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Abstract. A spectroscopic study of ¥4 ions in LiINbO; and LiNbQ;:MgO monocrystals is
presented. Polarized absorption and luminescence spectra at low and room temperature allow the
identification of the energy levels of the ¥bion in these matrices. The fluorescence decay time

has also been investigated and shows an exponential behaviour with a lifetime valueuaf &80

15 K for Yb®* singly doped LiNbQ.

Site selective spectroscopy measurements detect the existence of non-equivalent positions of
the YB** which can be related to the presence ofYim the Li* octahedral site but with slightly
different shifts from the regular Li site. Codoping with MgO induces new absorption and emission
banZdS as a consequence of new?Ybentres which appear in the matrix due to the presence of
Mg?* ions.

1. Introduction

Since the first growth of LiNb@ in the sixties, an increasing interest has been paid to
determining the promising features of this material. Its excellent non-linear properties have
made LiNbQ one of the best candidates for electro-optic devices, as well as for storage of
information and holography. It can be easily doped with rare earth (RE) ions to develop
minilasers with self-frequency doubling, self-Q-switching and self-mode-locking [1].

In this sense, the trivalent Yb ion has attracted attention as a dopant in laser materials. Its
optical properties have been studied in a variety of systems and laser action has been obtained
in different hosts [2—6]. The Y& electronic configuration is 4% and thus, only two manifold
states are possible: the groufig, and the excitedFs/, state separated by an energy of
around 10 000 cmt. This energy fits quite well the emission of InGaAs diode lasers. Due to
its high cross-section, the Ybion has been used as a sensitizer for other RE ions to increase
their pumping efficiency, as in the case of Yb—Er codoped systems, via energy transfer [7].
Another favourable feature of ¥bions is the negligible nonradiative relaxation rate and the
fact that there are no mechanisms competing with the laser transition, such as excited-state
absorption or up-conversion processes.

Previous studies concerning the spectroscopy df dbped LiNbQ are scarce [2, 8] and
a deep spectroscopic study, including low temperature measurements, becomes necessary to
obtain an accurate scheme of the energy level positions and the optical behaviour of the system.

In this work, low temperature polarized absorption and emission spectra have been studied
to determine the crystal field energy levels ofYipns in LiINbO; single crystals. In order to
investigate the possible presence of spectroscopically non-equivalent acfiveerires, as
in the case of other trivalent ions, site selective experiments have been used.
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Fluorescence lifetime measurements have been also performed and an estimation of the
radiative transition probability from the absorption spectra has been carried out.

From the viewpoint of lasing and device fabrication, it is important to minimize
photorefractive damage in LiINBOThe addition of around 5 mol% MgO has been proved to
effectively reduce this effect [9]. Thus, the influence of¥lipns on the optical properties of
the YB** ions in the LiNbQ host has also been studied.

2. Experiment

Yb**:LiNbOz and YB*, MgO:LiNbO; crystals were grown along tlzeaxis from the congruent
melt, [Li]/[Nb] = 0.942, by the Czochralski method using grade | Johnson—Matthgy Li
and NBOs. Yb,03 and MgO were added to obtain 1 mol% of ¥tand 6 mol% of MgO in
the melt. At the end of the growth an electric field parallel todkexis was applied in order
to avoid the formation of ferroelectric domains.

Yb concentrations in the samples, estimated by Rutherford backscattering measurements,
were 1.2 and 1.03 mol% for the case of singly doped samples and the MgO-Yb co-doped
crystals, respectively. To perform the spectroscopic measurements, plates were cut and
polished with the surfaces perpendicular or parallel tactagis.

The absorption spectra were taken with a Hitachi U-3501 spectrophotometer. The
emission spectra were obtained by pumping with a pulsed Spectra Physics Quanta-Ray 730
MOPO or a Spectra Physics CW 3900 Ti:sapphire laser. The luminescence was detected using
a germanium or a silicon photodiode detector. The light was focused on the entrance slit of a
SPEX 500M monochromator. Low temperature absorption and emission spectra at 15 K (LT)
were performed by using a Leybold—Heraeus closed cycle He cryostat.

3. Results and discussion

3.1. Absorption spectra

The study of the absorption spectra allows us to determine the character of the involved
transitions (electric/magnetic dipolar) between the different Stark sublevels, as well as to
label the crystal field energy levels for Yhions in LiNbO;. The absorption spectra have been
obtained for different polarization configurations:configuration, which corresponds to the
case of the light beam parallel to the ferroelectriaxis of the samplegy configuration, with

the electric field of the light perpendicular to thexis of the sample, and configuration, in

which the electric field of the incident beam is parallel to ¢kexis.

The character of the involved transitions between the crystal field sublevels has been
determined by comparing theandsn polarized spectra at LT. The obtainedindo spectra
were very similar and, therefore, it is possible to conclude that the involved transitions have
electric dipole character.

Figure 1 shows the polarized absorptieradr) spectra of YB":LiNbO; at two different
temperatures. The spectra corresponding tartbenfiguration are not included since they are
practically indistinguishable from the polarized spectra.

In LiNbOj3 crystals RE* ions usually enter lilattice sites and the local symmetry ig C
[10]. For the case of Y¥ ions in this crystal, it is expected that this §ymmetry splits the
two, 2F7; and®Fs,, free ion energy states into four and three doubly degenerate crystal field
levels respectively, their character beingdk E,, as follows from group theory. As a matter
of fact, the spectra shown in figure 1 can be well analysed on the basis that the local symmetry
at the YB" site is G.
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Figure 1. Polarized absorption spectra of ¥tdoped LiINbQ: (a) low temperature and (b) room
temperature. Continuous line: configuration; dashed linet configuration.

Three main bands centred at 918 nm, 956 nm and 980 nm are clearly detected for the LT
o polarized spectrum. Since at low temperature the most populated Stark level is the lowest
energy level of théF;,, ground state, these bands can be associated with the transitions from
this energy level to the three Stark levels of the excited st&g;(1) — 2Fs2 (3), (2) and
(1) respectively. Therefore, it is possible to locate the Stark energy levels ﬁg}za‘axcited
multiplet. Additionally, by comparing the L't and = spectra, the character of the Stark
sub-levels of the excited and fundamental states can be obtained by using the electric dipole
selection rules: E— E; type transitions are allowed in, o and« configurations, E— E;
type transitions are allowed only in theconfiguration and k1) — Ej o) ares ande allowed.

A main feature is observed when comparing theand = spectra: the central band
appearing at 956 nm in the spectrum is not detected in theone. However, the remaining
bands are observed for both configurations. This indicates that the character of the fundamental
Stark level of the ground state i$ Bnd the three sublevels of the excited group showan E
E; and B character in order of increasing energy. Figure 2 shows the energy position and the
character of the different Stark levels of t?fl‘g/z excited state.

A more detailed inspection of the LT absorption spectra reveals a certain substructure.
In the 930-940 nm region several weak peaks are observed and a triplet structure is also
appearing around the band peaking at 957, which is associated with a single Stark transition.
This structure can be related to strongly phonon-coupled transitions involving components of
the split?Fs,, excited state. In fact, previous studies pointed out the strong electron—phonon
interaction in YB* doped systems [11, 12].
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As shown in figure 1(b), at room temperature all the bands become broader and a big hump
appears, hiding the aforementioned vibronic structure. In fact, the broad bands in the region
900-965 nm correspond to strongly phonon-coupled transitions to higher components of the
split 2Fs/, state. However, an important feature concerning the characterization of the Stark
transitions is the presence of a new band at 1008 nmygolarization when the temperature is
increased. This ‘hot’ band corresponds to the absorption from the first excited Stark level of
the fundamenteﬂF7/2 state to the lowest energy level of t‘ﬁ%g/z excited state. This shows that
thermal effects play an important role in the population of the Stark sublevels. A detailed study
of the thermal effects and the evolution of the optical spectra with temperature has recently
been reported for this system [13]. According to the selection rules, the first excited level of
the fundamental grouff,2(2) can be labelled as,E

3.1.1. Codoping with MgO. Figure 3(a) and (b) shows the polarized absorption spectra
(= ando) at two different temperatures for a ¥hMgO:LiNbOs codoped sample. Three
main features are observed when these spectra are compared with those of figure 1.

Firstly, as observed from the area of the spectra, as well as from the analysis of Yb
concentration in the sample, when co-doping with MgO the segregation coefficienfbf Yb
slightly decreases relative to that of the singly doped samples. A decrease of around 15% in the
Yb content is obtained. This effect has been already observed for otfémRD codoped
LiNbOs. Itindicates that the incorporation of Rs affected due to the ability of Mg ions
to enter the LiNb@ lattice. However, the diminution of the REincorporation for most cases
is more important (of the order of 50%) than that observed fot*Ybns. Thus, the lower
diminution in the segregation coefficient of ¥ons, compared to other dopant ions, could
be associated with the lower ionic radius of*flion, which favours its incorporation into the
LiNbO3 lattice.

Secondly, codoping with MgO produces a slight broadening of the absorption lines.
This inhomogenous broadening, already reported for othéf RE§O codoped LiNb@G, is a
consequence of a greater number of defects in the host due%oihgrporation.

Finally, a new bandd—r polarized) located at the high energy side of the absorption
spectra is detected at 908 nm at room and LT. This observation indicates that at least one new
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Figure 3. Polarized absorption spectra of ¥bMg:LiNbO3: (a) low temperature and (b) room
temperature. Continuous line: configuration; dashed linet configuration.

Yb®* centre is appearing induced by the presence oftms. This has also been reported to
occur for other RE" (or transition metal ion) MgO codoped LiNB@amples [14]. In our case,
the new band appears close to the band associated with the trafBitioil) — 2Fs/2(3)
observed for the singly doped crystals and keeps the same polarization character.

3.2. Fluorescence spectra

In order to determine the Stark energy levels of the ground state, the emission spectra were
studied. Figure 4(a) shows the polarized emission spectra at LT by exciting at the high energy
absorption line (918 nm). They consist of four main bands located at 981 nm, 1006 nm,
1030 nm and 1060 nm, which can be associated with the transitions from the lowest energy
level of the excite(ng,/z state to each of the four levels of tﬁlé7/2 fundamental state. The

peak at 981 nm coincides with the lower energy peak in the absorption spectra, and it is due
to the transition from the lowest Stark level of the excited sﬁﬂg/,g(l), to the lowest Stark

level of the fundamental statéF7>(1) .

A detailed inspection of the emission spectra at LT reveals two weak peaks at 988.7 and
999.5 nm which correspond to emissions from the upper levels of the excited state to the first
and second excited levels of the fundamental state. The full energy scheme, as well as the
assignment of the observed transitions (absorption and emission) at LT, is shown in figure 2.
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Figure 4. Emission spectra of Y& doped LiNbQ under excitation at 918 nm. (a) Low temperature
and (b) room temperature. Continuous limeconfiguration; dashed linet configuration.

Strong changes are detected when comparing the low and room temperature emission
spectra. As shown in figure 4(b), at room temperature the bands are significantly broader. The
characteristic feature of these room temperature emission spectra is the narrow band at 980 nm
and the phonon broadened bands in theQ#&m range.

Figure 4(b) also shows the appearance of new bands which emerge due to the effect of
thermal population of the excited sub-levels of #f,, state. The new line appearing at
955 nm can be associated with the transition fron?fhg,(2) excited Stark level state to the
2F;/5(1) lowest energy level of the fundamental state.

At this point, it is important to note that the relative intensities of the emission lines may be
different to those shown in the spectra of figure 4. According to previous studies, reabsorption
phenomena of the photoluminescence are important in the case of Yb-doped materials and
they influence the shape of the emission spectra. Even if the experimental conditions used
in this work minimize the reabsorption, the influence of this effect is difficult to estimate.
Reabsorption can be important for the line peaking at 980 nm and for transitions originated
from thermally populated high-lying sublevels®%, state, so the actual intensity of the line
peaking at 980 nm and of the energetically close-lying bands may be higher than those shown
in figure 4.

Lifetime measurements were performed for the different emission bands appearing in the
spectra. The fluorescence decay time showed an exponential behaviour with a lifetime value
of 538 us at 15 K. This value increases up to §39 at room temperature, due to the above
mentioned radiation trapping effect, which has been shown to be temperature dependent [13].
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Due to the small number of states in this system, the Judd—Ofelt theory cannot be applied
to predict the radiative transition probability. However, for this two-state system it can be
estimated from the absorption spectra.

Using Weber’s expression [15] the radiative transition probability can be written as:

8mn
_ifNZ/ ()du_gf

where N is the concentration of Yd inside the crystaln is the refractive indexj is the
mean wavelength of the absorption peak (950 nm)g@rahdg; are the degeneracies of the
initial and final states, six and eight respectively. Because of the anisotropy of kLilnBO
must define the absorption probability¢)(as a function of the integrated absorbance end

7 polarization (C, andl",, respectively).

8rnic 8rnic
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wheren, andn, are the refractive indexes defined as a function of the wavelength by the
Sellmeier relations.

At room temperature the integrated absorbanced are= 1164 cm! nm andl", =
57.26 cnt! nm. From here, the transition probabilitg, is 1860 s and the radiative
transition lifetime ist, = 537 us, which is in good agreement with the measured value at
low temperature for which the contribution of radiation trapping is negligible. From this result
it is possible to conclude that the quantum efficiency ofim LiNbO; is very close to
unity. Indeed, a negligible non-radiative relaxation rate is expected in this matrix since the
energy between states (around 10 000 Enis large compared to the effective phonon energy
(880 cnmt) [16] and the multiphonon non-radiative de-excitation would need the participation
of at least 11 effective phonons.

3.2.1. Site selective spectroscopyn the case of Y&-doped LiNbO crystals Rutherford
backscattering/channelling measurements (RBS) [10] have unambiguously shown¥hat Yb
ions occupy an L position although slightly shifted, around 0.3 A, from the reguldrdite

along thec-axis to the nearest plane of oxygen ions. However, to investigate the presence of
possible multicentres, site selective fluorescence experiments have been performed.

Figure 5(a) shows two LT emission spectra for two different excitation wavelengths. The
main differences between them correspond to slight shifts of the bands, in particular that one
observed in the low energy emission side at 1060 nm. The corresponding excitation spectra
have also been studied and a detailed part is shown in figure 5(b). There, the clearest result
concerning the transitio%Fm(l) — 2F5/2(3) is depicted. As shown, the excitation spectra
peak in different positions when changing the emission wavelength. These excitation spectra
are in good agreement with the correspondifgz(1) — 2Fs/2(3) absorption, which clearly
contains the contribution of at least two ¥lzentres.

A detailed range of the selectively excited emission spectra is shown in figure 6, where
the emission at around/Am, 2F5/2(1) — 2F7/2(2), has been shown for different excitation
wavelengths. A clear structure can be resolved, indicating the presence of at least four centres
whose associated relative emission intensities change with the excitation energy. According
to that, several Y# centres with slightly different energy levels are contributing to the optical
spectra. Since small differences are observed among the emission lines associated with the
different centres, the perturbation affecting the different’Ydentres maintains the first-order
Cslocal symmetry. Moreover, the discrete structure observed in some of the selectively excited
emission spectrum indicates a discrete ensemble of slightly different crystalline fields. At this
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Figure 5. (a) Selectively excited emission spectra at low temperature for two different excitation
wavelengths. Continuous ling,. = 915 nm; dashed ling,,. = 926 nm. (b) Low temperature
absorption and excitation spectra for a single inter-Stark transifign(1) — 2Fs2(3). Dotted

line: absorption spectrum; dashed and continuous line: excitation specta,fer 10544 nm
and 1070.4 nm respectively.
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Figure 6. Low temperature selectively excited emission spectra for a single Stark transition
2F5/2(l) — 2F7/2(1). The spectra have been normalized in intensity. Continuousiline=
980 nm; dashed ling,,. = 980.95 nm and dotted ling.,. = 981 nm.

point, it is important to mention that the number of centres observed is at least four, similar
to other RE* doped LiNbQ. However, though the presence of ¥hmultisites is clearly
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Figure 8. Low temperature excitation spectra of ¥tMg:LiNbO3. Continuous linek,,, =
9725 nm; dashed ling,,, = 981 nm.

demonstrated by this technique, the total isolation of a single-site emission line has not been
possible due to the strong overlapping of the emission lines from the different centres, and,
thus, the location of the crystal field components of each particular centre is not possible.

The presence of non-equivalent centres has also been reported for a variety of RE ion doped
LiNbO3 [17]. The structure of these centres has been explained as a result of the different
displacements around the average position determined by RBS/channelling [10]. Although a
full understanding of the structure of these centres is still lacking, it is believed that its origin
lies in the mechanisms needed for local charge compensation and in the defects associated
with the non-stoichiometry of the LiNb©O

Figure 3 showed how MgO codoping induced a new absorption band at 907 nm which
could be associated with different ¥bcentres than those corresponding to the singly doped
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crystals. The existence of these new centres is also detected by the photoluminescence spectra
under excitation at this new absorption band. As shown in figure 7, when exciting at 907 nm
two new emission bands appear at 964 nm and 972 nm. Figure 8 shows two partial excitation
spectra monitoring at two emission wavelengths: one associated withcéntres related

to the presence of Mg ions in the crystals (972 nm) and one observed for Yb singly doped
crystals (980 nm). These spectra unambiguously show an ensemblé'Gbb with a quite
different crystal field from those obtained for the singly doped crystals. As can be observed,
the excitation spectrum of the 972 nm line shows a relatively complex band peaking at 907
nm, in agreement with the absorption spectra of the Mg—Yb co-doped crystal. The excitation
corresponding to the 980 nm emission mainly consists of the line at 918 nm, observed in both
singly and doubly doped crystals, though a small contribution of the band at 907 nm (associated
with the presence of MgO) is also detected which seems to indicate a possible energy transfer
from the different Yb centres, as shown for other systems [14].

4. Conclusion

The absorption and emission spectra of the"MiNbO3 system can be well interpreted
considering G symmetry for YB* ions. However, several ¥b centres with slightly different
energy schemes contribute to the optical spectra. The different centres can be relat&d to Yb
ions inside the L octahedron but with different slight deviations from the regular Li site, as
occurs for other RE ions when they enter LiNbgXrystals.
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