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Abslracr ’The lattice sites of a number of trivalent mdopanfs (In, Nd. Gd, Er, Tm, 
and Lu) have k e n  determined in IiNbOs aystals doped also with Mg, using the 
Rutherford back-sraltering and proton-induced x-ray emission channelling techniques, 
In. Er and IN have been found mainly on li sites, but a mall  fraction of In and Lu 
may substitute for Nb ions. Gd and Tm ions also replace mainly Li, but some of these 
ions seem to be present in other posilions, possibly related lo some kinds of aggregate, 
eg. selfampensating pa in  A fraction of Nd ions probably mup ies  interstitial sites in 
stmcturalg empty oxygen octahedm, while olher Nd ions m y  substitute for host cations. 
In addition lo the already known effect of Cr, Fe and Nd ions, In, Lu and also k give 
rise U) an OH- absorption hand between 3499 and 3523 m-l, which is attributed to 
Mg2t@ site)-OH-(0 site)-M’+(Nb site) wmpler defects No such band is otselved 
for Y, Gd, Er and Tm wdoped crystals. 

1. Introduction 

Lithium niobate (LiNbO,) crystals are widely used in optical signal processing. 
Dopants have been found to influence the optical properties utilized in applications 
[I, 21. For example Fe is generally used to increase the photorefractive response of 
the crystal, in-diffusion creates a waveguiding layer, while Nd is a laser activator 
in the LiNbO, host matrix. 

Knowledge of the lattice position of the impurities is indispensable for 
understanding the microscopic processes induced by the dopants. In the early 
papers it was generally assumed that tetravalent impurities occupy Nbst sites while 
divalent dopants substitute for Lit, reducing the charge misfit as much as possible 
[3]. This assumption has recently been confirmed for Mnzt by electron nuclear 
double resonance (ENDOR) [4] and extended x-ray absorption line-structure (EXAFS) 
experiments [51 but has failed for H F  which has also been found to replace Li in 
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the lattice [&I1. Both divalent Ni2+ and tetravalent Ti* seem to occupy mainly Li 
sites as deduced from EXAFS data 181. 

For trivalent impurities it was assumed that they may occur at both niobium and 
lithium lattice positions [3]. The lattice location of ions is still under discussion 
[9, lo]. C 6 ! + d t  pairs, apparently occupying neighbouring lithium and niobium 
sites for charge compensation, were also identified, especially at high concentrations 
of chromium [ll-131. wt ions, however, substitute mainly for Ii as was concluded 
from proton-induced x-ray emission ( p m )  1141 and EXAFS [U] experiments. Optical 
spectroscopy methods show that Eu3+ and Nd3+ ions occupy two different sites 
(16,171. By using the Rutherford back-scattering (RBS) channelling technique, Eu3+ 
and Nd3+ ions have recently been found to OL%U~~ Lithium sites strongly shifted from 
the regular Li position towards the nearest oxygen plane [U]. It has to be mentioned 
that recent computer simulation studies predict the occupation of U sites for both 
divalent and trivalent impurities, at least for low dopant concentrations [19]. 

W O ,  a non-stoichiometric material with an Lideficient congruent 
composition (Li-to-Nb ratio, 0.94). It has been shown by x-ray deact ion experiments 
1201 and theoretical calculations [21] that the missing Lit ions are replaced by Nbs+ 
ions with compensating vacancies at the Nb sites. The number of antisite niobium 
atoms (Na,) can be decreased by increasing the U-to-Nb ratio or by adding Mg 
to the aystal [19,22]. Magnesium has a great practical importance in reducing the 
photorefractive laser damage above a threshold concentration of about 4.6 a t %  Mg 
in W O ,  [U]. Mg ions incorporated in U sites and reducing the number of Nb, 
ions may also influence the location of other impurities used to co-dope the crystal. 
It was shown by the RBS channelling technique that @+ ions which occupy Li sites 
in W O 3  without Mg substitute for Nb in crystals m-doped with Mg 118,241, New 
electron paramagnetic resonance (EPR) signals have been attributed to d+ and Fe3+ 
impurities on Nb sites in Mga-doped W O ,  [9,251, with ENDOR proof in the C$+ 
case [9]. These signals are absent in crystals doped with only CP+ or F$+. The 
optical spectra also suggest the presence of et and Ndw ions on Nb sites with 
neighbouring Mg on the Li site in Mga-doped LiNbO, aystals [17,26]. 

In addition to the above-mentioned methods, infrared (IR) absorption speo 
troscopy of hydroxyl ions can also provide some information about the structure 
of defects induced by non-stoichiometry and the dopants. The shape of the OH- 
band at about 3485 cm-' was found to be sensitive to the Li-to-Nb ratio of the 
undoped crystal [21. Additional absorption bands appeared at about 3538 cm-' in 
heady Mg-doped JiNbO, [28,29] and at about 3506 cm-' and 3522 cm-' in LiNh03: 
Mg codoped with some transition-metal impurities (Cr and Fe) I30-321 and Nd [33], 
respectively. Since the 3506 cm-' and 3522 cm-' bands were found only in doubly 
doped aystals, they were assigned to OH- related to an Mg-OH-M type of defect 
complex where Mgz+, OH- and M3+ trivalent dopant occupy Ji, 0 and Nb sites, 
respectively, forming locally neutral complexes [30,33]. 

In two recent short communications [34,35] we presented some preliminary results 
on the lattice site of trivalent dopants in IiNb0,:Mg. In the present paper we give a 
detailed description of the experiments and a larger set of the data obtained by the 
RBs and the PIXE channelling techniques. We shall also discuss the Occurrence and the 
structure of the MgZ+-OH--M3+ defects detected by the IR absorption spectroscopy 
of hydroxyl ions. 
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2. Experimentan details 

JiNb03 crystals were grown in air by the diameter-controlled Czochralski method 
either at the Research Laboratory for Crystal Physics, Budapest, or a t  the 
Departamento de Fish Aplicada, Universidad Aut6noma de Madrid. Each LiNbO, 
melt was doped with MgO simultaneously with the oxide of one of the following 
elements Sc, Y, In, Nd, Gd, Er, Tm or Lu. The dopant concentrations in the 
melt and in the aystal as determined by atomic absorption spectroscopy (AAS) and 
inductively coupled plasma (ICP) methods are Listed in tables 1 and 2 

T&k t G?ncenlraliow of the dopants determined b/ L e  AAS or ICP mnhods and lhe 
positions of the OH absorption bands in MgZ+-and-M3+codoped JiNbO, crystals. 

Spectrum 
in wavenumber 
fie= 7 Dooant Melt &la1 Melt &tal icm-1) Rema* 

Mg concentration (mol%) Dopant mncentliltion (mol%) OH absorption 

A Y 6 5  1 0.72 

B Y 8  1 

C Er 6 4.8 1 0.79 

D Er 8 7.5 I 0.57 

E Tm 6 1 0.C 

F G d 6  1 0.6' 

3495 Weak 
3528.1 Mg-OH 
3538.1 M@H 

3491.4 Very w a k  
3528.9 Mg-OH 
3538.4 Mg-OH 

3491.1 Weak 
3527.9 Mg-OH 
35383 Mg-OH 

3493.1 Very w a k  
3527.4 Mg-OH 
3537.8 Mg-OH 

34922 Very Weak 
3526.5 Mg-OH 
3536.8 Mg-OH 

3488.2 Very weak 
3526.3 

Tk mnceatration of L e  dopant was eslimaled from RBS experimenrs 

The RBS and nuclear reaction analysis (m) channelling experiments were carried 
out using the 2 MV Van de Graaff beam facility of the LNETI at Sacavkm. The RBs 
experiments were performed with 1.6 MeV H+ and He+ particles. 'I$~ical currents 
of 1 nA were applied in order to keep the beam-induced damage low. Simultaneously 
vith the H+ RBS channelling analysis the 7Li(p,a)4He nuclear reaction was used in 
order to obtain information about the Li position. The spectra of the H+ and He+ 
back-scattered particles detected with a surface barrier detector with a resolution of 
14 ke.V placed at  MOo to the beam direction were collected in a multichannel analyser 
where windows could select the signals from niobium, oxygen and heavy dopants. An 
annular surface barrier detector placed at 180" with the incident beam direction was 
used to accumulate the a-particles of the 7Li(p, a)4He nuclear reaction. The energy 
resolution was 18 keV 
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The PIXE channelling experiments were performed using a 1.5 MeV proton beam 
obtained from the CNRS 4 M V  Mn de Graaff accelerator in Strasbourg. The PIXE 
spectra were recorded with an Si(Li) x-ray detector with an energy resolution of 
180 eV placed at an angIe of 15W With respect to the incident beam direction. 
Windows were set in the x-ray spectrum corresponding to the L lines of Nb and the 
dopants under investigation (Tn and Nd). The angular scans were taken at room 
temperature. A fresh beam spot on the crystal was chosen after each angular scan 
to avoid radiation damage. When performing the angular scans, care was taken to 
include background corrections and pile-up effects. 

A comparison of the angular dependence of the normalized yields with either the 
Nb or the Li signals gives information about the lattice site location of the dilute 
dopants. Because of the IOW sensitivity of the RBS technique for detecting Mg in 
LiNbO, and the low energy of the x-ray signals of Mg in the PDCE experiments, direct 
information on the lattice site of Mg could not be obtained in this work 

The plate-like samples used in RBs and PIXE. experiments were cut either 
perpendicular or parallel to the c axis. They were mechanically polished and 
chemically etched in a mixture of 1:2 pam of HF and FINO3. 

The IR absorption spectra of the OH- vibrations were measured with a 
Hitachi doublebeam IR or a Perkin-Elmer 1710 F'nR spectrophotometer at mom 
temperature. The spectra were generally remrded using unpolarized light propagating 
parallel to the crystallographic e axis. In order to determine the direction of the OH- 
dipole, polarized light was used, obtained from a Perkin-Elmer wire-grid polarizer 
having about 98% efficiency in the given wavenumber range. The OH- absorption 
was then measured using incident light propagating perpendicular to the c axis while 
the electric field vector was rotated around the propagation direction. 

3. Crystal struetslre 

At mom temperature the ferroelectric IiNbO, belongs to the R3c trigonal 
(rhombohedral) space group; the point g o u p  is 3m (see, e.g., 11,201). In trigonal 
systems, hexagonal unit cells are usuaUy chosen and conventionally characterized by 
four Miller indices (hkil) corresponding to three equivalent a me.$ 12W apart, lying 
in a plane normal to the trigonal c axis, while the fourth index belongs to e. The a 
axes are chcsen to be perpendicular to the mirror planes of symmetry. In this paper 
we use this conventional hexagonal notation. 

In L N b Q  the hexagonal unit cell contains six formula units. Perpendicular to the 
e axis, oxygen atoms are placed in a hexagonal close-packed structure. The slightly 
distorted oxygen octahedra sharing faces along the trigonal e axis contain cations in 
the order Ii, Nb, empty, E, Nb, empty, . . . (figure 1). The empty octahedron is often 
called a structural or intrinsic mcancy. The cation sites as well as the free octahedral 
sites are generally indistinguishable from symmetry considerations as all of them have 
trigonal symmetry. 

4. Results 

41. RBS and PCYE channelling 

Figure 2 shows the angular scans of the normalized yield of Nb and Li signals along 
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Flgttn t Ihe men Flgttm I Ihe angular scans of the b a c k - x a t t d  pmtons and emitted 
oaahedra filled with Li and mpaniclcs from niobium (0) and lithium (U), respectively, along two 
Nb. and the slrudurally axial and the (Oool) planar direclions: -, yields for Nb oblaiied 
fre odahedmn, along the from mmpuler simulation; - - -, yields for Li obtained from computer 
aystaUographic c ax& simulation. 

two 'axial' directions and one 'planar' direction, corresponding to one- and two- 
dimemional cbannek, respectively, in the crystal. The full circles and open squares 
represent the Nb and Li yields, respectively, observed experimentally. The full and 
broken curves represent a computer simulation described elsewhere [%I. These scans 
can be qualitatively understmd taking into account the projections shown in figure 3. 
Along the (0001) direction, Li atoms are shadowed by Nb atoms, which explains 
the essentially identical angular scans for Li and Nb signals. This is not the case 
along the ( O h )  direction where Li atoms are slightly dislocated from Nb atoms, in 
good agreement with the observation of a narrow dip. Along the c plane the broad 
flux peak observed is qualitatively explained by the central position of the Li atoms 
between the Nb and 0 layers as has been discussed in [14]. 

(0001) (Oz41) (0001) 

0 Niobium A Oxygen 

Lithium * Free octahedral site 

Flpn 3. Pmjecliom of lhc lattice sits of IiNbO, on planes normal to the indicated 
direetlons, 

Figure 4 shows results corresponding to the lattice site locations of Er and Lu, 
figure 5 the corresponding results for In and Nd, and figure 6 the corresponding 
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Flgurr 4 l h e  angular mns of baek-scattered pmrons from erbium (0, upper 6gures) and 
d Lmck-scatted rrparticles from lutetium (0. lower 6gugures) compared with niobium 
(0) in UNb0S:Mg nystals, for the (a41) axial and (OOOI) planar directions: -, 
calculated yields for Nb obtained h m  mmputer simulation: - - -, yields calculated 
assuming 100% Es at ti sites (upper figures) and 90% Lu at U sites and 10% Lu at 
Nb siies (lower figures). 

results for Gd and Tm atoms. The full and broken curves represent again the yields 
from Nh and the dopant, respectively, calculated using the computer simulation. In 
figure 4 the flux peak of back-scattered protons from Er atoms along the c plane 
gives about the same yield as that for the Li shown in figure 2 This clearly indicates 
that the Er atoms occupy Li sites. The angular scan for Er along the @41) direction 
shows a broad dip, reflecting the fact that Er atoms are shadowed by Li. We draw 
attention to the excellent agreement between the measured data and the results 
calculated by assuming 100% substitution of Er for Li. 

'" 

1.5 
F (0441) 

.* 

-1.5 0.0 1.5-1.5 0.0 1.5 

Angle(') 

F@rr 5. The angular sans for emitted L x-ray lines from indium (0, left) and 
neodymium (0, right) cumpared with Le niobium signals (0) in LiNbO3:Mg nystals 
along the (a41) axial direction. 

Similar behaviour is observed with Lu atoms (figure 4); however, the flux peak 
along the (OOOI) planar direction is not so high. This indicates that not all Lu ions 
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Figure 6 The angular dependence of the tack-scattered eparticles from gadolinium (U, 
upper figures) and thulium (U, lower figures) “pared with niobium (0) m LiNb0,:Mg 
aystals for the (mOl) and (a41) axial and (OOOI) planar direclione -, yields 
calculated for Nb, - - -, yields for Tm and Gd calculated by mmputer simulation 
assuming site mupancy as described in the text. The horizonla1 broken tines show the 
fraction of the dopants assumed to be m lhe random position. 

occupy Li sites. In the angular scan for the (OOOI) axis, not included in the figure, the 
dip for Lu coincides exactly with that for Nb, suggesting that Lu atoms are shadowed 
by Nb atoms. The angular scan along the ( a 1 )  axis excludes the free octahedral 
site. Thus the simulation was performed taking into account a small fraction of Lu 
at the Nb site and resulted in good agreement with the experimental data. 

The energy resolution of the RBS technique did not allow us to use that method 
for In, because the atomic m a s  of In is close to that of Nb. The results obtained for 
indium with the P ~ X E  technique (figure 5) are also in good agreement with the Li site 
occupation; however, the sensitivity of the technique is not good enough to say that 
all In atoms occupy Li sites. Thus we may conclude that mcst In atoms substitute for 
Li atoms, while a small fraction of these impurities may occupy other (e.g. Nb) sites. 

The concentration of Nd actually present in the ctystal (see table 2) was too low 
to use the RBs method. The sensitivity of the PIXE technique was, however, good 
enough to show that the lattice site occupation of Nd is different from that of Er, In 
and Lu. The flux peak in the (a41) direction (figure 5)  supports the conclusion that 
some of the Nd atoms occupy empty octahedral sites. However, the results available 
(see also [351) also show that a significant number of Nd probably occupy other sites 
including, for example, Nb. Computer simulation cannot be done for PIXE results at 
present. ’Ib understand the physics of the P l x E  measurements the reader can find 
more details in [14]. 

In the case of Tm the flux peak in the c plane (figure 6) indicates that a large 
fraction occupy Li sites. However, since the minimum yield along the (OOOI) direction 
does not overlap with that for Nb, none of the regular octahedral positions mentioned 
up to now can explain the results. However, randomly displaced positions inside the 
Li and/or Nb octahedra may explain the results. This ‘random’ fraction is estimated 
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to be not larger than 10%. Similarly to Lu we cannot exclude the presence of a small 
number of Tm atoms at Nb sites-up to 10%. The simulations were performed with 
80% of Tm at Li sites, 10% at Nb sites and 10% at 'random' positions, showing good 
agreement with the experimental data. 

The behaviour of Gd is very similar to that of Tm, although the percentage of 
randomly distributed Gd ions seems to be higher. In the faces normal and parallel to 
the (Oool) axis, the 'random' fractions were about 31% and 72%, respectively. The 
remaining Gd ions are found to occupy Li sites. 

'hble 3 summarizes the conclusions drawn for the dopants studied by the RBS and 
PIW channelling techniques and using the computer simulation method. 

lhbk 3. Summaiy of lattice sites for the dopants in LiNt0p:Mg nysols based on RBS 
and FIXE results. The 'random' lattice s i t s  include those possibly incorporated into 
various a g g e g a t q  ag. self-compensated M L M N ~  pairs n e  dopants In and Nd were 
measured by the PtXE technique. for which no quantitative amclusions can be drawn for 
lack of a mmputer simulation. The position occupied by Nd ions h still an unsolved 
problem. A fraction, however. seem lo mcupy the free atahedral site. 

Amount ($5) 

Li Nb Free 'Random' 
octahedron octahedron Octahedron position 

In Mainly 
Nd Partly 

Er 100 
Tm >80 < 10 - 1 10 
Lu >w < 10 

Gd --XI E m  - - - 
- - 

4.2. lR absorption spectra 

The IR absorption spectra of OH- vibrations in L&b03:Mg,M3+ (M F Y, Er, Tm, 
Gd, In, Sc, Lu, Nd) crystals measured at mom temperature are shown in figures 7 
and 8. Relatively broad (10-30 cm-I) OH- bands were found in the 3480-3540 an-' 
wavenumber range. No marked improvement can be achieved in the resolution by 
cooling the crystals to a low temperature. A decomposition procedure by the least- 
squares method (described in detail in [U]) has been performed in order to separate 
the band components. The wavenumbers of the components found in doubly doped 
LiNbO, are listed in tables 1 and 2 

Three kinds of OH- band can be observed in the doubly doped crystals. First, 
at high energies there are two components at about 3528 and 3538 an-' which 
have been attributed to hydroxyl vibrations in Mg-OH complexes 1291. These two 
components are present in each sample as expected for crystals containing about 
5 mol% Mg or more. Second, weak bands at around 3485 and 3495 cm-' seem to 
appear in most of the samples corresponding to the well bown OH- bands always 
present in nominally pure or weakly doped LiNbO, aystals [27]. The appearance of 
the bands reveals that the Mg concentration in the crystaIs is only slightly above the 
threshold. When the Mg concentration is increased to 8 mol% in the Y- or Er-doped 
LiNbO, crystal, the bands at about 3490 an-' disappear (compare curves A and B 
or curves C and D in figure 7) and only the 528-3538 an-' two-component bands 

- 
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ohl 3500 3550 3450 3500 3550 3600 
WAMNUMBER (cm-') WAVENUMBER (cm-') 

F b r e  'I. The IR absorption bands of OH- ions m 
JiNbO3:Mg aystals m d o p d  with yttrium (curves 
A and B), nbium (curver C and D), thulium (cum 
E) and gadolinium (curve F). See a h  table 1. 

remain as expected. Finally, a third kind of OH- absorption band between 3499 and 
3523 cm-I can be observed in samples doped with In, Sc, Lu and Nd (figure 8, dotted 
curves). The bands found in the Nd-, Lu- and Indoped crystals have already been 
presented elsewhere [33,35], but the band in the Mg-andSoco-doped aystal is shown 
here for the first time. These bands have been attributed to hydroxyl vibrations in 
same kind of Mg-OH-M defect complex since they are only present in doubly doped 
clystals r33.351. 

In order to discover more about the orientation of the OH- ions involved in 
the Mg-OH-M defect the polarized spectra of the OH- absorption have also been 
measured. Figure 9 shows the dependence of the absorption coefficient on the angle 
e of polarization for the maxima at 3507 and 3538 cm-' of the Mg-and-Inadoped 
LiNbO, crystal. 0 represents the angle between the electric field vector of the iR 
radiation and the oxygen plane perpendicular to the c axis. The absorbance A(0)  of 
a sample with a thickness d can be written as 

Plgurt 8. The IR ahrorption bands of OH- ions in 
UNbO3:Mg aystak mdoped with indium (cum 
A), scandium (curve B), lutetium (curve C) and 
neDdymium (curves D and E). See also lable 2 

A(e)  = - In[exp(-a,d) mZ e + exp(-azd) sin2 e] (1) 

where ax and aZ are the absorption coefficients for light polarized along the X 
axis and Z axis, respectively [37. In our notation, X corresponds to the axis 
while Z is identical with c. The full curve fitted to the experimental data in figure 9 
represents the A(0)  function calculated from equation (1). 

The directions of the OH- dipoles contained in the Mg-OH-M and Mg-OH 
complexes can be estimated from the ratios of the maxima to minima of the curves 
belonging to the 3507 and 3538 cm-' transitions, respectively: 

D = ax/az  N icot 'x (2) 

where x is the angle between the OH- dipole moment and the oxygen plane 
perpendicular to the c axis. For the Mg-OH complex the maximum-to-minimum ratio 
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Flgure 9. The polarizaIion dependence of lhe OU- 
bands at 3507 and 3533 cm-' in an tiNb0,:Mg.h 
aystal. 0 reprerents the angle beween the electric 
field wetor of the incident team and the cuygen 
plane perpendicular to the e h. 

0 

was found to be 7 corresponding to about W ,  which is in rather good agreement 
with the value measured for LiNbO, doped with only Mg [29]. The angle x between 
the c plane and the OH- dipole for the Mg-OH-In complex calculated from the 
maximum-to-minium ratio of about 17 is equal to about loo. At high D-values 
mme correction has to be taken into account related to the efficiency of the IR 
polarizer used [38]. On the assumption of a polarization efficiency of 98% at our 
wavenumbers the angle x is estimated to be as low as 5 f 5 O ;  so the direction of the 
OH- dipole moment is yely close to the c plane. 

5. Discussion 

Let us first discuss the origin of the third type of OH- IR band between 34% 
and 3523 cm-' (see figure 8 and table 2). These bands appear only in the In-, 
Si, Lu- or Nd-co-doped samples, which supports the interpretation in terms of an 
Mg,,-OI+M,, complex defect (where the subscripts represent substitution sites) 
suggested previously for Cr-, R- or Nd-codoped samples [30,32,33]. 

There are two kinds of close neighbour pair of Nb and Li sites in the cystal. The 
distance behueen neighbouring Nb and Li sites along the c axis is 0.3064 nm. A very 
similar (03068 nm) distance between Nb and Li ions is present nearly perpendicular 
to the c axis as well. The OH- ion substituting for oxygen is assumed to be located 
between the two cations. The OH- dipole moment lying nearly in the c plane, as 
obtained for the Mg-and-In-codoped aystal, is consistent with the assumption that 
the magnesium and the trivalent dopant are placed along the c axis. Otherwise the 
direction of the 0-H bond would strongly deviate from the c plane, contradicting the 
polarization dependence measurements. 

From the intensities of the third 'ype of R band we estimated the concentrations 
of OH- ions involved in various Mg-OH-M defects. This way the percentage of 
trivalent dopants forming defect complexes with magnesium and hydroxyl ions can 
also be obtained. Values of the integral absorption 

I = 1 a(.) du (3) 

of the bands attributed to Mg-OH-M complexes are listed in table 2, where 01 is 
the absorption coefficient and Y is the wavenumber. Using a recent calibration for 
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the absorption strength a per ion, for OH- (a  Y 9 x lo-'' cm [39]), the OH- 
concentration equals 

n =  I l a I n 1 0  (4) 

and consequently the number of @+ ions involved in the Mg-OH-M defect can be 
calculated. The ratio R of this number to the total M3+ concentration is also shown 
in table 2 The low values of R indicate that only a small portion of the trivalent 
dopants form defect complexes with magnesium and hydroxyl ions. 

It should be mentioned that a number of different calibrations can be found in the 
literature for the concentration of OH- ions in oxide crystals. They differ hy about 
two orders of magnitude, as is discussed in detail in [39]. The calibration used here 
is based on proton-exchanged LflbO, crystals where the degree of lithium-proton 
exchange is well determined by the lithium content of the benzoic acid used for the 
exchange process. Then the absorption strength per ion can easily be calculated by 
measuring the IR absorption of OH- ions and dividing the integral absorption by the 
number of protons. A previous calibration [33] for the OH- absorption used in [35] 
gave an absorption strength lower by approximately one order of magnitude, resulting 
in higher R-values. That calibration was based on an assumption that all CP+ ions 
form Mg-OH-M complexes in LiNbO,: Mg, Cr crystals [33]. If this assumption were 
valid for other trivalent dopants, much higher OH- absorptions should have been 
found for So, In- or Lu-doped Lflb0,:Mg crystals where the concentration of the 
trivalent dopants was between 0.5 and 1 mol% (table 2), Le. more than an order of 
magnitude larger than the Cr concentration used in [30]. Even if we assume that the 
calibration based on the OH- absorption of the proton-exchanged layer is not strictly 
valid for the Mg-OH-M complexes, a factor of 2 or 3 in the absorption strength 
value does not change significantIy the conclusion that only a small portion of Sc, In 
or Lu form Mg-OH-M defects. 

In the case of Er, Y, Tm and Gd, no absorption band related to the Mg-OH-M 
defect was observed (see figure 7). Since the trivalent dopant in the defect complex 
is assumed to substitute for niobium, it is straightforward to assume that these ions 
do not even partially occupy niobium positions in the crystal lattice. This assumption 
was confirmed hy the RBS channelling experiments for erbium which was found only 
on lithium sites. 

For Tm and Gd, comparison with RBS data is less straightforward, given the 
appreciable fraction of these dopants which occupy unidentihed (random) positions 
in the lattice. One can conclude only that Tm and Gd in these positions are not 
available for the formation of Mg-OH-M complexes. Accordingly either these ions 
may be at modified Li positions or, if they are still inside Nb octahedra, they must be 
constituents of another type of complex defect such as self-compensating Mti-M,, 
pairs. In the latter case a number of nearly equivalent configurations are possible, 
which might explain the failure that for the given fractions no well defined sites could 
be derived. 

LU and In atoms in UNb0,:Mg crystals were also found mainly on lithium sites. 
It is clearly seen from the RES and P E E  channelling experiments that a small fraction 
of these impurities may occupy niobium sites as well. This means that a small portion 
of Lu and In ions may form MgLt-OH;-Mit-type defects in agreement with table 2, 
where 051% of the dopants was estimated to be present in that complex. 

According to the P m  data a &action of neodymium atoms seem to occupy the 
structurally empty oxygen octahedra in the LiNb0,:Mg crystal. This may be related 
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to the large ionic radius and the low distribution coefficient of Nd (see table 2). 
These results do not exclude, however, that some Nd ions substitute for host cations. 
Acmrding to our IR results, partial substitution for Nb should also be possible as 2- 
8% of Nd should form Mg-OH-M defects. It should be pointed out that, in LiNbO, 
crystals containing no Mg, the RBS results show that Nd ions occupy Li octahedra at 
an appreciable displacement from the li site [lS]. 

LiNb0,:Mg crystals m-doped with Y or Sc ions were studied only by the R 
absorption method. Chemical analysis shows that both Y and Sc ions are incorporated 
into the aystal and their distribution coefficients are close to 1. Similarly to most of 
the trivalent dopants we expect them to substitute mainly for lithium ions. We assume 
further that several per cent of scandium substitutes for niobium as well, since the 
crystal showed an OH- band at about 3507 an-', which is attributed to an OH- 
vibration in the M & t - O H ; S a  defect complex 

6. Conclusion 

The RBs and PIXE channelling techniques and the R absorption spectroscopy method 
have provided complementary information on the incorporation of the trivalent 
dopants into LiNbO, aystals codoped with magnesium. 

The channetling techniques showed that most trivalent dopants investigated, 
namely In, Er, Tm and Lu, preferentially occupy Li sites, while for Gd the same 
may be me if the unidentilied portion is due to self-cumpensated pairs. Although 
the conclusion about the preference for Li substitution refers to LiNb0,:Mg crystals, 
it is felt to hold also for LiNbO, containing no Mg, since Mg is assumed to compete 
for Li sites. For Nd, partial substitution at empty octahedral sites cannot be excluded. 

The IR absorption measurements were sensitive to small fractions of dopants 
substituting for niobium. So, in the case of Sc, In, Nd and Lu a small portion of the 
dopants were found to substitute for niobium as shown by the formation of MgLt- 
OH;;-M$ complex defects. In this complex the magnesium and the trivalent dopant 
are assumed to occupy neighbouring Ii and Nb sites, respectively, along the trigonal 
c axis while the hydroxyl ion is located in the oxygen plane between the cations. 
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