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M Ṡwirkowicz‡
† W Trzebiatowski Institute of Low Temperature and Structure Research, Polish Academy of
Sciences, 50-950 Wroc law 2, PO Box 937, Poland
‡ Institute of Electronic Materials Technology, Warsaw, Poland

Received 16 September 1996, in final form 21 March 1997

Abstract. The polarized absorption spectra, time-resolved emission spectra, and emission
lifetimes of Pr3+ doped LiTaO3 crystals were measured. An intense emission from the3P0

level was observed. The positions of the Pr3+ levels, experimental oscillator strengths, and
branching ratios from the3P0 and 1D2 levels were determined. The results are discussed in
terms of the Judd–Ofelt parameters.

1. Introduction

In the past years interest in crystals of LiXO3 (X = Nb, Ta) type doped with rare earth
or transition metal ions has significantly grown, as they can offer simultaneously nonlinear
effects and lasing ability. LiNbO3 and LiTaO3 belong to theR3c space group and are
ferroelectric crystals with large electro-optic and nonlinear coefficients [1, 2]. They can
be obtained either as good quality bulk crystals by the Czochralski method or as thin
films by laser ablation [3], molecular beam epitaxy (MBE) [4], metalorganic chemical
vapour deposition (MOCVD) [5], aerosol processes [6], and the sol–gel technique [7]. This
makes them promising materials for waveguides and devices for integrated optoelectronics.
Although the nonlinear coefficientd31 which determines the intensity of observed nonlinear
effects is much less for LiTaO3 than for LiNbO3, the advantage of the LiTaO3 crystal is
its lower birefringence and considerably higher threshold for photorefractive damage [8].
Moreover, the method of quasi-phase-matching (QPM) [9] permits second-harmonic
generation (SHG) and optical parametric oscillation (OPO) to be achieved taking advantage
of the same order of magnitude of thed33 coefficient for both LiNbO3 and LiTaO3. A
number of papers are concerned with optical and laser properties of LiNbO3 crystals doped
with rare earth and transition metal ions (e.g. [10]–[16]). Fewer papers [16–20] have been
devoted to the spectroscopic properties of LiTaO3 crystals, doped as yet mainly with Nd3+.

In this paper we present the optical properties of Pr3+-doped LiTaO3 crystals such as
polarized absorption, luminescence lifetimes, and time-resolved emission in the temperature
range 4.2–300 K. We have analysed absorption spectra according to the selection rules
for the symmetry expected for the dopant site and calculated the emission transition rates
using the modified Judd–Ofelt theory. In spite of the similarity in the crystal and electronic
structures of LiTaO3 and LiNbO3 crystals [21], we have found that the optical properties of
the Pr3+ ion in LiTaO3 differ significantly from those in the LiNbO3 host [14].
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2. Experimental details

Crystals of LiTaO3: Pr3+ were grown by the Czochralski method from a congruent melt
(Li/Ta= 0.94) with a different amount of Pr2O3 as a dopant. The concentrations of Pr3+ in
the crystals investigated in this work, estimated by chemical analysis and by measurements
of the absorption coefficient, were about 0.4 mol% (1.27×1020 ions cm−3) and 0.05 mol%
(1.6 × 1019 ions cm−3). All measurements were made with samples oriented along the
crystallographic axes. Absorption spectra were measured with a Varian 2300 absorption
spectrophotometer. Luminescence spectra and decay kinetics were obtained after excitation
by a nitrogen-pumped tunable dye laser (λmax = 460 nm, 10 Hz, 8 ns pulse) with a setup
consisting of a grating monochromator (Zeiss GDM 1000), a photomultiplier, a SRS 250
boxcar integrator, and a personal computer. A calibrating tungsten lamp (Osram Wi17/G)
operating at 1600 K was used to correct the luminescence spectra for the spectral resolution
and sensitivity of the apparatus. For measurements in the 4.2–300 K range the crystals
were cooled in a continuous-flow helium cryostat (Oxford CF 1204) with a temperature
controller.

Figure 1. The absorption spectrum of the LiTaO3: Pr3+ (0.4 mol% Pr3+, d = 0.2 cm) crystal
measured at 300 K.

3. Results and discussion

In figure 1 the absorption spectrum of the LiTaO3: Pr3+ crystal investigated (0.4 mol% Pr3+)
recorded at room temperature is shown. In the spectrum five groups of bands corresponding
to the intraconfigurational 4f2 → 4f2 transitions from the3H4 ground state to the higher
multiplets of the trivalent praseodymium ion are observed. Except for the absorption edge
there is no significant increase of absorbance due to the crystal matrix as was observed
by the authors of [14] or [17] for wavelengths shorter than 600 or 450 nm for LiNbO3

or LiTaO3 crystals, respectively. The intensities of the praseodymium absorption bands
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Figure 2. IR absorption spectra of the LiTaO3: Pr3+ (0.4 mol% Pr3+) crystal measured at
4.2 K for the incident light polarized parallel (π -spectrum) and perpendicular (σ -spectrum) to
the c-axis of the crystal.

Figure 3. 3H4→ 1D2 absorption bands of Pr3+ in the LiTaO3: Pr3+ crystal measured at 4.2 K.

depend on the polarization of the incident light (figures 2–4) and are listed in table 1.
The structure observed within the bands is due both to the splitting of the multiplets into
Stark components and to the presence of different Pr3+ sites which are affected by a varying
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crystal field strength. The lattice location of trivalent dopants in crystals of LiXO3 (X = Nb,
Ta) type has been studied by various techniques such as electron microprobe (EMP) [11],
site selective spectroscopy (SSS) [15], Rutherford backscattering spectrometry (RBS) [15],
electron paramagnetic resonance (EPR) [16], x-ray or neutron scattering [22], and x-ray
standing-wave measurements [23]. Although there is still no definitive assignment, the
results of x-ray standing-wave measurements, SSS and RBS obtained for the LiNbO3: Pr3+

crystal [14, 15] suggest that the praseodymium ions enter some off-centred Li octahedral
sites. In this paper the structure of the3H4 → 3P0 absorption band at low temperature
(figure 4) gives evidence for the presence of different Pr3+ sites in the LiTaO3 crystal.
Although the3P0 term does not split in the crystal field, the above band can be resolved
into at least four components (figure 4, inset) as it is also for the LiNbO3: Pr3+ crystal [14].
At 4.2 K the maxima and halfwidths (in parenthesis) of these components are 19 962 cm−1

(42 cm−1), 19 998 cm−1 (5 cm−1), 20 030 cm−1 (25 cm−1), and 20 063 cm−1 (45 cm−1).

Figure 4. The absorption spectrum of the3H4 → 3P0, 3P1, and 3P2 transitions of Pr3+ in
LiTaO3 at 4.2 K. In the inset the decomposition of the3H4 → 3P0 absorption band into four
Gaussian components is shown.

Assuming the Pr3+ ions to enter sites with C3 local symmetry [14] we checked the
consistency of polarized absorption spectra with the selection rules for electric-dipole
transitions [24] given in table 2. The C3 symmetry predicts three doubly degenerate
E components and three A components of the ground3H4 multiplet. The 3H4 → 3P0

absorption band significantly dominates in theσ -spectrum implying an E-type symmetry of
the lowest level of the3H4 ground state. Unfortunately, this assumption fails in analysis
of 3H4 → 1D2, 3H4 → 3P1, and 3H4 → 3P2 transitions. Among other things we would
expect that the transitions between E- and A- symmetry-type levels would appear only in
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Table 1. Energies and absorption coefficients of the transitions observed in the polarized
absorption spectra of Pr3+ in LiTaO3 at 4.2 K.

σ transitions (E⊥z) π transitions (E‖z)

Energy Absorption coefficient Energy Absorption coefficient
Level (cm−1) (cm−1) (cm−1) (cm−1)

3H6,
3 F2 3 907 0.57 3 908 0.36

4109 0.15 4116 0.06
4228 0.43

4240 1.4 4247 0.43
4330 0.49
4393 0.68
4435 0.73
4532 0.9 4532 1.0
4632 0.55 4632 0.86
4673 0.64

4898 0.86
5061 1.22
5080 1.16
5114 1.3 5114 2.33
5149 1.0
5439 0.19 5445 0.33

3F3,
3 F4 6340 3.0 6341 3.09

6363 2.85
6410 4.42 6404 2.58
6515 1.37 6530 0.84
6707 0.48

6826 1.64
6861 1.85

6916 1.95 6913 2.34
6976 1.68
7240 0.33 7240 0.33

1G4 9823 0.22 9837 0.18
9852 0.18

10 110 0.10 10 110 0.10
1D2 16 270 1.89 16 270 1.1

16 330 1.31 16 330 0.73
16 434 0.57 16 430 0.26

16 580 1.1
3P0 19 986 2.0

20 032 4.0 20 049 0.22
3P1 20 573 4.35 20 574 5.9

20 634 9.23
20 682 1.85
20 738 1.62
20 866 1.35

3P2 21 756 6.2
21 740 3.2
21 820 6.4

21 867 2.96

the σ -spectrum. However, the bands either are observed in both polarizations or dominate
in theπ -spectrum. The possible explanation of the inadequacy of the above selection rules
could be the lowering of the C3 site symmetry due to the charge compensating defects in
the vicinity of Pr3+ ions.
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Figure 5. The LiTaO3: Pr3+ (0.4 mol%) luminescence spectrum measured at 300 K (λexc =
460 nm). The spectrum measured with a time delay of 5µs is shown with a dotted line.

Table 2. Selection rules for electric-dipole transitions in the C3 point group (from [24]).

A E

A Z (π ) X, Y (σ )
E X, Y (σ ) X, Y (σ ), Z (π )

In figures 5–7 we present the luminescence of the LiTaO3: Pr3+ crystal following an
excitation in the strong absorption band at 460 nm. A characteristic feature of the Pr3+

luminescence in this crystal is the strong emission from the3P0 level which was not
observed for LiNbO3: Pr3+ [14]. The emission band in the range 18 700–20 100 cm−1 is
due to the3P0→ 3H4 transitions. The low-temperature band can be decomposed into seven
main Gaussian-shaped components (figure 7, inset). Their maxima determine the energies
of the Stark components of the split3H4 ground state as 0, 127, 320, 425, 515, 690,
and 990 cm−1. Increasing the temperature from 4.2 to 300 K brings about a broadening
of these components by around 40% and an increase of the relative intensities of low-
energy components simultaneous with a decrease of the intermediate ones (figure 7). An
additional weak band peaking at about 20 100 cm−1 occurs on the high-energy tail of the
3P0 → 3H4 emission band with its intensity increasing as the temperature is raised. This
band is probably related to the emission from the thermally populated3P1 multiplet, located
at around 600 cm−1 above the3P0 state, to the ground3H4 state. The bands observed
in the room-temperature spectrum (figure 5) between 13 800 and 14 500 cm−1, at about
15 600 cm−1 and between 18 000 cm−1 and 18 600 cm−1 can also be attributed to the
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Figure 6. The LiTaO3: Pr3+ (0.4 mol%) luminescence spectrum measured at 4.2 K (λexc =
460 nm). The intensity of the3P0 → 3H4 band is reduced 15-fold compared with the rest of
the spectrum.

emission from the3P1 multiplet, as they are not observed in the low-temperature spectrum
(figure 6). The bands in the emission spectrum around 14 000 cm−1 and between 15 500 and
16 800 cm−1 are attributed to the transitions from the1D2 multiplet. The assignment of these
transitions was possible on the basis of lifetime measurements and time-resolved spectra.
The lifetime of the3P0 level was estimated to be 0.48 µs for both samples independent
of the praseodymium concentration while that of the1D2 level was estimated to be 50 and
17µs for the samples with lower and higher concentrations, respectively. The luminescence
spectrum measured with a time delay of 5µs therefore reveals the emission from the1D2

level populated from the3P0 level and is shown in figure 5 (dotted line). The mechanism
of the population of the1D2 level can not be decided explicitly yet. Both multiphonon
relaxation and cross-relaxation processes cannot be excluded. The relative intensities of
emission bands originating from the3P0 and 1D2 levels depend on the concentration of
the dopant and on the temperature. Taking into account the room-temperature spectrum
in the region from 14 500 cm−1 to 16 800 cm−1, the ratio of the integrated emission from
the 1D2 level to the integrated emission from the3P0 level is 1:2.1 for the sample with
the higher concentration and 1:1.3 for the lower concentration. At 4.2 K these ratios are
1:5 and 1:3, respectively. The influence of the Pr3+ concentration on the relative1D2/

3P0

intensity may be explained by the reduction of the quantum efficiency of the1D2 level
due to the enhanced cross-relaxation processes in a concentrated sample, consistent with the
shortening of the1D2 lifetime. Change of the relative1D2/

3P0 intensity with the temperature
together with a temperature-independent1D2 lifetime indicates that these two levels are
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Figure 7. The 3P0 → 3H4 luminescence spectra of Pr3+ in LiTaO3 measured at 4.2 K (1),
230 K (2), and 300 K (3) (λexc = 460 nm). In the inset the decomposition of the 4.2 K spectrum
into Gaussian components (dotted lines) is shown.

bridged by a temperature dependent relaxation process. The energy gap between3P0 and
1D2 levels amounts to about 3400 cm−1 according to data in table 1. Lattice vibrations
of LiNbO3 and LiTaO3 have been studied in a number of works (e.g. [25]–[27]). One of
them [27] contains a detailed analysis of Raman spectra recorded with LiNbxTa1−xO3 single
crystals forx ranging from zero to unity. From this study it follows that the highest-energy
vibrations correspond to a well defined band at 598 cm−1 in LiTaO3 and to a broader band
having two maxima of 580 and 630 cm−1 in LiNbO3. Additional small features at 748 and
825 cm−1 in Raman spectra of LiNbO3 have been attributed to a possible occurrence of
LiNbO4 phase [27]. Thus, at least four phonons are needed to bridge the3P0→ 1D2 energy
gap. The energy gap law for the LiTaO3 crystal has not been evaluated yet but abundant
data on multiphonon relaxation in other rare-earth-doped oxide crystals indicate that the
multiphonon relaxation rates involving simultaneous emission of four phonons are between
103 and 105 s−1, depending on the electron–phonon coupling. It may be interesting to note
here that a room-temperature luminescence lifetime of the4S3/2 level of Er3+ in LiNbO3

amounting to 28 [28] or 32 [12]µs has been reported. The energy gap between the4S3/2

and the next lower-lying4F9/2 level is about 3000 cm−1 and the multiphonon relaxation
rate for the4S3/2 level was estimated to be 2.8× 104 s−1. In our case, the praseodymium
3P0 lifetime of 0.48µs corresponds to a relaxation rate of 2.08× 106 s−1 and the inclusion
or subtraction of the multiphonon relaxation rate amounting to 105 s−1 would change the
lifetime only by about 5%. Such a variation of lifetime is certainly beyond the experimental
precision of our apparatus. Further measurements using a faster detection system will give
more information on the temperature dependence of the3P0 lifetime. However, the question
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of why the strongly luminescent3P0 level of Pr3+ in LiTaO3 decays so quickly is still open.
Also, the lack of the3P0 luminescence in LiNbO3 [14] is not clear.

In order to estimate the rate of radiative transitions from the1D2 and3P0 multiplets we
applied the classical Judd–Ofelt theory [29, 30] as well as the modified approach elaborated
for the Pr3+ ion [31, 32]. The Judd–Ofelt parameters�2, �4, and�6 and values of oscillator
strengths (fcalc in table 3) were calculated numerically by the least-squares method using as
input fitting parameters oscillator strengths calculated directly from the absorption spectrum
(fmeas in table 3) [33]. In the analysis we have not taken into account the bands associated
with the 3H4→ 3F2,

3H6 transitions, as their intensity was influenced by the accuracy limit
of our spectrophotometer in this spectral range. In our case the Judd–Ofelt theory results in
negative values for�2, as often occurs for Pr3+-doped materials. Only by neglecting the
contribution from the3H4→ 3P2 transitions did the modified approach using the correction
factorα = 1×10−5 [31, 32] enable us to obtain positive values of�2. The values for�2,�4,
and�6 are then calculated as 3.1×10−19 cm2 (δ�2 = 35%), 0.6×10−19 cm2 (δ�4 = 8%),
and 0.56× 10−19 cm2 (δ�6 = 13%). The branching ratios calculated theoretically for the
3P0 and1D2 levels using the above values of�2, �4, and�6 (βcalc) are compared in table 4
with those determined from the emission spectrum (βmeas). Our measured branching ratios
are similar to those observed by other authors for Pr3+ [34], whereas the calculated values
completely differ from them. The radiative lifetimes calculated from these predicted values
are 4.5 and 44µs for the3P0 and 1D2 levels, respectively. In spite of the relatively good
agreement of the calculated and measured values of the1D2 lifetime, we have concluded
that even the modified Judd–Ofelt approach is inadequate in our case and does not lead to
a good consistence with the experiment. By doubling the value of the modification factor
α it was possible to obtain a positive value for�2 without neglecting the contribution from
the 3H4 → 3P2 transitions. However, the agreement between theoretically predicted and
measured branching ratios was no better.

Table 3. Measured and calculated oscillator strengths for transitions from the ground3H4 state
for Pr3+ ions in the LiTaO3 crystal.

Final state Mean transition energy (cm−1) fmeas (×10−6) fcalc (×10−6)

3P0 +3 P1 +1 I6 21 000 15.90 15.92
1D2 16 400 2.90 2.03
1G4 9800 0.40 0.48
3F4 6850 4.92 4.96
3F3 6300 10.1 10.1

We have also calculated the radiative transition ratewrad for the 1D2→ 3H4 transition,
which is given [33] by

wrad = f21n

1.51× 104λ2
0

(
n2+ 2

3

)2

= 5.75× 103 (s−1) (1)

where the severe approximations of the Judd–Ofelt theory are omitted. In the above equation
f21 is the emission oscillator strength related to the absorption oscillator strengthf12 by the
reciprocityf21 = (g1/g2)f12, g1 andg2 are degeneracies of the ground and excited states
(we have assumed that the degeneracy is removed due to the symmetry, probably lower
than C3, andg1 = g2 = 1), λ0 is the emission wavelength (in metres), andn is the refractive
index of the material, equal to 2.18. As the observed emission transitions from the1D2

multiplet are not numerous and they are well separated in the emission spectrum, it was
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possible to calculate the emission lifetime of the1D2 level using the branching ratios from
the 1D2 level to the3H4, 3H5, 3H6, and3F4 levels given in table 4. We finally obtained an
emission lifetime of 61µs for the1D2 level. The discrepancy between the calculated and
experimental value (50µs) may be due to the approximate character of the used reciprocity
formula forf21, where the partition functions inside each multiplet [35] were not taken into
account. Applying (1) and this method for calculating the lifetime of the3P0 level was
not reasonable, as we could not determine exactly the absorption oscillator strength for the
3H4→ 3P0 transition.

Table 4. Measured and calculated branching ratios for transitions from the3P0 and 1D2 levels
of Pr3+ in the LiTaO3 crystal. The values of the Judd–Ofelt parameters used for the calculations
of βcalc are�2 = 3.1× 10−19 cm2, �4 = 0.6× 10−19 cm2, and�6 = 0.56× 10−19 cm2.

Transition Mean transition energy (cm−1) βmeas βcalc

3P0→ 3F4,
3 F3 13 200 0.11 0.038

3F2 14 900 0.21 0.75
3H6 15 700 0.21 0.035
3H5 17 700 0.03 —
3H4 19 700 0.65 0.177
1D2→ 3F4,

3 F3 9450 0.27 0.87
3H6 11 300 0.3 0.034
3H5 14 050 0.08 0.003
3H4 16 200 0.35 0.093

4. Conclusions

The optical properties of Pr3+ in the LiTaO3 crystal differ from those in LiNbO3 in that the
room-temperature visible luminescence originates in both the3P0 and 1D2 levels whereas
the 3P0 luminescence is completely quenched in LiNbO3. The absorption spectrum of
LiTaO3 : Pr3+ depends strongly on the polarization of the light incident upon the sample.
It can be concluded from the absorption spectra and from results of the group theory
assignment that the Pr3+ ions enter different sites not of pure C3 symmetry. Occurrence of
the intense luminescence from the3P0 level to the ground state as well as to higher-lying
multiplets makes the LiTaO3 : Pr3+ crystal a promising candidate for a four-level laser
material in the visible range.
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