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Abstract
An experimental investigation of the thermal behaviour of the dissolution
process of the Suzuki phase (SP) by continuous heating (1 ◦C min−1) of
KBr:Eu2+ crystals is reported in this work. The thermal profiles were
determined by the correlation functions between subsequent photoacoustic
(PA) signals registered during the dissolution process. The behaviour of the
thermal profile is directly related to the absorption coefficient of the Eu2+ ion in
precipitated states that are present in the crystal. The PA signal is detected as a
consequence of the non-radiative processes that take place after the excitation of
the low-energy band of the Eu2+ ion by means of a focused laser pulse at 355 nm.
The results obtained by this method are compared with those simultaneously
obtained by the photoluminescence (PL) technique. The samples were heated
from room temperature to 205 ◦C. The PA signal and PL spectrum were
obtained every 6 ◦C. The temperature range of the SP dissolution process was
from 77 to 115 ◦C. These results are in agreement with those obtained by the
PL technique and with the data reported in the literature.

1. Introduction

In general, the precipitated phases in alkali halides doped with divalent cations can take different
structures. A great deal of work has been reported on the optical properties of europium-doped
alkali halides [1–4], particularly the precipitated states. Suzuki performed an extensive x-ray
diffraction study on the nature of the metal ion impurities precipitated in the alkali halides.
The results of these studies indicate that in the NaCl–CdCl2 system, the Cd2+ ions segregate
on the {100} planes, producing a metastable phase with a stoichiometry 6NaCl–CdCl2. The
crystalline structure is an fcc lattice, with a lattice parameter twice that of the original matrix;
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this is known as a Suzuki-type precipitated phase (SP) [5–9]. The presence of an SP can be
detected by means of optical absorption [1], x-ray diffraction [7–9] and PL techniques [10, 11].

The absorption spectrum of Eu2+ ions consists of two broad absorption bands. These are
attributed to transitions from the 4f7(8S7/2) ground state of Eu2+ into eg (high-energy absorption
band) and t2g (low-energy absorption–emission band) states of the 4f65d configuration in an
octahedral crystal field. By excitation with light, in either of these two bands, there is only
one emission band, the position of which depends on the alkali halide. Also, the position
of this emission band depends on the Eu2+ ion concentration and the thermal history of the
crystal [11]. In the case of KBr:Eu2+ this spectrum, for a quenched sample, has peaks around
420 nm due to europium–vacancy complexes or free dipoles. Annealing of quenched samples
at temperatures below 100 ◦C produces the growth of an emission band (peaking at 433 nm in
KBr:Eu2+ crystals), that has been related to the presence of Suzuki-type precipitates [10].

The average size of the SP precipitates of the Eu2+ ion depends on the impurity
concentration, crystal preparation conditions and, in particular, on the cooling rate. The
precipitate size increases with an increase in impurity concentration and with a decrease in
the cooling rate. To our knowledge there are no reports of the average precipitate size of
SP in KBr:Eu2+. In alkali halide crystals doped with other divalent impurities and cooled
after growing to room temperature (RT) at a rate of 200 ◦C s−1, SP regions of around 20 nm
in diameter have been observed, while for slowly cooled crystals, regions above 100 nm in
diameter have been obtained [12–14].

In this paper, a comparison between the results obtained by photoacoustic (PA) and
photoluminescence (PL) techniques during a dynamical thermal dissolution process is
developed.

The temperature range at which thermal dissolution of SP occurs is determined by
correlation analysis of the PA signals. The behaviour of the thermal profile is directly related
to the absorption coefficient of Eu2+ ions in precipitated states that are present in the crystal.

2. Photoacoustic

The PA effect is related to the phenomenon of the generation of acoustic waves in a medium
after interaction with modulated or pulsed light, and was discovered by Bell in 1880 [15, 16].
Acoustic waves generated by the interaction with laser pulses in condensed matter have
been widely used for materials characterization [17–23]. One important property of this
phenomenon is that the resultant PA signal depends on the absorption properties and the
thermoelastic parameters of the sample. In general, different deexcitation mechanisms
occur, such as thermal and non-thermal (fluorescence, photochemistry, photoconductivity,
etc) deexcitation channels.

The heat produced by deexcitation processes that take place in the sample, after laser pulse
excitation, is detected as a PA signal. The foregoing discussion suggests that the radiative and
non-radiative processes can be studied as PL and PA signals respectively.

Assuming that the energy released as heat from non-radiative (thermal) processes can be
expressed as

Eheat = E0

[
1 −

∑
i

ξi

]
, (1)

where E0 is the energy absorbed in the system and ξi are the conversion efficiencies of several
non-thermal deexcitation channels. Since the PA signal is proportional to Eheat, it can, in
general, be written as

S = S0

[
1 −

∑
i

ξi

]
, (2)
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Figure 1. (a) The absorption bands of Eu2+ in KBr, showing the coincidence with the third
(3ω0) harmonic of the Nd:YAG laser. (b) A schematic energy diagram indicating the different
contributions to the PA and PL signals.

where S0 is the S signal when only the thermal deexcitation mechanisms are present. For Eu2+

in KBr crystals, the non-radiative processes from Eu2+ are registered as S signals [16].
It is known that the KBr host is optically transparent. Therefore, only the Eu2+ impurities

absorb the light. The two Eu2+ absorption bands are shown in figure 1(a); under our
experimental conditions, only the low-energy band was excited. The excitation of this
band was carried out by the third harmonic of a Nd:YAG laser (3ω0, λ = 355 nm). After
pulsed excitation, the luminescence decays exponentially after a fast rise, coincident with the
excitation time. The emission band and the S signal corresponding to t2g → 4f7 transitions
were detected simultaneously. Additionally, illumination using frequencies out of the Eu2+

absorption bands of the Nd:YAG laser at 532 nm gives no detectable PA signal. Therefore the
signal detected after excitation at 3ω0 can be unequivocally related to processes originating
after Eu2+ absorption.

Figure 1(b), shows the t2g excitation band and relaxation processes. The non-radiative
relaxation within this level gives a thermal contribution q1. The relaxation from the bottom of
the lower excited level to the 4f7 ground level is assumed to be luminescent with a quantum
efficiency �. This radiative process is followed by non-radiative relaxation within the ground
state giving a thermal contribution �q3, while on the other hand, the non-radiative channel
also gives a contribution (1 − �)q2 [24].

According to these processes, the PL spectrum and S signal may be expressed as:

PL(3ω0) = CL�Na(3ω0) (3)

S(3ω0) = CP[q1 + (1 − �)q2 + �q3]Na(3ω0) (4)

where Na(3ω0) is the number of absorbed photons and CL and CP are instrumental constants.
The absorbed photons are used to excite a number of Eu2+ ions, the number being

proportional to the absorption coefficient αEu(υ) of each type of europium precipitated state.
Subsequently equation (4), may be expressed in the following form:

S = KαEu(υ) (5)
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showing a clear relationship with the optical absorption coefficient αEu(υ) of the Eu2+ ion,
which is known to be related to the aggregation–precipitation state υ of the europium ions [1],
and K is a proportionality constant. Thus, in a deexcitation process the PA signal is directly
related to the absorption [16, 24].

The differences among the S signals, arising from the SP and europium–vacancy dipoles,
are then due to the changes in the crystalline field interactions with the 4f65d excited state of
the Eu2+ ion. The same behaviour and dependence is obtained for the PL spectrum.

3. Signal analysis

Correlation techniques are used for the electronic signals because they allow evaluations to be
carried out in real time without the need for expensive electronic processing and they guarantee
less sensitivity to the noise. The autocorrelation technique is suitable for extracting possible
patterns present in the signals being considered. Furthermore, it allows the evaluation of the
changes in the signals during a thermal process. The delay at which the absolute maximum is
exhibited corresponds to the temperature changes between the signals on which the correlation
function is computed [25].

S(Tn) is the PA time history recorded at a specific temperature Tn , which contains
phenomenological information from the material. The correlation between functions S(T1)

and S(T1+i) will reveal changes occurring in the sample at the temperature interval T1+i − T1.
So, the correlation of two real signals is given by:

cS(T1, T1+i ) = 〈ST1 ST1+i 〉. (6)

Furthermore, the correlation between S(T1) and S(T1+i ) will be 1 if both functions are the same,
but less than 1 if any change occurs between them. Then we can built a function NS(T ) with a
maximum correlation value or correlation coefficient for each temperature, which represents
the mean square value [18, 25]. By means of the ensemble of the correlation coefficients
NS(T ) as a function of temperature, it is possible to find the behaviour of the thermal profile
from Suzuki phase dissolution processes by continuous heating [20].

We performed another correlation analysis of the PA signals. The correlation between
successive signals S(Ti ) and S(T1+i ) can show the range of temperature over which the
dissolution process begins and finishes. This analysis makes evident the shift between the
different PA signals and gives little weight to the amplitude of the signal [19].

Therefore, we can built a new function N ′
S(T ) with a correlation coefficient (from the

correlation between successive signals) for each temperature. This new N ′
S(T ) ensemble as a

function of temperature shows the range of the SP dissolution process [18–20].

4. Experimental set-up

The KBr and KBr:Eu2+ crystals used in this study were grown by the Czochralski method.
Single crystals of potassium bromide doped with divalent europium were grown in our
laboratory using the Czochralski method under a controlled atmosphere of dry argon at 40 Torr
in order to minimize contamination by OH, H2O and oxygen which are present in air and
could affect the solubility and precipitation phenomena. We used Merck Suprapur products.
The crystals were slowly cooled to RT inside the furnace. Eu2+ was introduced by adding
EuBr2 powder to the melt, which was previously reduced from EuBr3·6H2O using standard
techniques. This method has been used in our previous works [1–3, 10, 11].

Crystal samples were heated for about 1 h at 500 ◦C and subsequently quenched by
dropping them onto a copper block at RT, in order to dissolve the europium aggregates and
precipitates. Then the samples were subjected to suitable thermal treatments in order to produce
Suzuki-type europium precipitates; they were annealed at 80 ± 3 ◦C inside a standard furnace
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Figure 2. Schematic diagram of the simultaneous dynamical measuring system employed to obtain
the behaviour of KBr:Eu2+ crystals during thermal dissolutions: BS = beam splitter, L = focusing
optics, PS = piezoelectric sensor.

for 16 weeks. The impurity concentration was calculated by using the optical absorption
coefficient of the high-energy absorption band recorded at RT [2]. The absorption spectra were
obtained with a Milton–Roy spectrophotometer. The samples had a rectangular shape with
area 1 cm2 and thickness 1–1.95 mm. Samples with concentrations of about 220–270 ppm of
Eu2+ were selected for the experiments. The emission band peak of the KBr:Eu2+ in quenched
samples was at 423 nm; after the annealing at 80 ◦C the emission band peak was shifted to
433 nm and was detected with a Perkin-Elmer model 650-10S fluorescence spectrophotometer.

A block diagram of the dynamical measuring system is shown in figure 2. To obtain the S
signal and PL spectra, the sample was illuminated with a Q-switched Nd:YAG laser (355 nm,
20 ns pulse width, 10 Hz) with an output pulse energy ranging typically 0.68 mJ. The diameter
of the irradiated spot was about 1 mm. Laser energy variations were measured through a beam
splitter by a Joulemeter, with a RjP-700 display from Laser Precision Corp. The sample was
held between two electrically heated plates connected to a temperature control (� RcK-Rex
P90). The sample temperature was measured with a chromel–alumel thermocouple attached to
the sample. A long Pyrex rod (φ = 5 mm, l = 17 cm) was used to carry the ultrasonic signals
outside the furnace to a piezoelectric sensor (150 kHz). The signal was recorded by a 500 MHz
digital oscilloscope (Tektronix TDS 524), at a sampling rate of 100 M samples s−1. The light
emitted from the sample was collected using an optical fibre connected to a spectrograph (Ocean
Pacific 2000). Each sample was heated from RT to 205 ◦C at a rate of 1 ◦C min−1, while the
pulsed beam was focused onto the sample to excite the low-energy europium absorption band
and to generate the acoustic emission. During heating, the emission spectrum and S signal
were simultaneously recorded every 6 ◦C. The experiments were performed with five samples
in order to ensure reliability of the results.

5. Experimental results and discussion

Figure 3 shows some of the PA signals for different temperatures; changes in amplitude, phase
and form of the PA signal can be clearly observed. The correlation coefficients NS(T ) and
N ′

S(T ), as a function of temperature, are associated with the dissolution process of the SP.
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Figure 3. Photoacoustic signals for several temperatures; before, during and after the dissolution
process of the SP.

The ensembles NS(T ), as a function of temperature in figure 4, show the temperature
profile for two KBr:Eu2+ samples. Figure 4(a) shows the profile for a sample with Eu2+ in the
form of free dipoles (quenched sample). The amplitude of the PA signal decreases with increase
of the temperature due to changes in the bulk; this is represented by a monotonic decrease in the
NS(T ) ensemble. The same behaviour was observed in all the KBr:Eu2+ samples in the form of
free dipoles that we have tested. Therefore, this does not demonstrate any dissolution process
from aggregated–precipitated states, as expected from a quenched sample. Also, considering
the definition in equation (5), as the europium ions are in free dipoles and the S signal is in
turn proportional to the absorption coefficient, the behaviour is expected to be almost constant
with the increase in temperature. This was verified by the emission spectra; the emission band
peak (423 nm) had a shift of <2 nm.

Figure 4(b) shows a dissolution thermal process profile for the sample in the SP. This
profile is associated with the precipitated states by means of its αEu(υ), where υ is a parameter
that describes the crystalline environmentof the Eu2+ ions. We represent an A state by αEu(υA),
where υA represents the precipitated state in the SP; in this precipitated phase the next nearest
neighbour (NNN) dipole positions are more stable than the next nearest (NN) ones [26]. Thus
the S signal is detected as a function of the αEu(υA) for different Ti : as the changes are not
significant, the NS(T ) profile only presents a slight slope until 77 ◦C; later the profile exhibits
a jump until it reaches a temperature of 94 ◦C, which presents a new B state with υB, where υB

represents the new crystalline environment due to changes in the interaction of the crystalline
field with 4f65d excited states of the Eu2+ ions, when the SP precipitates have been dissolved.
In this new state the europium–vacancy dipoles and small precipitates that come from the
dissolution of the Suzuki phase are present. The discontinuity between states A and B is about
40% of the NS(T ). This jump might be due to the dispersion of Eu2+ from SP precipitates.
The above-mentioned behaviour was in agreement with the wavelength shift observed in the
PL spectra, obtained simultaneously.
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Figure 4. The NS(T ) obtained from S signal sequences as a function of temperature for:
(a) KBr:Eu2+ (270 ppm) quenched sample (�); (b) KBr:Eu2+ (250 ppm) sample in SP (◦).

The N ′
S(T ) ensemble is used to estimate the range of temperatures that characterize the

jump. In order to make a comparison between the different europium states in figure 5 two
profiles are shown: in figure 5(a) KBr:Eu2+ (quenched sample) does not show a change in the
profile; in figure 5(b) the profile of the KBr:Eu2+ sample in SP reveals a range of temperatures
of about (77–115) ± 3 ◦C, where the dissolution presumably was carried out, this result is
compared with that reported by Aguilar et al [10] who gave a range 80–120 ◦C where the
thermal dissolution of the SP was carried out.

Figure 6(a) displays the results obtained for the position of the emission band for different
temperatures during the SP dissolution process. The PL spectrum registered displays one broad
band peak centred at 433 nm, which is the main characteristic of KBr:Eu2+ crystals in SP form
at RT. When the temperature increases, the peak position shifts to shorter wavelengths—to
about 423 nm due to crystalline field interactions. This emission band can be understood
as a coexistence of the Eu2+–vacancy complexes and small precipitates that come from the
dissolution of the SP.

In figure 6(b) the evolution of the emission band intensity should be noted. There is an
increase in the band intensity as the temperature increases, which might be due to the change in
precipitation size conditions; these changes might be in turn proportional to the light scattering
produced during the dynamical thermal process.

This process was monitored in real time; therefore the behaviour of the emission spectra
intensity is different from that reported by Aguilar et al [10] (a process in quasi-thermodynamic
equilibrium), where there is no change in the intensity and the emission bandwidth for
temperatures up to ∼70 ◦C is constant.

In this work we find that there are variations of the emission bandwidth and a slight
decrease of the intensity up to 155 ◦C. Later the emission intensity increases quickly, as can
be seen in figure 6(b). This can be explained in terms observations of the dynamical heating
process, because the precipitates are smaller and there is less scattering of the light.
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Figure 5. The behaviour of N ′
S(T ) as a function of temperature: (a) KBr:Eu2+ (270 ppm) quenched

sample (–�–); (b) KBr:Eu2+ (250 ppm) sample in SP (–◦–).

Figure 6. (a) Eu2+ emission spectra at different temperatures. (b) Emission intensity (area under
the curve) as a function of temperature.

The experimental results obtained with the PA technique show good agreement with those
obtained by the PL technique and with the work previously reported [10].
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6. Conclusions

Eu2+ ion precipitates have been determined through their absorption coefficient during
dissolution processes by continuous heating. The differences between the αEu(υ) are due
to changes in the crystalline field interaction with 4f65d excited states of the Eu2+ ions in the
different precipitates. The absorption behaviour was registered by means of the recording of
PA signals generated from non-radiative processes. Therefore, the changes in the S signal as
function of temperature are correlated with the absorption coefficient of each type of europium
precipitated state.

To obtain the thermal profiles we used two correlation functions, whose coefficients
NS(T ) and N ′

S(T ) were assembled as a function of temperature. The first profile shows the
absorption behaviour and its changes from RT to 205 ◦C. The second profile shows the range
of temperatures (77–115)± 3 ◦C where the dissolution of the Suzuki phase occurred. The last
result is in agreement with the literature. Photoacoustic monitoring in non-stationary thermal
conditions of Suzuki-type europium precipitates in KBr crystals during the thermal dissolution
process has been demonstrated. This procedure determines in real time the temperature range
of SP thermal dissolution or that of any other type of aggregation–precipitation process, with
good accuracy.

This paper proposes an alternative method for the dynamic study of dissolution processes
in alkali halides doped with divalent impurities. It has the advantage of being quicker and more
flexible than the classical method which is carried out under quasi steady-state conditions.
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[26] Aceituno A P, Cussó F, De Andrés A and Jaque F 1984 Solid State Commun. 49 209


