique or the StockbargerBridgman technique. The crystals were ground and
polished to a thickness between N 1 and 5 mm with
two plane-parallel faces.
The optical absorption
spectra were measured
with a diode array spectrophotometer
(HP8452A)
for a wavelength range from 200 to 800 nm. For a
wavelength range from 150 to 300 nm, a deuterium
lamp and vacuum ultraviolet (VUV) equipment were
used. X-ray induced emission spectra were recorded
between 120 and 540 nm and corrected for the transmittance of the monochromator
and the quantum
efficiency of the photomultiplier
tube (PMT). The
emission spectra were compared with the one of a
pure BaF2 crystal recorded under identical experimental conditions. Because this crystal has a welldetermined light yield of about 11000 photons/MeV
of absorbed X-ray energy, the absolute light output of
LiYF4 : Ce and LiLuF4 : Ce, under continuous X-ray
irradiation, was obtained. Pulse height spectra were
recorded employing a ‘37Cs source and an electronic
shaping time of 1 ps. The absolute photon yield, in
photons/MeV of absorbed y-ray energy, was obtained
by comparing the location of the 662 keV photo-peak
in the pulse height spectra with the location of the
maximum in the pulse height spectrum of single photoelectrons from the photocathode of the PMT. Under
continuous X-ray excitation, all scintillation
decay
components,
including afterglow, contribute to the
obtained light yield whereas with y-ray excitation the
light yield depends on the electronic shaping time.
Details about the experimental set-ups are described
elsewhere [ 161. The scintillation decay time measurements were performed by the single photon counting
technique.
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3. Results and discussion
The optical absorption spectrum of each crystal
studied exhibits five well-defined bands at 186, 196,
206,244 and 292 nm due to 4f-5d transitions in Ce3+,
see Fig. 1. The nominal Ce3’ concentrations
are
shown in Table 1. The actual Ce3+ concentration of
one LiYF4 : Ce crystal and of the LiLuF4 : Ce crystal,
was determined by the method of mass spectroscopy
in solution. By comparing the absorption coefficient
at 244 nm (~~1~44
.,) of each LiYF4 : Ce crystal, with
unknown Ce3+ concentration, with that of the crystal
for which the Ce3+ concentration is known, the actual
Ce3+ concentration
was deduced, see Table 1. The
error m ~244~~ is estimated to be 5%. From now on
the actual Ce3+ concentrations are used.
A calculation of the position of the 4f and 5d energy levels of Ce3+ in LiYF4 and LiLuF4 was done by
Andriessen et al. [5]. Due to the crystal-field interaction, the 5d state splits into four levels as a result of
the S4 point symmetry at the Ce3+ site in LiYF4 and
LiLuF4. Moreover, the spin-orbit interaction splits the
level at 201 nm, which is degenerate, into two slightly
separated levels. Since the energy difference between
the two bands at 196 and 206 nm is much larger than
the energy difference calculated from the spin-orbit
interaction of the level at 201 nm, it was envisaged
in [5] that there is a distortion in the S4 symmetry of
Ce3+ in LiYF4.
X-ray induced emission spectra, of both LiYF4 : Ce
and LiLuF4 : Ce crystals, at room temperature, exhibit Ce3+ emission bands at 305 and 325 nm caused
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Fig. 1. X-ray induced emission spectrum and optical absorption (dashed line) spectrum of LiLuF4: 0.1 mol%Ce at room
temperature.
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Table I
(mol% Ce3 +).
X-ray and y-ray induced photon yields in photons/MeV
measured at room temperature,
nominal Ce3+ concentration
absorption coefficient ~244 nrn (cm-’ ) and actual Ce3+ concentration (mol% Ce3+) for the different Ce doped LiYF4 and Ce-doped LiLuF4
crystals studied
Crystal

Yield (photons/MeV)
X-rays

Yield (photons/MeV)
y-rays ‘3’CS

Nom. cont.
mol% Ce3+

P244 run

LiYF4: Ce

3730
6320
6260
6090
5790
2180
2960

890
740
620
930
1210
n.m.a
n.m.a

1.08
I .o
1.0
1.0
I.0
0.1
0.3

46.42
33.57
22.27
18.44
18.83
4.84
4.56

LiLuF4 : Ce

3780

n.m.a

1.0

15.52

a a.m. means not measurable due to a very poor photopeak resolution.
b Concentrations
which were determined by the method of mass spectroscopy
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Fig. 2. X-ray induced emission spectrum of LiYF4: 0.1 mol%Ce
recorded at (a)T = 108 K, (b) 260 K and (c) 380 K.

by transitions from the lowest 5d level to the 2F5,2
and 2F7,2 levels of the 4f’ configuration, see Figs. 1
and 2. The photon yields obtained experimentally
for the different crystals studied are presented in
Table 1. In Fig. 2, X-ray induced emission spectra recorded at 108, 260 and 380 K for a crystal of
LiYF4: 0.1 mol%Ce are shown. The luminescence observed at low-temperature
between 210 and 290 nm
is attributed to self-trapped exciton (STE) emission.
Hayes et al. [l] have observed a broad STE emission band between 210 and 450 nm at 4.2 K in a
pure LiYF4 crystal. In our case, the spectral shape
of STE emission in LiYF4: Ce is modified due to
the presence of two Ce3+-absorption
bands at 244
and 292 nm, see Fig. 1, absorbing the STE emission. In Fig. 3, the variation of STE emission intensity, between 200 and 300 nm, and Ce-luminescence
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Fig. 3. Variation of STE emission and Ce-luminescence
with
temperature (K) for LiYF4: 0.02 mol%Ce (0: STE and A: Ce)
and LiYF4: 0.1 mol%Ce (+: STE and o: Ce).

intensity, between 300 and 370 nm, with temperature
for LiYF4: 0.02 mol%Ce and LiYF4: 0.1 mol%Ce is
presented. For both crystals a similar behaviour is
observed. If the temperature
increases from 110
to 160 K, both the STE emission
and the Celuminescence intensities decrease. Above 160 K, the
STE emission is absent and Ce-luminescence
intensity is approximately
constant until 220-250 K,
above which the Ce-luminescence
intensity increases
by raising the temperature up to T N 380 K.
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Table 1 presents the photon yields derived from
the y-ray induced pulse height spectra. The factor
of 4-10 difference, between the light yields derived
from X-ray and y-ray excitation experiments, indicates that the scintillation decay is dominated by
components much longer than the employed 1 ps
shaping time. Fig. 4 shows the fast decay component
of LiYF4: 0.1 mol%Ce recorded at room temperature. The needle like peak appearing in the first 5 ns
of the spectrum is due to an experimental artifact.
A decay time of N 100 ns was measured for the two
LiYF4: 0.1 mol% Ce crystals, and a faster decay time
of N 65 ns was found for the crystal doped with more
than 0.18 mol%Ce. Ehrlich et al. [4] observed a decay
time of -40 ns by optically exciting the second 5d
level of Ce3+. The difference in the decay times obtained with the two different excitation methods must
be due to a more or less slow transfer of the holes
and/or the electrons to the Ce ions, probably because
of temporary trapping at shallow traps. The decay
process is dominated by a slow component with a
decay in the ms range, which could be observed using
a LeCroy LS140 digital oscilloscope.
A model to describe the variations of STE emission
intensity and Ce-luminescence intensity with temperature is proposed. Upon the absorption of ionizing
radiation in the crystal N& electron-hole pairs are created. Eq. ( 1) gives the relation between the three holetrapping possibilities. fh_rl- represents the fraction of
the holes trapped by the lattice itself and which form
F; centres. Another fractionfh_,ce of the holes created can be directly trapped by Ce ions which gives
Ce-luminescence with an assumed quantum efficiency
of 100%. Also a fractionfh+k of the holes are lost by
non-radiative e-h recombination mechanisms.
.&h-r; +

_kCe

+ fh+K

=

1,

(1)

where the fractions fhhF-,
fh--r&
and fh--rK are only
Ce-concentration depend&t.
Eq. (2) gives the relation between the three F,trapping possibilities. A fraction fFy_STE
of the F,
centres can trap electrons and form STEs. Altematively, a fraction fFy_Ce
of the F; centres can be
trapped by Ce ions, and another fraction fFy_K of the
FF centres are lost by non-radiative e-h recombina-
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tion mechanisms.
fF;+STE

+fF;+Ce

+ fF;--rK

=

‘,

(2)

where the fractions fFF_STE, fFy+Ce and fFT+K are
both temperature and Ce-concentration dependent.
Eq. (3) gives the relation between the three STEdecay possibilities. fSTE+v represents the fraction of
STEs which decay radiatively. Another fraction of the
STEs fSTE+Ce can transfer their energy to Ce3+ ions
either via transfer processes of the Forster-Dexter type
(which is temperature independent) or via trapping
of the mobile STE by a Ce3+ ion (a process which
is temperature dependent). Energy transfer between
STEs and Ce centres is possible because of the overlap
of STE emission and Ce3+ optical absorption bands,
see Fig. 1. Also a fraction fSrE-0
can be thermally
quenched.
fSTE+v

+fSTE*Ce

+ fsTE4

=

l,

(3)

where the fractions fSTE_+“, fSTE+& and fSTE42 are
both temperature and Ce-concentration dependent.
Using Eqs. (l)-(3),
expressions for the photon
yields due to STE emission, Ns~a+~, and Ce luminescence, Nce+, can be derived, see Eqs. (4) and
(5), respectively.
NSTE‘Y = Neh fh+F;

f$-

Nce-v = Net,(fh-Ce

+fh4F;fF;

+fh+fF;

+STE

fSTE+

(4)

-,Ce

-rSTE fSTE+d

(5)

Taking into account the influence of temperature
on the different interactions appearing in Eqs. (4) and
(5), two sub-cases can be examined in more detail.
Between T -100

and I60 K:

From previous studies on pure LiYF4 and Er3+ or
P$+-doped LiYF4, see [ 1,2], it is known that F; centres are immobile below T N 160 K. Consequently,
the fractions fFF_Ce and fFF_K are both equal to
zero and each F; centre forms an STE, fFF +STE = 1,
see Eq. (2). Therefore, between T - 100 and 160 K,
the photon yields due to STE emission and Celuminescence are given by the following expressions,
Nsra +Y =
NCe+v

Nehfh,qfSTE+v,

= Neh(fh+ce

+fh+qfSTE+Ce).

(6)

(7)
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Fig. 4. Decay time spectrum

of LiYF4: 0.1 mol%Ce recorded

with a ‘37Cs source.

As the temperature is raised from T N 108 to 160 K,
thermal quenching becomes the dominant decay process for STEs. Consequently, in Eq. (3), the fraction
fsra-,o increases up to 1 as the temperature is raised
and both fractions fSTE_,"
and fSTE_,Ce
tend to zero.
As can be seen from Fig. 3, the photon yield due
to STE emission tends to zero while that due to Celuminescence reaches, for a given Ce-luminescence,
a
constant value given by &, fh._+Ce.

As can be seen from Fig. 3, the photon yield due
to Ce-luminescence
increases as the temperature is
raised to N 380 K, and at still higher temperatures the
model predicts a constant value when the transfer of
F; centres to Ce ions will be at its maximal value.

Between T-160 and 380 K:
The F; centres are now mobile. Their probability
of being trapped at Ce or to decay non-radiatively,
before STEs are created, increases with their mobility
and hence with temperature. The photon yield due to
STE emission, Nsrn_.+,,, remains equal to zero. Apparently, between T N 180 and 250 K, the dominant contribution in the photon yield due to Ce-luminescence
is caused by the direct transfer from the holes to Cecentres, Nce+ = N& fh-&.As the temperature is
raised to “v 380 K, the fraction fFF
_STEdecreases and

4. Summary and conclusions

consequently

both fractions fF;_ce

expected to increase. The photon
luminescence can be described by

Nce-+r~ =

Neh(fh--rCe

and fFF_K

are

yield due to Ce-

+fh+F;fF;-Ce).

G-9

The optical and scintillation
properties of Ce3+
doped LiYF4 and LiLuF4 crystals were studied.
Large photon yields both under X-ray and y-ray excitation, and a fast decay time with a large fast to slow
ratio are some of the main requirements for scintillation crystals. Unfortunately,
none of the different
LiYF4 : Ce and LiLuFd : Ce crystals studied fulfill
these requirements and therefore none are suitable to
provide a good thermal neutron scintillation detector.
However, if both the charge traps responsible for
slow decay components and non-radiative e-h recombination mechanisms
are of extrinsic origin, decay
time and photon yield could be improved by growing
samples exempt of these charge traps.
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