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Investigation of LiXO (X5Nb, Ta) crystals doped with luminescent ions3

Recent results
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Abstract

Processes of transfer of excitation from levels populated by diode laser pumping to upper laser levels in LiTaO :Tm and LiTaO :Ho3 3
3 4 5 5are considered. Stimulated emission cross section for the F – H transition of Tm and for the I – I transition of Ho in lithium4 6 7 8

tantalate have been evaluated. Preliminary data concerning the contribution of radiative transitions and multiphonon relaxation to the
decay of excited states of Er, Tm and Ho in LiNbO and LiTaO are compared.  2000 Elsevier Science S.A. All rights reserved.3 3
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1. Introduction about the excitation and decay of activators in both the
compounds doped with rare earth ions. Moreover, scarce

Single crystals of LiNbO and LiTaO have been published data are frequently inconsistent. The intention of3 3

studied intensively during several decades and their prop- this work is to get a closer insight into processes contribut-
erties are well documented in numerous original works and ing to the relaxation of excited states and to assess the
review papers [1–3]. Owing to advantageous electrooptic, laser potential of selected rare earth ions in LiNbO and3

acoustooptic and nonlinear optical characteristics these LiTaO .3

materials found wide application in optoelectronic devices.
When doped with rare earth ions, the LiNbO and3

LiTaO crystals become luminescent media able to gener- 2. Crystal structure and selected physicochemical3

ate and amplify light. This ability, combined with inherent properties of LiNbO and LiTaO3 3

nonlinear properties, offers a possibility to design self Q
switching and self frequency doubling laser sources. Properties of undoped lithium niobate and lithium

Laser action in LiNbO doped with Nd, Tm and Ho tantalate may be found in numerous handbooks. Therefore3

were obtained 30 years ago [4] but subsequent studies we recall in Table 1 these data which are relevant to
focused on Nd doped crystals [5,6]. Recently, interest in optical characteristics of doped systems. LiNbO and3

these systems has been renewed because of spectacular LiTaO are isostructural with nearly the same lattice3

progress in the field of semiconductor laser which became
Table 1convenient sources for the design of all integrated solid
Crystal structure and selected physicochemical properties of LiNbO and3state lasers. In a number of recent papers the performance

aLiTaO3of laser diode pumped LiNbO :Nd and LiTaO :Nd lasers3 3
Compound LiNbO LiTaOhas been examined [7,8]. Also, the light generation and 3 3

amplification in LiNbO :Er crystal has been considered Space group R3c R3c3
˚ ˚Lattice constants a55.15 A a55.14 Aaiming at its application in telecommunication systems [9].
˚ ˚c513.86 A c513.74 AConsiderable effort has been done to understand the nature

3Density [g /cm ] 4.64 7.45and number of activator sites in LiNbO [10–14], but this3 Melting point [8C] 1210 1650
problem is still open in the case of LiTaO . Little is known3 Index of refraction n 52.278 n 52.175o o

n 52.195 n 52.180e e

(l50.667 mm) (l50.7 mm)
Birefringence 20.0825 10.005
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Fig. 2. Low lying energy levels of selected rare earth ions together with
spectral emission of available powerful laser diodes.

low-lying energy levels of selected rare earth ions areFig. 1. The crystal structure of LiTaO .3

indicated together with spectral regions of emission of
available powerful laser diodes. It can be seen that the

parameters, but the density of the later compound is emission bands of these pump sources coincide quite well
considerably higher. Melting point of LiTaO is such that with energy levels of rare earth ions. Suitability of laser3

iridium crucibles are necessary to grow the crystals and diodes for optical pumping of LiNbO :Nd, LiTaO :Nd and3 3

consequently this material is more expensive as compared LiNbO :Er lasers has been demonstrated, therefore in3

to LiNbO . Birefringence of LiNbO is sufficiently high to following we will restrict our consideration to holmium3 3

allow phase matching in SHG process, but the relation and thulium doped crystals, which seem to be the most
between birefringence and dispersion of LiTaO is less promising systems. In Fig. 3 the partial energy level3

favorable and the quasi phase-matching method should be scheme for LiTaO :Tm is shown. Emission wavelength of3

used. an AlGaAs laser diode matches perfectly an absorption
3 3Considering the structural impact on rare earth ions in band associated with the H – H transition whose in-6 4

doped crystals, one should remember that the chemical tensity is sufficiently high to ensure efficient pumping. By
3 3composition of LiNbO and LiTaO is not stoichiometric a cascade relaxation through the H level, the F level is3 3 5 4

but corresponds to congruent melt with Li /Nb (Ta) ratio of populated, which in turn decay by radiative transition to
3about 0.94. Consequently, lithium deficiency gives rise to the ground H level. One of the most important parame-6

certain structural disorder resulting in inhomogeneous ters which determine the laser performance of an active
broadening of spectral lines associated with electronic material is a stimulated emission cross section. In the most
transitions of rare earth ions. Ideal structure of stoichio- simple approach it can be evaluated by the so-called
metric compound shown in Fig. 1 indicates that three reciprocity method which relies on the absorption cross
similar sites may be occupied by rare earth ions, namely section and emission cross section according to the for-

51 1Nb site, Li site and a free site. In all these sites rare mula:
earth ions reside in distorted octahedra of oxygen ions and
have identical symmetry dose to C . In compounds with3

congruent composition a disorder resulting from a need of
charge compensation is accompanied by a disorder associ-
ated with Li deficiency.

Consequently, several non-equivalent sites of rare earth
ions in LiNbO and LiTaO may be identified based on3 3

spectroscopic data [10–12].

3. Laser transitions of primary interest

Considering laser transitions in rare earth doped LiNbO3

and LiTaO availability of pump source, pumping ef-3

ficiency and processes leading to the population build-up
31on upper laser level should be accounted for. In Fig. 2, Fig. 3. The partial energy level scheme for Tm in LiTaO .3
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where s (l) is absorption cross-section defined as s 5abs abs

a /N, a is the absorption coefficient calculated from room
temperature spectrum, N is the dopant concentration, E isul

zero-line energy for interacting manifolds and Z , Z arel u

the partition functions of the lower and upper manifolds,
respectively.

To make use of this formula the room temperature
absorption spectrum and energies of the crystal field levels
of an upper and lower multiplets are needed. Having the
crystal field levels located from low temperature absorp-
tion and emission spectra, the stimulated emission cross
section has been derived for p and s polarization. Results
for LiTaO :Tm are shown in Fig. 4. The curves of3

potential laser gain versus wavelength will be red shifted
because of a self-absorption. They can be calculated as the
effective cross sections s according to the formula:eff

s 5 Ps 2 1 2 P s (2)s deff em abs

where P is defined as a number of active ions in excited
state to total number of active ions.

3 3 31Fig. 5. The effective cross section for the F – H transition of Tm in4 6

LiTaO .3

Results of calculation for several P parameters likely to
be achieved in real laser systems are shown in Fig. 5. Both
the emission cross section values and the predicted
tunability range are promising.

3Limiting step in the population build up on the F level4
3is relative long lifetime of the H level amounting to 2104

19 3
ms for LiTaO crystal containing 9.5310 ions /cm . It3

3has been shown that the H excitation may be efficiently4

removed by a cross relaxation process in heavy doped Tm
crystals, but it is not known yet whether such concentration
may be attained in LiTaO or LiNbO crystals.3 3

In Fig. 6 we present a partial energy level scheme for
LiTaO :Ho. The calculated emission cross sections for the3
5 5I – I transition are shown in Figs. 7 and 8. Disadvantage7 8

of holmium doped crystals is related to pumping ef-
5 5ficiency. The I – I absorption band matches an emission8 4

band of AlGaAs laser diode, but the absorption intensity is
5extremely low. Efficient pumping via the F level is5

possible, unfortunately the power of available red laser
diodes is low.

4. Relaxation of excited states

Excited states decay by competitive radiative transitions,
3 3 31 multiphonon relaxation and ion–ion processes. RelativeFig. 4. The absorption cross section for the H – F transition of Tm6 4

3 3in LiTaO and derived the F – H emission cross section. contribution of these decay routes should be known at least3 4 6
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31Fig. 6. The partial energy level scheme for Ho in LiTaO .3

for these laser schemes in which the upper laser level is
not excited directly. Radiative transition rates can be
evaluated conveniently by Judd–Ofelt treatment. Then
multiphonon relaxation rates can be derived from radiative
transition rates and measured lifetimes for activator con-
centration sufficiently low to neglect the ion–ion inter-
action. In Fig. 9 the multiphonon relaxation rates for Er in
LiNbO are plotted versus energy gap between lumines-3

cent level and next lower lying level. This linear depen-

5 5 31Fig. 8. The effective cross section for the transition I – I of Ho in7 8

LiTaO .3

315 5 31 Fig. 9. The multiphonon transition rate for Er in LiNbO versus energyFig. 7. The absorption cross section for the I – I transition of Ho in 38 7
5 5 gap between luminescent level and next lower lying level.LiTaO and derived the I – I emission cross section.3 7 8
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Table 2 luminescent levels of Tm and Ho in LiTaO crystal are3
Calculated radiative lifetimes t and measured lifetimes t of lumines-rad m given in Tables 2 and 3. For a comparison the published
cent states of Tm in LiTaO and LiNbO3 3 data concerning LiNbO :Tm and LiNbO :Ho are shown in3 3cLevel LiTaO :Tm LiNbO :Tm3 3 last columns of the tables. It can be seen that measured

a b
t [ms] t [ms] t [ms] t [ms] t [ms] lifetimes are shorter than radiative lifetimes except for firstrad m m rad m.

1 excited states. Taking into account predictions of anD 29 8 4.6 10 6.12
1 energy gap law we conclude that the ion–ion interactionG 274 95 38 205 1034
3H 456 210 110 342 240 contribute to the decay through cross relaxation process. In4
3F 953 2510 2380 1730 27004 addition to downward transition the upward transitions

a 19 3C 59.5310 ions /cm . should be accounted for when exciting by powerful narrowTm
b 20 3C 51.7310 ions /cm .Tm band sources. Up-conversion of pumping light at wave-
c Taken from Ref. [15]. length |0.8 mm and |1 mm in LiNbO :Er is well3

documented [17,18]. In Fig. 10 we show the up-converted
luminescence band excited in LiTaO :Ho by 647.1 nm line3

Table 3 of Kr ion laser. This luminescence can not be excited by a
Calculated radiative lifetimes t and measured lifetimes t of lumines-rad m. short pulse pumping, therefore we suppose that the mecha-
cent states of Ho in LiTaO and LiNbO 53 3 nism involved is an excited state absorption from the I7aLevel LiTaO :Ho LiNbO :Ho3 3 level.

a
t [ms] t [ms] t [ms] t [ms]rad m rad m

5S 57 13 109 92
5F 56 0.5 79 95
5I 676 63 5. Conclusions6
5I 1766 31207

a Taken from Ref. [16]. Effective emission cross sections evaluated for
LiTaO :Tm and LiTaO :Ho are promising, however fur-3 3

ther investigation is needed to elucidate and possibly
improve the efficiency of excitation transfer from pump

dence known as ‘energy gap law’ may be used to assess levels to upper laser levels. Data concerning relaxation of
the multiphonon relaxation rates for other levels of ions. excited states in particular contribution of ion–ion inter-
The radiative lifetimes and the measured lifetimes for action should be considered as preliminary.

5 5Fig. 10. The energy level scheme and the S – I transition excited in LiTaO :Ho by 647.1 nm line of Kr ion laser.2 8 3
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