
Study of the lattice sites of Ti and Ni impurities in LiNbO3 single crystals, by means of X-ray

absorption spectroscopy

This article has been downloaded from IOPscience. Please scroll down to see the full text article.

1991 J. Phys.: Condens. Matter 3 4135

(http://iopscience.iop.org/0953-8984/3/23/002)

Download details:

IP Address: 171.66.16.147

The article was downloaded on 11/05/2010 at 12:09

Please note that terms and conditions apply.

View the table of contents for this issue, or go to the journal homepage for more

Home Search Collections Journals About Contact us My IOPscience

http://iopscience.iop.org/page/terms
http://iopscience.iop.org/0953-8984/3/23
http://iopscience.iop.org/0953-8984
http://iopscience.iop.org/
http://iopscience.iop.org/search
http://iopscience.iop.org/collections
http://iopscience.iop.org/journals
http://iopscience.iop.org/page/aboutioppublishing
http://iopscience.iop.org/contact
http://iopscience.iop.org/myiopscience


J .  Phys.: Condens. Matter 3 (1991) 4135-4144. Printed in the UK 

Study of the lattice sites of Ti and Ni impuri.ties in 
LiNb03 single crystals, by means of x-ray absorption 
spectroscopy 

C Zaldot, C Prietot, H Dexpertt and P Fesslerp 
t Instituto de Ciencia de Materiales de Madrid, Consejo Superior de Investigaciones 
Cientificas, Campus Universitario de Cantoblanco (C-N), 28049, Madrid, Spain 
f Laboratoire pour I'Utilisation du Rayonnement Electromagnetique, 
UniversitC de Paris Sud (Bitiment 209D). 91405 Orsay, France 

Received 3 January 1991, in final form 26 February 1991 

Abstract. The structural environment of Ti and Ni ions incorporated into LiNbO, single 
crystals during the growing process has been studied by using x-ray absorption spectro- 
scopies: extended x-ray absorption fine strucfure (EXAFS) and x-ray absorption near-edge 
structure (XANES) spectroscopies. It has been found that for the impurityconcentration used 
(I%ofTiO,andO.l%NiOin themelt) bothions.Ti*'andNi2*,areincorporatedattheLi 
site of the LiNbO, lattice. 

1. Introduction 

Lfib0,is animportant material because of itsapplicationin optoelectronics technology 
as an optical waveguide substrate [l]. in photorefractive devices [2] and in solid state 
lasers as a host matrix [3]. 

In all of these applications the foreign ions in the material play a major role, because 
they are responsible for the modification of the optical properties of the matrix. 

(i) Optical waveguides are created in LiNbO, by diffusing Ti at high temperature [l] 
or implanting Ti ions [4,5] (Ti ions modify the refractive index of the substrate). 

(ii) Photorefractive properties are introduced by doping the crystal with transition 
metal ions (mainly iron) [2]. 

(iii) Rare-earth ions (Nd and others) have been studied as possible impurities in 
producing solid state lasers [3]. 

In order to explain fully the optical modifications introduced by the impurities, their 
lattice location should be elucidated. 

Early x-ray diffraction experiments [6] showed that Li ions are less strongly bonded 
to the lattice than Nb ones. This would suggest that Li ions would be easier to remove 
from the lattice than Nb ones. Recently, theoretical modelling of the impurities incor- 
porated into LfibO, [7] led to the conclusion that a self-compensating mechanism, 
i.e. simultaneous Li and Nb substitution, is the most favourable mechanism for the 
incorporation of impurities in LfibO,, if no other lattice defects are considered. Thus 
both Li and Nb sites would be expected to accommodate impurities. 
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The experimental determination of the lattice sites of impurities in LiNbO, had 
been, for a long time, seen as a very difficult task, because of the similarity of the first 
oxygen shells in Li and Nb sites, and a lot of experimental and theoretical \*pork has 
been conducted in the past: pioneer spectroscopic experiments (electron paramagnetic 
resonance, EPR (81, and Mossbauer 191) have indicated that the lattice locations of 
transition metal and rare-earth ions show trigonal symmetry. Nb and Li substitutional 
sites are possible, whereas the intrinsic vacancy was not generally considered, but 
conclusive evidence favouring a particular site was not obtained. 

In the last two years the combined application of extended x-ray absorption fine- 
structure (EXAFS) spectroscopy, the Rutherford backscattering (RBs) channelling tech- 
nique, perturbed angular correlation spectroscopy (PACS), proton-induced x-ray 
emission (PIXE) and electron-nuclear double-resonance (ENDOR) spectroscopy has 
helped to clarify the experimental situation: with the sole exception of Ta5+, which has 
been found to replace niobium [lo, 111, the extrinsic ionsincorporated into the lattice 
in singly doped samples are accommodated on Li positions (Mn2' 112, 131, Fe3+ [14], 
Ed' [ l l ,  15, 161. Nd3+ [11, 161, HfJ' [lo, 11, 16, 171). although Eu3' and Nd" also 
exhibit considerable fractions on the Nb site, and Fe3+ a minor fraction. 

The x-ray absorption near-edgestructure (XANES) and ExABspectra ofTi introduced 
by diffusion into LiNb0, have been reported previously [NI. A distortion of the Ti 
environment in LiNbO, structure was found: however, no quantitative analysis of the 
ExAFsspectrum wasprovided and thus theuncertaintyasregardstheTisitein theoptical 
waveguide area remains. 

It is commonly assumed I191 that Ti diffusion in LiNbO, takes place via the niobium 
vacanciespresent in tbecongruent materia1;according to thismodel thesiteforTi would 
be the Nb site. Indeed, this result has been found for Ti-implanted LiNbO, [4] after a 
thermal recrystallization of the surface of the sample. 

The diversity of experimental methods used for the incorporation of Ti in the lattice 
and the inhomogeneity of the Ti concentration inherent to the surface-incorporation 
processes make it useful to make a comparison with the situation when the Ti is more 
homogeneously incorporated during the crystal growth. 

In this work, we have analysed the information provided by EXAFS measurements on 
single crystals in order to determine the lattice positions of Ti and Ni impurities intro- 
duced during the growth. It is necessary to use the E U F S  fluorescence technique mainly 
because of the large x-ray absorbing cross section of the Nb in the matrix. The spectra 
obtained are noisy due to the relatively low impurity concentration. This limits the 
accuracy of the determination of the atomic distances and coordination numbers. How- 
ever, the analysis of the spectra can provide unambiguous evidence that the Li site 
should be selected for both Ti4+ and Ni2+ impurities. 

2. Experimental techniques 

Congruent LiNbO, single crystals have beengrown by the Czochralski method. 1% of 
Ti02 and 0.1% of NiO were added to the melt. The Ti and Ni molar concentrations in 
the crystal have been estimated to be 0.8% and 0.05%, respectively, as derived from 
the segregation coefficient reported for both ions [ZO]. The samples were plates cut with 
their large faces perpendicular to the c-axis. This axis was placed in the horizontal plane 
of the machine and tilted by about 45" with respect to the x-ray beam. Bragg diffractions 
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Figure 1. Room temperature LiNbO, structure. The sublattice of oxygens is considered 
regular for the sake of simplicity. (a) Projection on the XY plane. (b)  Atomic distribution 
around the Li site. (c) Atomic distribution around the Nb site. In ( b )  and (c) the plane of 
oxygens iscloser to the observer than the Li or Nb ions. The first digit in the notation stands 
for theorderofthe shell; ionsalong thec-aitisaredenotedasc; Aand B denote ions belonging 
to the plane above (A) or below (B) the centre; the lack of a letter means that the ions and 
thecentre belongto thesameplane;finally. the numberinthe bracketsstandsforthenumber 
of equivalent ions. 

were avoided by spatially shielding the detector window. Even so, at high x-ray energies 
(the Ni case) small Bragg diffractions appear in the spectrum; the part of the spectrum 
affected has been removed (see figure 4(b)). 

Fluorescence spectra were acquired at room temperature (RT) at the Kedges of Ti 
and Ni. We used synchrotron radiation emitted by the LURE (Orsay) DCI storage ring, 
running at 1.85 GeV, at the EXAFS-IV beam station, with an average current of 
250 mA. X-rays were monochromatized using a Si(311) two-crystal spectrometer. The 
fluorescence was detected using a plastic scintillator attached to a photomultiplier [21]. 

3. LiNbOS structure 

The LiNb03 structure has been determined by x-ray and neutron diffraction [6 ,22 ,  U]. 
The structure is made up of irregular oxygen octahedra piled along the ferroelectric 
c-axis and sharing faces. The centres of the octahedra are occupied by cations in 
the sequence Li+, Nb5+ and a vacancy octahedron. Furthermore, both Li+ and NbS+ 
are displaced (in opposite senses) along the c-axis towards the neighbouring vacancies, 

Figure 1 provides a picture of the structure of an XY plane of the LiNbO, lattice as 
well as the notation used for the different neighbours considered to discuss the EXAFS 
results reported later. 

The radial distances of the atoms neighbouring the oxygen octahedron centre are 
depicted in figure 2(a) and (b )  for Li and Nb positions respectively. The distances are 
given as functions of the displacement, 6 ,  from the point of the c-axis equidistant from 
the upper and lower faces of the oxygen octahedron (see figure 1). The displacement, 
6 ,  is considered positive in the positive direction of the ferroelectric c-axis (i.e. in the 
lithium-niobium-vacancy direction along the axis). 
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Figure 2. Impurity-host-ion radial distances calculated for oxygen (broken curve) and 
niobium (full curve) in the LiNbO, lattice as a function of the displacement, 6. from the 
Centre ofthe octahedron. 6 is considered positive in the positive direction of the c-axis. The 
Centre is considered as the point of the c-axis equidistant from the two oxygen planes that 
form the first shell. Labels on the left-hand side refer to oxygen distances and on the right- 
hand one to niobium distances. (0) Li site. ( 6 )  Nb site. 

Li ions are not included in figure 2 because their contribution to the EXAFS signal is 
minor due to the low, backscattering amplitude of Li (2 = 3). On the other hand, a 
vacancy site will not be considered because RBS and PIXE experiments [11,14-171 have 
shown that the vacancy site is free of impurities in all the singly doped cases studied, in 
accordance with theoretical expectations 171. 

4. Experimental results, data analysis and discussion 

4.1, X-ray absorption in the Kedge region 

Figure 3 shows the x-ray absorption of the doped LiNb03 samples in the region near to 
the absorption edge of the impurities. Also, the spectra corresponding to the reference 
compounds used are given for comparison purposes. 

The spectra reported in figure 3(n) show the x-ray absorption of Ti4+ in SrTi0,single 
crystal and in powdered rutile (TiO,), together with the spectrum corresponding to 
LiNbO,. Tbe shape of the x-ray absorption spectrum for Ti4+ is very sensitive to the lack 
of Oh symmetry [24,25]. The characteristic features of the TiJt x-ray absorption can be 
observed for both the reference compounds (SrTiO,, TiOJ and the compound under 
investigation (LiNbO,: Ti); however, the intensity of each peak is strongly dependent 
on the particular Ti environment. Following the usual notation [E] ,  three peaks, 
denoted A,,  Az and A,, present in the region 49604970eV, have been respectively 
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attributed to a Frenkel exciton and to the 1s' - t2g and eg electronic transitions. At 
higher energies other features appear in the spectra denoted as B (=4975eV), CI (= 
4978 eV) and C2 (=4983 eV) (C, and C, peaks are associated with Is1 + 4s and 4p 
electronic transitions, respectively); and, finally, two broader peaks Dl ( ~ 4 9 9 0  eV) and 
D2 (=SO02 eV) are also present. This indicates that, in the LiNbO, sample we used, the 
Ti was for the most part in the form of Ti4+. In fact, our sample did not present any of 
the optical features associated with the presence of Ti3+ [26]. 

The spectrum of Ti in LiNb03 shown in figure 3(a) is closer to that obtained for rutile 
(where two Ti-0 distances are present [27]) than to that obtained for SrTi03 (where 
Ti4+ is surrounded by very regular oxygen octahedra [ZS]). This seems to indicate that 
the oxygen octahedron around Ti in LiNb03 is distorted, as is the case for rutile; this is 
indeed consistent with what is expected from the LiNh03 lattice structure. 

FinallyNiinLiNb0,isnormallypresent asNi2+, asdeducedfrom the~p~andop t i ca l  
spectroscopy studies [29,30]-the thermal history of the sample thus does not modify 
the Ni oxidation state (low-temperature y-irradiation isneeded toinduce other oxidation 
states 1311). The comparison shown in figure 3(b) between the Ni-doped LiNbO, and 
NiO powder, and the comparison of the second derivatives of the spectra of figure 3(b) 
support the conclusion that NiZ+ is the ion present in our sample. 

4.2. EWS of Ti-doped LiNbOj single crystals 

Figure 4(a) shows the x-ray fluorescence spectrum, p ( E ) ,  of the Ti-doped LiNbO,. A 
classical procedure has been used to analyse the E m f S  spectrum: above the edge, the 
signal background is removed by a multi-iteration curve-smoothing procedure. 

The analysis of the EXAFS signal to obtain the position of the neighbours around the 
impurity has been carried out using the well known EXAFS expression [32] 

Thisexpressiondescribes the Ewfsoscillationsfor aGaussian distribution of neighbours 
around the central atom, in the single-scattering theory and in the plane-wave approxi- 
mation. k is the wave vector of the photoelectron, which is related to the electron mass 
(me) and the threshold energy (E, )  by 

k = [(2m./fi2)(E - Eo) ] ' / z .  (2) 
Ni is the average coordination number for the Gaussian distribution of distances centred 
at the R,-value, ui is the Debye-Waller contribution, vi = 2d + Yi(k) is the phase shift, 
d and Yi being the central and backscattering atom phase shifts respectively,f;(k) is the 
amplitude of the backscattering atoms and ri is related to the mean free path of the 
photoelectron. 

Figure 5(a) shows the Fourier transform of the k3,y(k)-weighted signal (hereafter we 
refer to this function as the PRDF). The peaks that appear in this function have to be 
corrected by the pli(k) contribution to obtain the 'true' distances of the defect. 

Figure 5(a) shows two main peaks at about 1.46 and 2.84 8, (denoted I and I1 
respectively) which are to be related to the oxygen and niobium neighbours. The 
presence of those peaks has been found essentially independently of the Fourier trans- 
form procedure, and most of the information of the EXAFS spectrum is included in them, 
since the back Fourier transform of the PRDF function in the limited range 1.3-3.9 8, 
approximately reproduces the EMS oscillations. 
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Figure 3. XANES spectra of doped LiNbO, single 
crystals and reference compounds. (a) SrTiOs 
singlecrystals (pints):  LiNb0,:Ti single crystal 
(fulltrace):powderedrutile.TiO,(broken trace). 
(b) As-grown LiNb0,:Ni single crystal (full 
trace); powdered NiO (pints) .  
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Figure 4. Room temperature fluorescence yield 
p ( € )  of doped LiNbO, single crystals, measured 
at the K edge of the impurity, (n )  1% Ti-doped 
sample. (b) 0.1% Ni-doped samplc. 

Figure 5. Fourier transform magnitude (PRDF) of 
the k’%(k)-weighted EXAFS signal of doped 
LiNbO, single crystals. A Hanning window was 
used for apodization. (a) 1% Ti-doped sample; 
limitsofthe window: 25.40-350.500 eV. (b)O. 1% 
Ni-doped sample; limits of the window: 23, 33- 
250,350 eV. 
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The appearance of the PRDF spectra shown in figure 5(a) is similar to that reported 
previously for Mn [12] and Hf [lo] impurities in LiNb03. Those two impurities have 
been found to be accommodated at the Li site. The first peak of the PRDF function 
(appearing in all cases at about 1.5 A) has been associated with the presence of the six 
lattice oxygens in the first shell, and the second one with the combined effect of three 
niobiums above the plane of the impurity with three others below it. 

This similarity suggests that the Ti incorporated into the LiNbO, lattice during 
growth lies at the Li site. 

To obtain an accurate determination of the crystallographic distances, and thus a 
confirmation of the above hypothesis, we have minimized (using a standard mini- 
mization procedure) the difference between the experimental filtered data and the 
function x(k) calculated according to expression (1) using the corresponding amplitudes 
and phases reported by McKale et a1 [33]. In the refinements the coordination number 
was k e d  according to those corresponding to the expected Li site: N, = 6 for both 
oxygen and niobium shells. Additionally, we have used the E U F S  spectrum of SrTiO, 
single crystal as a reference compound to provide initial values for the Debye-Waller 
(U,) and electron free path (ri) parameters. 

Figures 6 and 7 show the comparison, in distance and energy spaces respectively, of 
the experimental data and the calculated data for the atomic radial distribution and,y(E) 
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Table1.Thesetofvaluesusedinthebesrfitofthereferencecompoundsandthecompounds 
investigated.N,isthe~umberofneighbours.R,isthemeandistance.a,btheDeby~Valler 
factor, r, is related to the electron mean free path and b E n  is introduced to compensate 
for experimental e m r s  between !he spectra of LiNbO, samples and the experimental or 
theoretical references. Valuesmarked with asterisk have been taken fromxmy diffraction 
expenmentsonSrTiO,[ZS]and Ni(N01)2.6H20[34]. 

Sample Peak(pak) N, R, (A)  (A) r, (A-7  (eV) 

SrTiO, I (Ti-0) 6' 1.953* 0.086 2.90 7 
6 1.97 % 0.05 0.080 1.90 0 

LiNbo3:Ti {~I$-?b) 6 3.18t0.05 0.070 1.80 -5 
Ni(N0,),:6H20 I(Ni-0) 6' 2.050' 0.091 1.80 1 . 5  

~. . , "._.*_&. . ~ . I, 

6 2.01 k0.05 0.078 1.80 -2 
LiNbo':Ni {;l(Gi-?b) 6 3.10 1005 0.092 1.82 I 

functions. The best fit is obtained for the set of values of RI, U,, r, and A& summarized 
in table 1. 

The fairly good agreement shown in figures 6 and 7 confirms that TI ions are sur- 
roundedbysixoxygensatameandistanceof1.97 f 0.05 Aand bysixniobiumsatamean 
distanceof3.18 k 0.05 Aasreportedintable 1. Thisplacementisingoodagreement with 
that expected for Ti, being in the centre of the oxygen octahedron corresponding to the 
Li site (see figure 2(a)).  In this case, considering the rigid lattice of LiNbOS [ 6 , 2 2 , 2 3 ] ,  
there would be six oxygens at a mean distance of 2.1 8, and six niobiums at a mean 
distance of 3.3 A. 

Siting at the Nb site cannot account for the distances reported in table 1 because the 
six niobiums closer to the centre of the oxygen octahedron are at a mean distance of 
3.8 8, (see figure 2(b) ) ,  which is too far from the distance found experimentally. 

4.3. EMFS of Ni-doped LiNb03 single crystals 

The results of the analysis of the EXAFS spectrum of Ni2+ in LiNbO, (reported in figure 
4(b) )  arerathersimilarto thoseforanalysisoftheTione. Figurc5(b) showsthe Fourier 
transform of the EXAFS signal after removal of the x-ray absorption background. Again, 
two main peaks are observed. marked as I and 11. 

To provide the initial values of U, and r, for the fitting of peak I, we have used as a 
reference the compound Ni(N03)2.6H,0, where the first shell of neighbours of Ni is 
formed by a nearly regular octahedron of oxygensat a mean distance 2.050 A [34]. The 
values of U, and r, obtained after fitting the reference compound with the McKale phases 
have been transferred to the fitting of the EXAFS spectrum of Ni in LiNb03. 

Following a parallel procedure to that performed above for Ti, peak I has been fitted 
using the McKale phases and amplitudes, assuming that it corresponds to the presence 
of six oxygens, and taking as initial values for the fiting process the values of U, and r, 
obtained in the reference compound. Peak I1 has been directly fitted with the McKale 
phases and amplitudes corresponding to niobium and it has been found to be consistent 
with the assumption of six niobiums at the second shell (the fittings, similar to those 
shown in figures 6 and 7 ,  are not shown for the sake of brevity). The true distances RI, 
and the set of values of U,, r, and AEo obtained for the best fit have been summarized in 
table 1. 
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From the comparison between the Ni-Nb distance (3.10 A) found in LiNbO, and 
those reported in figure 2, it has to be concluded that NiZ+ is also mainly replacing Li 
ions of the LiNb03 lattice, as in the Ti case above. 

5. Further comments on the lattice sites of the impurities in LiNh03 single crystals 

According to our present knowledge of the experimental results on the lattice sites of 
impurities in LmbO, ([1&17], this work), the impurities that do not strongly distort the 
LiNb0, lattice (with ionic radii <1 A), enter mainly at the lithium site of the lattice for 
doping levels between about 0.1 and 1%. The only exception to this rule is for the Ta5+, 
which are accommodated in the regular Nb5+ site [lo] and consequently do not need 
charge compensation. 

This is somewhat surprising in view of the conclusion from theoretical modelling 
[7], which predicts a self-compensating mechanism to accommodate the charge misfit 
between the impurity and the replaced lattice cations. Thus both Li and Nb sites would 
be present with relative concentrations depending on the impurity charge. 

Mg [3S] and Zn [36] impurities in LiNbO, have a strong influence on the material 
properties. The impurity-related changes are functions of the impurity concentration up 
to a threshold of about 6%. To explain this behaviour it has been suggested [3S] that Mg 
ions replace the antisite niobiums (niobiums in lithium sites) present in the congruent 
compound LiNbO, [37]; thus, below the impurity concentration threshold, the lattice 
site of Mg would be the Li site. The experimental results mentioned above may indicate 
that this could also be the mechanism controlling the incorporation of most of the 
impurities in LiNbO,. Thus, impurities could be found in niobium sites (the theoretical 
expectation) only when locally the antisite niobiums have been removed, because the 
local impurity concentration is above the threshold (6%) or because of a local departure 
from the congruency of the crystal that decreases this threshold. 

In fact, for Ti-diffused optical waveguides, a change in the symmetry of the Ti centre 
has been found when the mean Ti concentration is above 1.3% (5  x 10" atoms 
[18]. This may indicate that a concentration threshold is also present for the Ti case. 

More experimental work is needed to confirm the above suggestion, and future work 
shouldbe addressed tostudyingthe lattice location ofthe impuritiesin LNb0,asrelated 
to the impurity concentration. 

6. Conclusions 

In conclusion, we have found that, for the impurity concentration used, Ti4+ and NiZ+ 
ions in LiNbO, are in general accommodated at the Li site. However, the possibility a 
minor fraction of both impurities being accommodated at other lattice sites cannot be 
excluded. 
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