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De-excitation mechanisms of BaLiF :Co2q crystals3
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Abstract

4 Ž4 . 2qThe de-excitation mechanisms from the T F level for a promising new vibronic laser material, BaLiF :Co2 3
Ž .emission centered at 1588 nm, FWHMs426 nm , are reported. At low temperatures, the decay time is on average equal to

Ž .580 ms, decreasing very rapidly above 80 K t s1 ms . This decrease is due to multiphonon processes from the excitedRT
4 Ž4 . 4 Ž4 .vibronic level T F to the highly excited vibronic fundamental level T F promoted by the vibrational modes E and2 1 g

T of the BaLiF crystal. The decay time dependence on the temperature was fitted according to the Mott–Seitz model,2g 3

presenting a good agreement. The following parameters were determined: radiative lifetime, t s580 ms, nonradiativeR

lifetime, t s0.17 ms and activation energy, D Es587 cmy1. q 1999 Elsevier Science B.V. All rights reserved.NR

PACS: 78.50.W
Keywords: Optical materials; Luminescence; Optical properties

1. Introduction

There has been considerable interest in developing laser
active media with broadband emission for applications
such as ultrashort pulse generation and tunability, particu-
larly in the 1500-nm spectral region that coincides with the
third-telecommunication window.

The absorption spectroscopic properties of the transi-
2q w x 2q w xtion metal ions Ni 1,2 and Co 2,3 and the de-exci-

2q w xtation mechanisms of Ni 4 in the new matrix BaLiF3

have been reported recently. These ions, due to their
vibronic characteristic of emission, are potentially tunable
laser active media over a range of hundreds of nanometers
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in the 1500-nm spectral region. Although laser operation
for Co2q and Ni2q ions in many crystal hosts has been

w xreported 5–9 , as far as we are concerned laser action has
not yet been observed for a transition metal ion in the
BaLiF matrix.3

In BaLiF :Co2q crystals, the BaLiF matrix presents an3 3

‘inverse’ perovskite structure where the Co2q ions are
w xlocated in octahedral sites 2 . This system presents two

intense absorption bands, one peaking at 20 000 cmy1

Ž . 4 Ž4 . 4 Ž4 .500 nm , corresponding to T F ™ T P transition1 1
y1 Ž .and the other peaking at 8264 cm 1210 nm , corre-

4 Ž4 . 4 Ž4 .sponding to T F ™ T F transition, with bandwidths1 2

around 20%. A weaker band was also observed at 16 667
y1 Ž . 4 Ž4 .cm 600 nm , corresponding to the T F ™1

4 Ž4 . 2qA F transition. BaLiF :Co shows a single emission2 3
y1 Ž .band, centered at 6297 cm 1588 nm , corresponding to

4 Ž4 . 4 Ž4 .the transition T F ™ T F , with a meaningful 4262 1
Ž .nm full width at half maximum FWHM , at room temper-

w xature 3 .
The investigation of the de-excitation mechanisms is

crucial to understand and establish the spectroscopic condi-
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tions for laser operation of a candidate to laser active
medium. In this work, we report the decay time and the
luminescent emission intensity dependences on tempera-
ture for Co2q ions in the BaLiF host.3

2. Experimental

The studied BaLiF :Co2q crystals were grown at our3
w xlaboratories by the Czochralski technique 2 . Two crystals

with different cobalt concentrations, determined by neutron
w xactivation analysis 2 were used in our measurements:

0.05 and 0.44 mol% in the boule. For the decay time and
luminescence intensity measurements, a conventional set
up with a perpendicular geometry and AC lock-in tech-
nique was used to maximize the signal-to-noise ratio. The
samples were placed in a commercial closed cycle helium

Ž .cryostat Displex Cs-200, Air Products , that allows opera-
tion from 10 to 300 K.

4 Ž4 . 4 Ž4 . Ž .The T F ™ T P transition peaking at 500 nm1 1
Žwas excited by an argon ion laser 488 nm and 514.5 nm,

.3 W – Spectra Physics 171 or by a pulsed dye laser
operating at 10 Hz, with a beam rise time of 500 ns and

Žpulse rate of 100 ms 471–577 nm, Coumarin C-503,
. 4 Ž4 . 4 Ž4 . ŽLaser Photonics . The T F ™ T F transition peak-1 2
. Žing at 1210 nm was excited by a Nd:YAG laser 1064 nm,

.0.5 W – Quantronix .
In order to produce a narrow pulsed beam, the continu-

ous beam of the argon ion or the ND:YAG laser was
focused into a designed chopper blade. The variation of the
chopper frequency allowed pulses with the desired charac-
teristics for excitation to be obtained. At the maximum
chopper frequency, the rise time of the obtained beam was
shorter than 3.2 ms and with a pulse period of 1 ms. Even
using this apparatus, the measurement of the decay time

4 Ž4 . 4 Ž4 .was possible only up to 200 K. For the T F ™ T P1 1
Ž .transition peaking at 500 nm we used the pulsed dye

laser for excitation above 200 K.
The integrated emission was collected by an InSb diode

Ž .detector, cooled at 77 K Judson Infrared with response
time less than 1 ms, and the signal was processed by a

Ž .Boxcar integrator PAR 4402 .

3. Results and discussion

The dependence on the temperature of luminescent
Ž .decay time, t T , for an ion in a crystal, using the

w xMott–Seitz model 10 , is given by:

1 1 1
s q , 1Ž .0t t t T t exp D ErKTŽ . Ž . Ž .R NR

Ž .where t T is the radiative decay time of the luminescentR

ion, K is the Boltzmann constant and D E is the activation
energy that will be defined afterwards. The second term on

the right side is the nonradiative decay time of the lumi-
Ž . w xnescent ion, t T , following the Mott–Seitz model 10 ,NR

Ž .where the temperature dependence of t T , can beNR

described by a single Arrhenius factor related to the occu-
pation probability of the electrons in the vibrational ex-
cited state. For the transition metal ion Co2q, the nonradia-
tive processes result from multiphonon emission from the

4 Ž4 .excited vibronic level T F to the highly excited vi-2
4 Ž4 .bronic fundamental level T F . The activation energy,1

D E, is the energy difference between the ground state of
the 4T level and the crossover of the potential energy1

surfaces of the 4T and 4T levels. Therefore, if the decay1 2

is a single exponential and the optical absorption intensity
Žis independent of the crystal temperature pumping at 500

nm and at 1064 nm, with a temperature range from 10 K to
.RT, the decrease in the optical absorption is less than 5% ,

Ž . w xthe integrated luminescent intensity I T is given by 11 :

t TŽ .
I T s I . 2Ž . Ž .0

t TŽ .R

Ž .Thus, the ratio R T of the normalized decay time, for
a normalized intensity, is given by:

t T rt 0 t TŽ . Ž . Ž .R
R T s s . 3Ž . Ž .

I T rI 0 t 0Ž . Ž . Ž .R

Ž .The ratio R T allows one to determine the influence
of temperature on the radiative decay time. Experimen-

Ž .tally, if the ratio R T is temperature independent, and
Ž .thus t T is independent as well, then the decrease ofR

decay time with the temperature can be completely at-
tributed to nonradiative processes. Experimentally, the ra-

Ž .tio R T can be determined and the temperature depen-
dence of the decay time curves can be fitted by a conve-

2q Ž .nient function. For BaLiF :Co the ratio R T obtained3

is temperature independent, within a range of 20% of
variation that can be explained as an experimental error.

Ž .Thus, the decay time can be given by Eq. 1 , and the only
temperature dependent term is the nonradiative decay:

t R
t T s . 4Ž . Ž .01q t rt exp yD ErKTŽ .Ž .R NR

Fig. 1 shows the luminescent decay time dependence
on the temperature for Co2q ions in BaLiF pumping at3

the two main absorption bands. The same behaviour with
temperature is observed by pumping with the 1064 nm
Nd:YAG laser line that overlaps the 1210 nm band
Ž4 Ž4 . 4 Ž4 . .T F ™ T F transition , and with the 500 nm dye1 2

Ž4 Ž4 . 4 Ž4 .laser line that overlaps the 500 nm band T F ™ T P1 1
.transition . The temporal behaviors of the luminescent

decay time for excitation in both bands present single
exponential decays for all studied temperatures. From the
above statements, it is evident that the transitions have the
same single channel of de-excitation. A single emission
band in the infrared region is characteristic of Co2q ions
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Fig. 1. Luminescent decay time pumping at the two main absorp-
Ž 2q .tion bands BaLiF :Co , 0.44 mol% and energy level diagram3

in the studied region.

w xin octahedral symmetry 12 . The corresponding energy
levels diagram for the studied optical transitions can be
observed in Fig. 1.

Figs. 2 and 3 present the decay times, their fits by Eq.
Ž . Ž .4 , the luminescence intensity curves, and the ratio R T
Ž Ž ..Eq. 3 , for the sample with 0.05 mol% and 0.44 mol%
Co2q concentration in BaLiF , respectively. The results in3

ŽFigs. 2 and 3 are shown for the 500-nm excitation dye
.laser . The parameters obtained by the theoretical fit

Ž . 2qMott–Seitz model for the two Co concentrations in
the BaLiF crystal are listed in Table 1.3

As one can observe in Figs. 2 and 3, the decay time and
the luminescent intensity behaviour for both samples are
similar and decrease at the same temperature, around 80 K.
This demonstrates that the nonradiative de-excitation
mechanism involved in the decrease of the decay time has
an activation temperature independent of Co2q concentra-
tion, which is confirmed by the D E values shown in Table
1. The Co2q ion can be considered isolated in the matrix
Ž 2q .the studied samples have a very low Co concentration .

Ž . Ž .Fig. 2. Luminescent decay time and intensity and R T inset ,
ratio of the relative luminescent decay time and relative total

Ž Ž .. Ž . Ž 2qluminescent intensity Eq. 3 see text BaLiF :Co , 0.443
. Ž . Ž .mol% . Line: fitted by Eq. 4 see text .

Ž . Ž .Fig. 3. Luminescent decay time and intensity and R T inset ,
ratio of the relative luminescent decay time and relative total

Ž Ž .. Ž . Ž 2qluminescent intensity Eq. 3 see text BaLiF :Co , 0.053
. Ž . Ž .mol% . Line: fitted by Eq. 4 see text .

This result was expected once this process is simply a
probability factor of occupation of the electron in the
excited state.

The strong dependence of the luminescent decay time
Žon temperature can be explained, since D E the potential

barrier energy for one electron to change from the excited
4 Ž4 .level T F to the highly excited vibronic fundamental2
4 Ž4 .. y1level T F is on average 587 cm and the phonon1

y1 w xdensity of state energy peaks at 509 cm 13 . Conse-
quently, roughly only one phonon mode is necessary to
overcome the potential barrier and allow for nonradiative
decay. Because the excitation of the vibronic level is
highly dependent on temperature, a fast onset of the nonra-
diative decay with temperature increase was expected.

The long radiative lifetime measured for BaLiF :Co2q
3

was predictable, since the octahedral symmetry induces
n w xsmaller oscillator strength among 3d states 14 . This can

happen because the ion sites show inversion symmetry.
Tetrahedrical sites, on the other hand, do not have inver-
sion symmetry, conducing to a bigger opposite parity
electronic configuration mix and consequently produce a

w xbigger oscillator strength 15 . Higher oscillator strength
conduces to shorter lifetimes. The radiative lifetimes usu-
ally found in octahedral symmetry are in the range of
milliseconds. Although, when BaLiF :Co2q is compared3

to other Co2q doped hosts, as shown in Table 2, the
shortening of lifetime observed indicates a perturbation in

w xthe octahedral site, as reported in a previous study 3 . This

Table 1
Parameters giving the temperature dependence of the fluorescence

Ž 2q .lifetime BaLiF :Co , 0.05 and 0.44 mol%3

o y1Ž . Ž . Ž . Ž . Ž .c mol% t ms t ms D E cm t msR NR RT

Ž . Ž . Ž .0.05 600 5 0.15 8 599 38 –
Ž . Ž . Ž . Ž .0.44 560 5 0.20 8 575 28 1.0 5
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Table 2
2q 2q Ž .Decay time for Co doped fluoperovskites and for BaLiF :Ni infrared transition3

2q 2q 2q 2qw x w x w xBaLiF :Co KMgF :Co 12 KZnF :Co 18 BaLiF :Ni 43 3 3 3

Ž .t 10 K 600 ms 2.5 ms 800 ms 5 msR
Ž .t 300 K 1 ms 200 ms 25 ms 2 ms

perturbation might be due to charge compensation mecha-
nisms, but the exact cause of this perturbation remains
unknown.

The decay time dependence on temperature for the
infrared transition in BaLiF :Ni2q, is not as strong as for3

BaLiF :Co2q, as shown in Table 2. The decay time short-3

ening as the temperature rises is a consequence of the
increase of the nonradiative components in the de-excita-
tion process, which is a consequence of multiphononic
processes for both ions. The lattice phonons present the
symmetry of the crystal vibrational modes. For cubic
symmetry the even symmetry modes A , E , and T and1g g 2g

the odd symmetry modes T , T , and T are possible1u 1u 2u
w x16 . As the nonradiative transition connects even symmet-

2q Ž4 4 . 2q Ž3 3 .ric states for Co T ™ T and Ni T ™ A ,2g 1g 2g 2g

the odd vibrational modes are discarded immediately. The
product of the excited state representations of both ions by
the vibrational mode representations provides the vibra-
tional modes responsible for the promotion of the transi-
tion. Because of this product for BaLiF :Ni2q there is no3

vibrational mode connecting the states 3T and 3A and2g 2g
w xa long decay time is observed at all temperatures 4 . On

the other hand, for BaLiF :Co2q, the vibrational modes E3 g

and T act as promoting modes of the nonradiative transi-2g

tion between the states 4T and 4T . Consequently, the2g 1g

multiphononic emission rate to the Co2q ion is much
bigger than for the Ni2q ion in this system. Similar

w xobservation was reported by Robbins and Thompson 17
for Co2q and Ni2q ions in other hosts.

4. Conclusion

The decay time at low temperatures of BaLiF :Co2q is3

on average 580 ms, and at room temperature is 1.0 ms. The
high dependence of the decay time on the temperature is
explained, using the Mott–Seitz model, due in part to the
small potential barrier energy, D E. With temperature in-
crease, multiphonon processes from the excited vibronic

4 Ž4 .level T F to the highly excited vibronic fundamental2
4 Ž4 .level T F were promoted by the vibrational modes E1 g

and T of the BaLiF crystal, diminishing the luminescent2g 3

decay time. The decay time behaviour observed was inde-
pendent of Co2q concentration in the samples, thus pair
effects are not considered.

Considering the de-excitation mechanisms and the opti-
cal spectroscopic parameters for BaLiF :Co2q, the first3

calculations for laser tests indicate that laser operation will
Ž .be possible only at low temperature up to 80 K .
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