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Abstract. In this work, the luminescent quantum efficiency of?Edons in mixed KC}_,Br,

crystals is determined by using simultaneous and multiwavelength measurement of photoacoustic
and luminescent signals after pulsed laser excitation. This method, which was first demonstrated
in E’* doped alkali halides (NaCl, KCI, KBr and KI) is now extended to mixed crystals. It is
found that the quantum efficiency is reduced for mixed KCBr, crystals from® ~ 100%, in

pure alkali halides (KCl and KBr), to a valuké ~ 60% forx ~ 0.6.

1. Introduction

Alkali halides doped with Etr ions are well known luminescent phosphors which have
been recently proposed as candidates for a variety of applications including UV detectors
and thermoluminescent dosimeters appropriate for the actinic region (200-320 nm), where
skin burn and erythema are produced [1-3].

The use of mixed crystals may be interesting for several reasons. It provides the
possibility of a continuous variation of compositions, provided that the; K&r, mixed
systems form a solid solution for all concentrations [4], and it has been recently found that
the detection sensitivity for UV radiation is enhanced at middle compositions comparatively
to pure KCI and KBr end components [5].

For a luminescent material the quantum efficien@®) (s one of the most relevant
parameters for any practical application. While this magnitude is known for several pure
alkali halides, it is unknown for the mixed crystals. In the present work the luminescent
quantum efficiency of E&f ions in mixed KC|_,Br, crystals is investigated in order to
confirm their possibilities as active ions in luminescent applications. It has been found that
while a high quantum efficiency®( ~ 100%) is obtained for E&r ions in pure alkali halides
(KCI and KBr) it is reduced for mixed KGL,Br, crystals, down to a valué ~ 60% for
x ~ 0.6.
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Figure 1. Absorption bands of Eif in alkali halides, showing the coincidence with thex¢3
and fourth (4v) harmonics of the Nd:YAG laser, and schematic energy diagram indicating the
different contributions ;) to the photoacoustic signal.

2. Experimental setup

Single crystals of KCI and KBr and seven different compositions of K@r, (x = 0.99,

0.80, 0.60, 0.50, 0.40, 0.15 and 0.01) mixed crystals, containing 0.1 wt% of divalent
europium, were grown under a controlled atmosphere of dry argon, at the Crystal Growth
Laboratory of the Institute of Physics of the Universidad NacionalbAatma de Mxico
(IFUNAM), using the Czochralski technique. The divalent europium was added to the melt
in the form of EuX (X = halogen component) which was previously reduced from £uX

Optical absorption and luminescence measurements were performed by using a Hitachi
spectrophotometer and a Jobin—Yvon JY3CS spectrofluorimeter.

Pulsed excitation, at different wavelengths, is achieved by using a Nd:YAG laser (Quanta
Ray DCR-2) linked to a harmonics generator. The laser gives 10 ns pulses with energies
ranging from 300 mJ in the infrared (1.064m) to 20 mJ in the ultraviolet (266 nm).

Photoacoustic and luminescence signals were detected using the configuration described
elsewhere [6]. The signals, taken from a resonant piezoelectric transducer [7] and an EMI

9558QB photomultiplier tube respectively, were suitably amplified and finally averaged and
recorded using a digital oscilloscope.

3. Experimental results and discussion

The absorption spectrum of Euions in mixed alkali halides is similar to that found in
single crystals and consists of two broad absorption bands attributed to transitions from the
837/, ground state of the 4fconfiguration to the #6d configuration. In cubic symmetry,

the crystal field splits the d-electron state into two componegtané by, which correspond

to the observed absorption bands (figure 1). For sixfold coordination, which is the case for
Eu?* ions entering substitutionally for the alkali ions, thg is the lower lying level [8].

As indicated in figure 1, the two Bt absorption bands can be excited with the third
(3wp) and fourth (4vp) harmonics of the Nd:YAG laser at = 355 nm and. = 266 nm
respectively. After excitation within either of these two bands a single luminescence band
is observed, corresponding to thg t> 4f' transition. The changes in the peak position
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for different compositions are smaller than 2 nm.

The different contributions to the luminescent or photoacoustic signals are also indicated
in figure 1. Considering first the excitation to the lower excited stagéevel) at a frequency
w; = 3wo, the non-radiative relaxation within this level gives a thermal contribugioriThe
relaxation from the bottom of this lower excited state to theldfel is partially luminescent
with a quantum efficiency®, and partially non-radiative with efficiency @& ®). The
radiative channel gives a thermal contributidgs which corresponds to the non-radiative
relaxation within the ground state, while the non-radiative channel gives a contribution
(1-P)g2.

In the case of excitation to the upper excited stageldeel) at a frequencywy = 4wy,

a non-radiative relaxation to the lower lying excited statg lgvel) takes place, with a
thermal contributiory,. Then the next steps in the de-excitation are similar to those already
described above.

The luminescent quantum efficiency can be obtained by comparing the photoacoustic
(PAS) and luminescent (LUM) signals generated at different excitation powers for each
excitation wavelength, as described elsewhere [6].

In terms of the energies involved in the process (see figureEl), Er, E..i we
obtained:

ﬁ)MLUM (wL,wH) (1)

PAS((,()L,(,()H) = (KL o

where Kp/K.) includes the instrumental responses of photoacoustic and luminescence
detection. These constants are independent of the excitation wavelength, and they can be
eliminated by comparing the slopes of PAS against LUM at excitatighand wy:

_ 3PAS(wp)/ILUM (wn)
"~ APAS(w;)/dLUM (wy)

In terms of that ratio, which is the quantity to be determined experimentally, the quantum
efficiency is given explicitly by:

A

)

wr A — (wg/wr)
Wemi A-1

Figure 2 shows the comparison of photoacoustic versus luminescence signals for
KCl,_,Br, crystals with three different compositions £ 0, 0.6, 1). A linear dependence,
as expected from equation (1), is observed in all cases, and the difference in slope between
oy andw; excitations is apparent.

It can be observed that pure KCI and KBr crystais=t 0 and 1) are coincident and
exhibit a maximum difference in slope\] between the two excitationsf andw;). At
the intermediate concentratiom & 0.6) the slope difference is reduced, which is a clear
indication of a reduction in the luminescent quantum efficiency.

With the values ofA obtained from the least squares fitting of slopes of PAS against
LUM for wy and w;, the luminescent quantum efficiencyp) is calculated and shown
(open circles) in figure 3 as function of the composition. The line corresponds to a least
squares fitting assuming a Gaussian dependence on composition. From this figure it can be
observed that the quantum efficiencies ofEions are close to 100% for extremevalues
but suffer a noticeable reduction at intermediate compositions.

The fact that the intermediate compositions in mixed alkali halides exhibit maximum
deviation from the values of pure end components is common to a variety of physical
processes. For instance there is a maximum in the value of the dielectric constant [9];

® = 3)
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Figure 2. Comparison of the photoacoustic (PAS) and luminescent (LUM) signals
simultaneously generated afteb@(Aexc = 355 nm, full symbols) anddy (Aexe = 266 nm,
open symbols) excitation of Bt in KCl;_,Br, crystals for different compositions.
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Figure 3. Luminescent quantum efficiency of B in KCly_,Br, crystals for different
compositions.

and colour centre production or thermoluminescence efficiency also exhibit singularities for
intermediate compositions [4, 5, 10].

In order to understand the origin of this reduction in luminescent quantum efficiency of
EW* ions, it should be considered which is the main effect of the mixture of compositions
in the crystal structure. It is well established that there is an increase in the atomic diffusion
coefficients (either self- and heterodiffusion) which has been attributed to an increase in the
cation and anion vacancy content in the crystals. Such an increase is found to be maximum
for intermediate X ~ 0.6) compositions [11].

It is not surprising therefore that the appearance of a large number of vacancies in the
crystals had implications for the optical properties of ions in these crystals. In fact, such an
effect has been found in electronic excitations of defects (F centres) where the Stokes shift
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Figure 4. Calculated quantum efficiency of Eu ions (equations (4) and (5)), assuming a
configurational coordinate model with vibrational frequency shiftad.(v,.) from that of pure
KBr.

in additively coloured KGl_,Br, mixed crystals is strongly influenced by the composition
[10].

In the present case, it seems also plausible that the increase in the number of vacancies
could affect the Ef optical properties, particularly in relation to the local vibrations,
and therefore the relaxation properties. In fact, it has been already established, for
pure crystals, that the changes in the local environment of the impurities caused by
aggregation/precipitation processes have a strong effect on thelEuinescent quantum
efficiency [12, 13].

An order-of-magnitude estimation of the effects expected can be made using a simple
configurational coordinate model. In fact, the activation energy for thermal quendhiig (
of E?* ions and the vibrational frequency,] of the system in the excited state have been
reported for a number of pure alkali halides, including KCI and KBr [14].

With this information and the radiative lifetime,(,), the probability for non-radiative
relaxation §,,), and then the quantum efficiency, can be calculated straightforwardly:

W, = veexp(—Eg/KT) (4)
e = r;](}/<tr:4$ + W”r)' (5)

Using the reported quenching energies and vibration frequencies [14], a quantum
efficiency of 100% for E&+ ions in pure KCl and KBr at room temperature is obtained,
in agreement with the values determined experimentally by photoacoustic measurements
[15], and consistent with the observation of a temperature independent lifetime in the range
77-300 K. It is also reported that the lifetime (and then, the luminescent efficiency) drops
abruptly a few degrees above room temperature [14]. This indicates that small changes in
the relaxation characteristics may change strongly the quantum efficiency.

Although a fully quantitative approach cannot be made, provided that there is no
information about the local vibrational properties of the lattice arountt Eans in mixed
crystals, it is possible to make an estimation of the changes needed to explain the observed
guantum efficiency variations. Figure 4 shows the calculated quantum efficiency using a
configurational coordinate model and the reported values for KBe<( 119 cnt?), and
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then allowing the change in the vibrational frequenay) (while having fixed absorption
and emission energy values for the?Etons, as is the experimental evidence in the mixed
KCl,_,Br, crystals [16]. It can be seen from this calculation that with a reduction in the
vibrational frequency of only 20% from the value in pure KBr, it would be possible to
explain the observed reduction in the quantum efficiency offHans. This reduction is
much smaller than that found in precipitaed’Eyphases, and it still remains high enough
to be considered of interest for luminescent applications.

In summary, it has been found that the luminescent quantum efficiency?ofi&mus in
mixed KCh_,Br, crystals is reduced at intermediate compositions=(0.6) in comparison
to pure KCI or KBr crystals. The observed reduction is compatible with slight variations in
the relaxation properties, which could be caused by local changes in ffieeBuironment,
possibly associated with production of an excess of vacancies in the mixed crystals.
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