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Abstract

The luminescent quantum efficiency of Cr** ions in single fluoride crystal Cs,NaAlF, was determined by using the
simultaneous multiple-wavelength photoacoustic and luminescent experiments method, based on the generation of
photoacoustic and luminescence signals after pulsed laser excitation. The luminescent quantum yield for the most
important transition between the “T, — *A, vibronic levels was found to be 68 4 3%. This value agrees with that
obtained from the ratio of the lifetimes of the corresponding transition at different temperatures.
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1. Introduction

The search for new solid-state tunable laser
sources in the visible and near infrared has gener-
ated strong interest on different kind of materials
doped with rare earth or transition-metal ions. Ac-
tive research has been conducted in host materials
such as LiNbOs;, and alkali halides (KCIl, NaCl,
KBr), fluorides (KZnF;, Cs,NaAlFg, Cs,;NaGaFy),
garnets (CGGO,SGGO) and glasses [1-11].
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For the case of the transition-metal ions of the
group of iron, it is well known that the external 3d
unfilled shell produces electronic transitions that
give rise to intense luminescence. Since the active
3d-electrons are outside the core of the ions, the
effect of the electric field is stronger than in the
case of rare-earth ions. Optical transitions can
originate both sharp and broad emission bands
depending on the symmetry of the involved states
and the dynamic and static environment around
the active ions in the crystal.

Broad bands are due to the strong coupling
between the ions and the lattice vibrations, so the
phonon coupling is very important in order to
obtain a large spectral range when manufactur-
ing tuneable lasers. But the extent of the crystal
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phonon frequencies in these materials enhances
non-radiative transitions, thus reducing the possi-
bility of laser applications. For this reason, it is
important to choose materials that have pho-
non frequencies much less than the energy gap of
the transition in the crystal. Fluoride crystals
are very attractive for visible laser transitions
since they have a cut-off frequency lower than 600
cm!,

Cr’" ion in fluoride crystals have been investi-
gated by several research groups [6,7] since laser
action in KZnF5:Cr’" was first obtained [8]. In this
work we explore the optical properties of Cr*" ion
in Cs;NaAlF¢. This crystal has the hexagonal
perovskite structure with lattice parameters a =
6.18 A and ¢ = 29.87 A. The Na* and AI’* cations
are ordered and octahedrally surrounded by F~
anions. In this material, the Cr’" ions replace
substitutionally the AI*" ions.

The fluorescence quantum efficiency of lumi-
nescent materials is one of the most important
parameters needed to have a complete characteri-
sation of its optical properties. Photoacoustic
methods have been extensively used in quantum
efficiency determination of gases and liquids [12—
14], but less used for solid-state materials. Usually
the photoacoustic methods rely on a comparison
with a standard sample of known quantum yield.
This procedure is not adequate for quantitative
measurements in solid materials, because changing
the sample may substantially affect the acoustic
coupling in the experimental set-up. To avoid
these difficulties Rodriguez et al. [15] developed a
method to obtain the luminescent quantum effi-
ciency without standard sample. The method is
based in the simultaneous detection of lumines-
cence signal (LUM) and photoacoustic signal
(PAS) after the excitation at two wavelengths, as a
function of incidence power for each wave-
length and is called simultaneous multiple-wave-
length photoacoustic and luminescent experiments
(SIMPLE). This method relies on the existence of
a full non-radiative relaxation, providing an in-
ternal reference that can be used as absolute
quantum efficiency reference.

In a similar way, a multi-wavelength thermal
lens method was developed to determine the fluo-
rescence quantum efficiency of solids [16].

By using new optical sources, such as optical
parametric oscillator (OPO), it is possible to get
tuneable radiation between 0.4 and 2 um that co-
incide with the absorption bands corresponding
to a large number of materials. In this work, the
SIMPLE method was applied to determine the
luminescence quantum efficiency (@) of Cr*" ions
in Cs,NaAlFg crystal. The result is compared with
that obtained using the lifetime dependence with
temperature.

2. Experimental

The fluorides were synthesised in the Institute of
General and Inorganic Chemistry, Moscow, Rus-
sia, by a direct temperature-gradient method as a
result of reaction of aqueous solutions of CsF (30—
35 mol%) and NaF. The mole ratio CsF/NaF
was changed from 4.8 to 5.2 and mixed with ap-
propriate oxide mixtures of Al,O; and Cr,0;
(99.995% pure). This procedure was done to get
good quality crystals since the growth optimal
condition depends on the CsF/NsF ratio [17]. The
crystal used in this work was grown by the hy-
drothermal method with 0.5% the Cr’" at a tem-
perature of about 750 K, a temperature gradient of
about 2 K/cm and pressures of 100-150 Mpa [17].

Optical absorption was conducted at room tem-
perature by means of a Beckman DU-65 spectro-
photometer. LUM and PAS were measured after
excitation with an OPO from GWU, Germany.
This source was pumped by a Q-Switch Nd:YAG
laser lasing at 355 nm (Surelite II, Continuum)
yielding 8 ns of pulse width and a typical output
energy of 20 mJ in the used range.

The LUM was detected by a cross-dispersion
spectrograph with a CCD camera from Multi-
channel Instruments AB (Mechelle 900). To apply
the SIMPLE method, the LUM signal was taken
at the maximum of the emission band.

The PAS was detected with a resonant ceramic
piezoelectric transducer (PZT) having a bandwidth
of 200 MHz. In order to obtain better PAS signals
the PZT was glued to the sample to improve the
acoustic coupling. The PAS was detected and re-
corded by a digital oscilloscope Tektronik TDS
3032. To use the SIMPLE method, the PAS was
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taken as the peak-to-peak of the first arrival
ringing wave. These considerations made negligi-
ble other contributions originated by reflections on
the other faces of the sample. A detailed descrip-
tion of the experimental set-up can be found in
Ref. [15].

3. Results and discussion

The Cr*' ions in the fluoride crystal Cs,NaAlF,
show two broad absorption bands corresponding
to *A, — *T; and *A, — *T, vibronic transitions.
These bands are centred at about 430 and 620 nm
respectively.

Fig. 1 shows the absorption and emission op-
tical spectra for Cr*" ions in Cs,NaAlF, crystal.
Also shown in this figure are the energy levels
involved in these optical transitions including all
radiative and non-radiative process that are rele-
vant for calculations. The absorption spectrum
presents the two optical transitions mentioned
above. The emission spectrum consists of single
broad luminescence band centred at about 770 nm
with a FWHM of 100 nm, independent of the
excitation wavelength. We can point out that there
is a full non-radiative connection between the *T;
and *T, states because no fluorescence starting in
the *T; level was observed.
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Fig. 1. Absorption and emission spectra of the Cr** ions Cs,-
NaAlFs. The inset shows the energy corresponding with all
transitions.

As it was demonstrated in Ref. [15], the lumi-

nescent quantum efficiency can be calculated from,

Jemi A — 2L/ 2n
&= —_— 1

oo A-=-1 "7 M)
where 1y and /A represent the wavelengths used to
excite the high and low energy bands respectively,
Aemi 18 the emission wavelength and A represents
the ratio between the slope of the linear fit in the
PAS vs. LUM plot for each excitation wavelength
at low and high energy,
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Fig. 2 shows the PAS vs. LUM diagram
achieved in our crystal. This diagram is con-
structed with pairs of data corresponding to the
amplitude of the acoustic signal and the peak of
the luminescence intensity recorded for different
laser pulse energies. As it can be seen, there is a
good linear fit for each set of point data; the cor-
responding A was 1.97 + 0.05. By using expression
(1), the luminescence quantum efficiency of Cr**
ions in CsyNaAlFg crystal was @ = (68 & 3)%.

The fluorescence quantum yield can also be
estimated through the analysis of the lifetime of
the involved emission levels in terms of the tem-
perature. At sufficient low temperatures, when the
non-radiative relaxation process can be assumed
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Fig. 2. PAS vs. LUM signals for the two excitation wave-
lengths for different incident OPO power.
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to be negligible, the fluorescence quantum yield
can be estimated from

@ = 100 X Teyp(room temperature)

/Texp(low temperature). (3)

At room temperature, the emission band life-
time was measured in Ref. [6] as 180 ps while at 77
K the same authors have measured 260 ps. By
using Eq. (3), the calculated fluorescence quantum
yield results @ = (69 + 3)%, for a 10% accuracy in
lifetimes and assuming that 77 K is low enough to
stabilize the lifetime.

4. Conclusions

In this work, the fluorescence quantum effi-
ciency of Cr’" ions in Cs,NaAlF, crystal was
obtained. By using SIMPLE method the fluores-
cence quantum efficiency was (68 & 3)%, while by
lifetime measurements from the literature the
fluorescence quantum yield was estimated to be
(69 + 3)%. The coincidence justify the validity of
the assumption that 77 K is low enough to make
the non-radiative transitions negligible in this
crystal.

This relatively high value for the quantum effi-
ciency is in agreement with the fact that the loca-
lised respiratory phonons in fluoride crystals have
low energy and many of them are necessary to fill
the transition gap in a multi-phonon non-radiative
process. Despite that, reduction from the ideal
100% luminescence quantum efficiency in the flu-
oride crystals can be attributed to some coupling
between the electron and the phonons of the bulk
modes of vibration (Raman phonons) as it was
suggested for Cr'" jons in LiNbO; crystal [18].
Further experimentations are needed to get a full
description of the phonon spectra of this crystals.
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