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J. Phys.: Condens. Matter 6 (1994) 1065-1078. Printed in the UK 

Optical characterization of Ho3+ ions in LiNb03 and in 
LiNb03:MgO crystals 

A Lorenzo, L E BausA and J Garcia So16 
Depanamento de Fisiw de Materides C-IV. Univenidad Aut6noma de Madrid. Cantoblanco. 
28049-Madrid, Spain 

Received 22 September 1993 

Abstract. A detailed study of the oplical absorption and emission spectra of Ho'+ ions in 
LiNbOj crystals in the visible spectral region is presented. The positions of the crystal-held 
levels me given for the *F5, *S2 t IFd. SF? and *Ca multiplets of Ho'+ ions. The type and 
character of the Stark tnnsitions have been determined by polarized absorption measurements. 
Optical absorption measurements and site.selective spectroscopy have shown the existence of 
hvo crystal-field sites for Ho3+ in the LiNbO] matrix. The effect of co-doping with MgO on 
the optical spectra of Ho'+ ions has also been studied and a new Ho3+ site perturbed by the 
presence of a neighbouring Mg2+ ion is evidenced. 

1. Introduction 

Interest in the spectroscopy of rare-earth and transition-metal ions in LiNbO3 has been 
renewed after the appearance of LiNb0,:MgO:Nd3' minilasers [l]. This material combines 
the excellent electro-optic and non-linear properties of the LiNb03 matrix together with 
the laser action from Nd3+ ions [Z]. This permits the fabrication of devices such as the 
self-Q-switch and self-frequency-doubled miniature lasers as well as waveguide lasers and 
optical amplifiers [3]. 

In this context, the study of other rare-earth ions as active centres in the LiNbO3:MgO 
system appears as an interesting field as a previous step to evaluating the suitability of new 
systems for the actual requirements. Thus, a new field of research has been opened up for 
LiNb03 doped with other possible active ions. 

In this sense, Ho3+ appears as an interesting dopant ion. In fact, coherent emission for 
different wavelengths with a high-energy storage has been observed in a number of crystals 
and glasses doped with Ho3+ ions [4-61. Indeed, laser action has been demonstrated for 
Ho3'-doped L i m o 3  [7]. In particular. the laser emission at 2.1 p n  appears to be an 
interesting line because its long upper-state lifetime may allow high-energy storage and its 
eye-safe wavelength is useful for applications that require atmospheric propagation, such as 
a coherent laser radar. However, to date, the basic spectroscopic studies concerning Ho3' 
ions in LiNbOs are scarce. 

On the one hand, in this work, an exhaustive study of the optical properties of Ho3+ 
ions in singly doped LiNbO3 crystals has been carried out in the visible spectral region. 
Characteristic bands of Ho3+ free ions are observed to be split according to C3 local 
symmetry. The positions of the crystal-field levels for some relevant multiplets in the 
visible spectral range are given. Polarized absorption measurements show the electric dipole 
character of the transitions and provide good information far labelling the corresponding 
Stark levels of the 5F3, 5G.5, 5F4 + 5Sz and 5F5 multiplets. 
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Site-selective spectroscopy together with optical absorption measurements show the 
presence of non-equivalent sites for Ho3t ions, presumably owing to the replacemenl of the 
Lit and Nb5+ regular lattice sites. 

As an interesting material, from the viewpoint of laser applications, Ho3+-dopcd 
LiNbO3:MgO has also been studied in order to determine the effect that co-doping with 
Mgzt has on the spectroscopy of HoSt. As has been previously demonstrated, the addition 
of around S mol% MgO appears necessary to improve the quality of the LiNbO, laser 
devices, reducing the optical damage produced by the photorefractive effect [SI. For the 
case of Ho3+ ions, new absorption lines associated with Ha'+ ions perturbed by MgZt ions 
are detected. 

2. Experimental details 

Ho3+-doped LiNbO3 and LiNbO3:MgO have been grown by the Czochralsk technique in 
our laboratory. from a congruent melt of grade I Johnson-Matthey powder. As a dopant, 
H q 0 3 ,  in a concentration of 1 mol% relative to Nb5+ ions, has been added to the melt for 
both singly and doubly doped LiNb03. For the doubly doped system, MgO was added in 
a concentration of 5 mol%. Crystals were oriented using x-ray diffraction patterns. Then, 
plates 1 mm thick were cut and polished with their faces parallel or perpendicular to the 
ferroelectric C axis. 

Polarized absorption spectra between 350 and 700 nm were obtained with a Cary 17 
spectrophotometer using a Ghn-Thompson calcite polarizer. 

For measurements of the emission spectra a pulsed nitrogen-pumped dyelaser was used 
as the excitation source. The width (FWHM) of the dye laser emission was I A. The emitted 
light was focused on the entrance slit of a Spex 500M monochromator of SO cm focal length. 
A cooled multialkali photomultiplier and a SR400 gated photon counter in continuous mode 
were used as the detection system. The monochromator control and the acquisition of data 
were made via a personal computer. 

Both types of spectra (absorption and emission) were obtained at a low temperature 
(15 K) using a closed-cycle helium cryostat, provided with a temperature control. 

3. Experimental results and discussion 

In the LiNbO, host, three similar sites are available for cationic impurities: Lit, Nb5+ 
and structural vacancy sites. In these sites, the local environment of the ion consists of 
oxygen octahedra distorted along one of the ( I  11) axes which, in turn, lies in the trigonal 
ferroelectric axis of the crystal. However, since the sites of the octahedra are equivalent in 
size and local symmetry [9 ] ,  the charge of the impurity is expected to play a major role in 
determining the preference among these sites. 

A number of studies using optical techniques and electron paramagnetic resonance have 
been devoted to determining the site symmetry for different impurities in the LiNbO3 matrix 
[IO,  I I]. In all cases the symmetry proposed for the impurity site was C3 symmetry. 

For the case of rare-earth-ion-doped LiNbO,, previous results have shown that these 
impurities substitute for Li+ and Nb5+ in the matrix, rejecting the structural vacancy sites 
[12,13]. 

Figure 1 shows a simplified scheme of levels of Ho3+ in  LiNb03. It consists of several 
multiplets inside the 4f'O configuration, where '1s is the ground-state multiplet. Data were 
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Figure 1. Simplified Scheme of levels far Ho'+ in LiNbOl from absorption spectra. 

obtained from the absorption spectra taken at a low temperature (15 K). The positions of 
the energy levels were obtained from the centre of gravity of the different group of lines. 

The experimental results obtained in this work for Ho3+ in LiNb03 and Ha3+ in 
LiNb03:MgO can be divided into two groups: (a) absorption spectra in the visible region 
from the fundamental 5 1 ~  multiplet to the 5F5, 5Sz + 5F4, 5F3 and 5 G ~  multiplets and (b) 
emission spectra in the region around 550 nm corresponding to the transition between the 
Stark levels of 5S2+5F4 multiplets and the 'IS fundamental multiplet. 3Ks and 'F2 multiplets 
are not studied in this work as they appear very close in energy and with very low intensity. 

3.1. Absorption spectra of Ho'+:LiNbOs 
According to the Cf symmetry assumed for Ho3+ in LiNbO3, any J level of the free ion 
will split into a number of A and E crystal-field levels depending on the J-value. The type 
of the split level (E or A), as well as the character (electric or magnetic dipole), can be 
determined by studying the polarization character of the transitions involved [14 ] .  This can 
be performed experimentally from optical absorption measurements, by taking the so-called 
U-, n- and ry-polarized spectra. 

The n and U spectra are taken from samples with the ferroelectric C axis lying along 
their faces and the electric field of the light beam parallel (for n) and perpendicular (for 
U) to the C axis. The a spectrum is taken from samples with the C axis perpendicular to 
their faces, so that the electric field of the light beam is perpendicular to the C axis. Thus, 
from the experimental data, the character of each transition can be inferred by taking into 
account the selection rules given by group theory. 
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Figures 2,3,4 and 5 show the U -  and n-polarized absorption spectra associated with the 
transitions between the fundamental '1s multiplet and the upper sublevels of 'F5, 'Sz +'F4, 
5F3 nnd 5G6 multiplets, respectively, of Ho3+ in  LiNbO3. 
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WAVELENGTH ( n m )  
Figure 3. Absorption spectra corresponding 10 the '18 - 'F5 Lnnsition of Ho3+ ions in LiNbO, 
ai IS K. 

At this point, i t  is interesting to mention that, for all the transitions studied in this work, 
the a and U absorption spectra showed the same bands, while the n-polarized absorption 
spectra were, in each case, significantly different. New absorption lines that were not 
observed in the a or U spectra appear in the ir configuration. Thus, the transitions observed 
between the Stark sublevels are either a and U polarized or x polarized. and this behaviour 
reveals the electric dipole character of the transitions. 

From the selection rules for electric dipole transitions with linearly polarized radiation 
for an ion in C3 symmetry, i t  is possible to conclude that transitions between an E level and 
an A level are allowed in a U-polarized configuration, transitions between two A levels will 
be ir polarized. and transitions between two E levels will have both U and ir characters. 
According to this, it can be inferred that the ground state of is A, because most of the 
bands observed in  the z-polarized spectra disappear or drastically decrease their intensity 
in the o-polarized spectra. 

However, it is important LO mention here the difficulties in determining the polarization 
character of each particular transition, i.e. the levels involved (A or E). These difficulties 
arise from three main effects: 

( i )  mixing and high multiplicity for most of the multiplets; 
( i i )  thermal population of Stark levels other than the lowest 5 1 ~  Stark level; 
( i i i )  the presence of non-equivalent crystal-field sites for Ho3' ions. 

Let us now discuss lhese three effects separately. 
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Figure 3. Absorption Spectra corresponding to the 51s - 'Fd t 5S2 lrmsitioh of !io3+ in 
LiNbO3 ai 15 K 

W A V €  LE NGTH (nm ) 
Figure 4. Absorption specm corresponding to the 518 -, 5F3 transition of HoSt in LiNbOl at 
15 K. 

(i) The high multiplicity 2J + I of the multiplets involved gives rise to a high number 
of Stark levels, which overlap and produce a large number of absorption bands. 
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Figure 5. Absorption spectra corresponding lo the 'In -* '66 transition of LiNbOl:Ho3+ ut 
IS K. 

(ii) Some absorption lines in the spectra can be associated with transitions from thermally 
excited Stark levels of the 'Is fundamental multiplet. In fact, the thermal population of Stark 
sublevels at 8 and 18 cm-l can be expected for the temperature at which the spectra were 
obtained [7]. 

(iii) For all the bands studied here the number of lines detected is greater than predicted 
by group theory for C3 symmetry. Some of the lines seem to be split slightly into two 
lines, and this small splitting, as will be discussed later, cannot be explained in  terms of 
thermalized transitions. As in other doped LiNbO, systems this could be explained in terms 
of the occurrence of two different lattice sites for Ho?+ ions, one possibly substituting for 
Nb5+ ions and the other substituting for Li+ ions [15.16]. 

As an example of these features, figure 6 shows the U and H absorption spectra in the 
640-645 nm region where a relevant portion of the 5b + 5F5 free-ion transition takes place 
(the portion associated with the higher-energy sublevel of the 5F5 multiplet). First, in these 
spectra a strong r contribution is observed, although an important U contribution is also 
detected. However, this U contribution has been associated with thermalized transitions, A 
detailed analysis of this spectrum revealed that the first two peaks which appear in the r 
spectrum (peaks a and d in figure 6). correspond to an A -+ A transition for two different 
spectroscopic sites (see section 3.2 below). In the U spectrum, two peaks (b and e) shifted 
8 cm-' towards lower energies relative to peaks d and a are observed. These peaks have 
been associated with thermalization of the first excited level of the fundamental 51s multiplet 
for each spectroscopic site for Ha3+ ions. Thus, by a simultaneous analysis of the U and 
i~ spectra, together with their temperature dependence, it was possible to label the first two 
levels of the ground-state multiplet as A (0 cm-I) and E (8 cm-I). The third sublevel of 
the 51s multiplet is at about 18 cm-' and produces the doublet structure in the low-energy 
tail of the i~ spectrum (peak c). These two excited sublevels produce a 'thermal structure' 
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in the absorption spectra and can mask the polarization character of the transitions from the 
lowest energy level, an A level. 
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Figure 6. (a) Absorption spectra corresponding to the high-energy side of the '18 + 'F5 
transition of Ho3+ ions in LiNbO, at 15 K. ( b )  Assignment of the observed transitions. 

Owing to both thermalization of ground-state levels and site splitting unequivocal 
identification of all the features appearing in the absorption spectra becomes a very difficult 
task. However, the analysis of the polarization spectra as well as the changes observed in 
the absorption spectra after co-doping with MgO allow identification of a large part of the 
spectra. 

Let us now discuss in more detail the absorption spectra related to each excited multiplet 
separately. 

3.1.1. Transition 51,q + 'F5. For the group of absorption lines associated with the 
transition 'I8 + 'F5, several overlapping peaks are clearly detected. The polarized spectra 
corresponding to this transition are shown in figure 2 for the whole multiplet. In C3 
symmetry, the 5F5 splits into seven Stark sublevels: three A and four E levels. In the 
u-polarized spectrum, five energy levels have been identified, which correspond to the four 
expected E levels and one extra level, probably due to the splitting produced by the different 
lattice sites of Ho3+ in LiNbO3. Something simi1a.r is observed in the n-polarized spectrum 
where six bands appear: in this case, three pairs of lines from transitions to the three 
excited Stark levels with an A character. In addition, thermal population of 'I8 Stark levels 
other than the lowest energy level is taking place. This has been proved by means of their 
temperature dependence. 
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Table 1 shows the energy positions and symmetry character of the different Stark levels 
for this multiplet together with an assignment of the different crystal-field sites for Ho" 
in LiNb03 (when possible). This has been carried out by means of a comparison of the 
absorption spectra of the Ho3+ singly doped LiNbOl samples and the Ho3+ MgO co-doped 
LiNbO, samples, as will be discussed later. Decreasing peaks with increasing MgO content 
have been associated with one type of site, labelled I in the tables, w,hile increasing peaks 
have been associated with sites labelled EI 

Table 1. Absorption lines of HoSt in LiNbO3 in the region of the Ilg -+ 5Fs transition 

643.54 
645.90 
646.70 
647.19 
647.70 
649.00 
649.20 
649.50 
650.40 
651.70 
652.18 
652.70 
653.42 

Energy Stark level 
(cm-') identificalion 

15557 A -+ A (11)) 

15463 A + E  
15451 A - t A  
15439 A-+  A 

15403 A + A (I) 
15396 A + E  

15333 A - + E ( O I  
15321 Thermal 
153M A + E  

For some of the transitions, contributions in the U and T spectra have been observed 
simultaneously. This is due to the overlapping with thermalized transitions from the first 
excited states of the fundamental level as revealed by the temperature dependence of the 
spectra. Single thermalized transitions have also been detected. 

3.1.2. Transifion 5 1 ~  --f 'F4 + 5 S ~ .  Figure 3 shows the absorption spectra from the 51a 
to the 5F4 + 'SZ multiplets which are very close in energy. As previous calculations have 
shown, the most intense absorption in this region must be related to the 'Fa multiplet [16]. 
According to the J-values and the C3 symmetry, one expects 2 E t l A  levels for the 5S2 
multiplet, and 3E+3A levels for the 'F4 multiplet. However it was not possible to resolve 
the Stark transitions for each multiplet. The spectra show six absorption peaks with a clear 
U character and five levels with a clear x character. Within the more intense peaks detected 
in both U and x spectra, a splitting is observed which is due to different lattice sites for 
Ho3+ in LiNbO3, as it shows the change in their relative intensities on comparison with 
the MgO co-doped sample. Table 2 shows the energy of the peaks and their symmetry 
character. The association of some of the absorption peaks with Ho3+ type I or type I1 
sites has only been possible for two of the bands observed. In other cases, although it is 
impossible to distinguish between sites, we can relate some pairs of peaks to one Stark level 
split by the effect of two different sites. These are indicated by braces in tables 1-4. 

3.1.3, Transition IS + FJ. The polarized absorption spectra in the region of the 
'18 + 5F3 transition are shown i n  figure 4. The energies and symmetry character of 
the Stark levels are listed in table 3. 13 lines can be observed, although just five (3At2E) 
are expected in C3 symmetry. Some of the extra lines are due to thermal population of 
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Table 2. Absorption lines of Ho3+ in LiNbO, in the region of the l l x  - jF4 + JSa Vansition. 

A Energy Stark level 
(nm) (cm-I) ideotiRcation 

538.87 18557 A +  E l  
539.52 18535 A +  E l  
539.82 18524 A --f E (11) 1 
540.17 18512 A -+ E (I) 1 
540.82 18490 A -+ A 
541.77 18458 A -  A 

543.10 18413 A -  A - + A \  A 
542.89 18420 

543.48 18400 A -  E 
544.13 18378 A -  A 
544.66 18360 A + E 

levels in the '18 multiplet, as in the former cases. The other lines have been identified as site 
splitting of the Stark levels by comparing the results with those for the LiNb03:MgO:Ho3+ 
samples and because they always appear in pairs with very similar intensities. For this 
multiplet the major part of the absorption spectrum has been identified. 

Table 3. Absorption lines of Ho'+ in LiNbO3 corresponding IO the 

A Energy Stark level 
(nm) (cm-I) identification 

486.15 20569 A - E ( I )  A -+ E (I1)} 
485.90 20580 

486.57 20552 Thermal 
487.38 20517 A - E (11) 
487.55 20510 A -+ A (11) 
487.70 20504 A + E (I) 
487.95 20494 A + A (I) 
488.20 20483 Thermal 
488.93 20452 A -  A 

490.06 20405 A A -+ -+ A A (I) (I1)) 
489.91 20420 

490.22 20359 Thermal 
490.56 20384 Thermal 

- jF3 Vansition. 

11 

3.1.4. Transition Ig + G6. In figure 5, the spectra of Ho3+:LiNb03 corresponding to 
the transition 51g + 'Gs are shown. This band is the most intense in the visible region of 
the spectrum. The large number of lines predicted by crystal-field theory (5A+4E) makes it 
difficult to identify the whole spectra. However, an attempt has been made to assign the ten 
lines found to transitions between the ground level and the 5G6 multiplet. Not all the Stark 
levels of 5G6 have been detected. For three of the observed bands, two different lattice sites 
can be detected (table 4), although, in this case, a complete assignment (site I or IT) cannot 
be made. At 458.34 nm, two peaks cannot be resolved. 

3.2. Effect of co-doping with Mg 
Figures 7 and 8 show the absorption spectra in the region corresponding to the 
transitions 5 1 ~  + 5G6 and 'IS + 5F3, respectively, for LiNb0,:Ho3' compared with 
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Tablc 4. Absorption lines of Ho'+ in LiNbOl in the region ofthe 51g -t 5G6 transition. 

i Energy Stark level 
lnm) (cm-') identikclion . .  - 
450.54 
45 I .03 
451.71 
452,03 
452.86 
453.15 
454.98 
455.22 
457.75 
458.34 

22195 A +  E 
22111 A + E }  

22122 A +  A 

21979 A -  A 
21977 A - +  A 
21846 A -  E 
21818 A - A t E  

LiNb03:MgO:Ho3+. A diminution in the optical absorption of the Ho3+ ions by a factor 
of around 3 is observed after co-doping with MgO. The same behaviour is observed in the 
rest of the transitions. This effect has been reported to occur i n  LiNbO, doped with other 
rare-earth ions when M g 0  is added [ 171, As is known, Mgz+ ions occupy Li+ sites in the 
LiNbO, matrix and it  changes the segregation of the other impurity in the LiNbO, matrix. 

- Li Nb Os:Ho3'(pol n ) 
--- Li NbOs:H~~~,Mg~~(pol  n) 

1 I I I I I 
r48 450 452 454 456 458 f 

WAVELENGTH ( n m )  
0 

Figure I. Compdson between the rr-polarized + 
L ~ N ~ O ~ : M @ : H O ~ ~ ,  Spccua were laken at 15 K. 

transition of LiNb0l:Ho3+ and 

A more detailed inspection of these figures reveals an important effect observed when 
CO-doping with MpO: a change in the relative intensity of the pairs of lines in the absorption 
bands associated with Ho3+ ions (see the peaks indicated by arrows in figure 8). This effect 
has also been observed in LiNbOp crystals doped with other rare-earth ions 117, 181 and 
supports the existence of two optically non-equivalent sites for Ho3+ in L i m o s .  As has 



Optical characterization of Ho" in LiNbO3 and LiNbo3 :MgO 1075 

13 
WAVE LENGTH ( n m  ) 

Fiyre 8. Camparison between the x-polarized 51a -f ss transition of L i m : H o 3 +  and 
LiNb01:Mg0:Ho3+. Spectra were taken at 15 K. 

already been reported, Mgz+ ions occupy Lit sites [9, 19,201. Thus, a relative reduction in 
the number of Ho3+ ions in Li+ sites with respect to Ho3+ ions in Nb5+ sites takes place 
when MgO is added. As a consequence, absorption peaks due to Ho3+ ions in Lit sites 
will decrease with respect to Ho3+ ions in Nb5+ sites. This was indeed detected in our 
absorption spectra and was used to make an identification of some of the doublets in terms 
of lattice sites I and I1 (see tables 1-4) which could be associated with Li+ or Nb5+ sites, 
respectively. Further work is now under way to confirm this point. 

In addition, it is clearly appreciated that, when MgO is added, new absorption lines, 
which did not appear in the singly doped crystal, are detected. These lines are always 
clearly observed on the higher- or lower-energy sides of peaks in the absorption spectra 
associated with some multiplets (figures 7 and 8, respectively). Another peculiarity is that 
these new lines appear only in the z spectra. As reported for other systems, these bands 
should be associated with Ho3+ ions perturbed by the proximity of MgZt ions, giving place 
to new crystalline-field sites and therefore new bands. The fact that the new bands appear 
only in the K spectra suggests that all these new transitions of the perturbed Ho-Mg centres 
are A -+ A type. A possible explanation for the.A character of these bands is that the 
perturbation from Mgz+ ions is strong enough to reduce the C3 local symmetry of some 
Hoj+ ions, splitting all the E levels into two A levels. This could also explain why the new 
bands are only seen on the sides of the absorption peaks of the multiplets. 

On the other hand, an increase in the half-width of the Ho3+ absorption lines is also 
found. This could be interpreted in terms of a perturbation of the crystal-field sites of HoSt 
by the presence of Mgz+ ions, giving rise to an inhomogeneous broadening which is greater 
than in the case of the singly doped system. 
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4. Fluorescence spectra 

Site-selective spectroscopy measurements have been performed for the LiNbO, system. The 
complexity in the spectra of Ha3+ in LiNbO3, mainly due to overlap between absorption 
lines of different sites, makes it difficult to resolve the emissions associated with only one 
site. Indeed, owing to the large number of sublevels involved in the transition and the 
small energy separation between them, it  is not possible to make an assignment of the 
peaks observed. However, the fluorescence measurements should confirm the presence of 
different Ha3+ sites in the matrix. 

Fluorescence measurements have been carried out in the region of 550 nm ( % z + ~ F ~  --t 

514) where the most intense emission of Ha3+ ions takes place in the visible region. 
Excitation has been performed in the 5G6 and in the sF3 multiplets. The emission spectra 
were taken at a low temperature (15 K) in order to simplify the spectra, avoiding emissions 
from thermally populated Stark levels of the 5F4 + 5Sz excited multiplets. The excitation 
was carried out in the 7r configuration. 

As an example, figure 9 shows the emission spectra associated with the 5S2+5F4 + 
transition of Ha3+ in a LiNb03 crystal under three different excitation wavelengths lying in 
the 'F3 multiplet at 490.9, 490.0 and 489.6 nm. These excitation wavelengths lie within a 
Stark level in which different sites had been detected by optical absorption measurements. 
Excitation wavelengths are indicated by arrows in the corresponding absorption spectrum 
in the inset. 

1. E 

- 
U1 

4- '5 1.0 

n 
0 
> 

ffl z 
+ z 

L 

t 
w 0.: - 

0s 

WAVE LENGTHfnmJ 

I I 
0 543 5 4 6  549 552 555 558 561 5 

WAVE LE NGTH(nm 1 
4 

F i y r r 9 .  Emission bmds usorbrcd w h h r  'FIT'S> - $18 lmnsilion o f h S t O 3 . H 0 ~ ~ ,  1akr.n 
31 15 K for difkrent excmiion wavelengths. -. Acx. = 490.90 nm. - - - . A c h :  = 490 00 nm; 
. . . ., Acx. = 189.60 nm In h c  ,ne!. [he abborplion b m d  corresponding LO Ihe 'la - 'F) 

tmi11on IS shown. Exiwrion uavelengths an: indtca1c.d b) mous 
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As can be seen in figure 9, the emissions obtained for each excitation wavelength are 
quite different; the associated emission lines are shifted and their relative intensities are also 
different. This confirms the existence of at least two sites for Ho3+ ions in our system. 
Figures 9(a) and 9(b) correspond to the emission spectra under excitation mainly into two 
different sites, while the spectrum in figure 9(c) shows thecontribution of both sites, because 
at 489.6 nm both sites are simultaneously excited. 

Similar results are also obtained for other excitation wavelengths in the 5F3 multiplet 
and inside the multiplet. In most cases, the emission obtained was the envelope curve 
of the two emissions represented in figures 9(a) and 9(&). This is because the two Ha3+ 
sites were simultaneously excited because of the overlap of their optical absorption bands. 

Emission spectra have also been studied in the region of the 'S2 +sF4 + 'I8 transition 
for samples co-doped with Mgz+ ions. Excitation in the 5F3 and 'G6 bands has been 
performed and, as it occurs for the case of the absorption spectra, a change in the relative 
intensities and in the width of the emission lines is observed as a consequence of the change 
in the distribution of sites for Ha3+ in the LiNbO, crystal when Mgz+ ions are added. 

Excitation has also been performed in the new absorption bands which appear when 
MgO is incorporated. In these cases, the specba obtained were similar to the previous 
spectra, and no new emission lines were detected. This confirms that the new absorption 
lines appearing in the LiNbO3:MgO samples are associated with Ha3+ ions. 

5. Conclusion 

The optical spectroscopy of Ho3+ in LiNbO3 has been investigated in the visible range 
of the spectrum. It appears as a complicated system from the viewpoint of a complete 
characterization due to several features such as high J-value and the presence of thermalized 
transitions. In spite of this, the determination of the energy position and the polarization 
character for most of the crystal-field levels has been determined. 

As occurs in most of the previously studied doped LiNb03, the coexistence of different 
lattice sites for Ha3+ ions has been observed. In this sense, the use of the absorption 
spectra of doubly doped LiNbO3:MgO:Ho"' is helpful and reveals the presence of two 
non-equivalent optical sites. Site-selective fluorescence spectroscopy confirms the presence 
of at least two Ho3+ sites which could be related, as in other rare-earth-doped L i m o 3  
crystals, to a Li+ and a Nb5+ lattice site, although this point must be confirmed using other 
techniques. 

The appearance of the new crystal-field site when co-doping with MgO, which is needed 
to avoid photorefractive damage in the host cflstal, has also been detected by absorption 
measurements. 
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