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The  nonlinear optical response of Li~,(Nb,Ta)~,W,O~ increases strongly with x .  This is 
explained in terms of changing bond polarizabilities: W-0 bonds are more polarizable than 
Nb-O/Ta-0 bonds. A W-0 bondpolarizability811 of (570 i 130) lo4 m4/V is derived, neglecting 
@l. The luminescence properties depend also on x, and new emission and excitation bands are 
found. 

Introduction 

Laser-diode second harmonic generation (SHG) devices 
or blue laser sources are expected to be of large importance 
in future optoelectronic applications. Some of the best 
inorganic frequency-doubling materials can be found 
among compounds with the LiNbO3 structure. Doping of 
LiNbO3 and LiTaO3 has been studied in relation with 
optical damage (photorefractive effect).l12 However, dop- 
ing may influence also the nonlinear optical (NLO) 
response of a material.3-6 

According to a relatively simple model derived by 
Bergman and Crane in 1975: the NLO response depends 
largely on microscopic NLO bond polarizabilities and 
geometrical factors. If substitution does not significantly 
alter the structure of a material, the SHG response will 
approximately be a function of the NLO bond polariz- 
abilities only. 

From the literature7-9 it is known that LiTaOa and 
LiNbO3 form a solid solution series with W03 from 0 to 
30 and 50 mol 7% , respectively. There also exists a solid 
solution series with MoO3, but it extends only to about 10 
and 20 mol 7% for LiTaO3 and LiNbO3, re~pectively.~ 

Since the difference in electronegativity between W/Mo 
and 0 is smaller than that between Nb/Ta and 0, the 
W-O/Mo-0 bonds are expected to be more covalent and 
to have a higher NLO bond polarizability than the Nb- 
O/Ta-0 bonds. In this work the NLO properties of 
LiNbO3 and LiTaO3 are studied as a function of the W03 
content. 

To monitor the defect chemistry of the L L -  
(Nb,Ta)l-,W,O3 solid solutions the luminescence is also 
studied as a function of x ,  as the luminescence properties 
of undoped LiNbO3 and LiTaO3 depend strongly on the 
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stoichiometry of the samples. Stoichiometric LiTaO3, for 
instance, shows an emission band with a maximum at 340 
nm (hxc = 235 nm), whereas Li-deficient samples emit a t  
-500 nm (Aexc = 260 nm).lo LiNbO3 shows a similar 
behavior. The intrinsic niobate emission lies a t  440 nm 
(A,,, = 260 nm), whereas the extrinsic emission has its 
maximum a t  -520 nm (Aexc = 305 nm).2J1J2 

The results of the SHG and luminescence measurements 
of the solid solution series with Moos will not be discussed 
here, since they are comparable to those of the tungstate 
series, and the solubility of Moo3 is low. 

Experimental Section 
Preparation. Solid solutions of Lil,Nbl,W,Os were prepared 

by firing intimate mixtures of LizC03 (Merck, suprapur), Nbz06 
(Starck, ultrapure), and W03 (Merck, pea.) in the stoichiometric 
ratio with a 5 mol % excess of LizCOS at 750 OC for 8 h in air. 
The products were milled again and fired for 8 h at 800 OC. A 
platinum-rhodium crucible was used. If x > 0.50, a trirutile 
phase is obtained.7p8 

The preparation of the solid solution series Lil,Tal,W,Os is 
very similar, but the firing temperatures are lower: 650 and 700 
OC, respectively. In contrast to earlier reports in the literature: 
for x > 0.25 evidence of the formation of a trirutile second phase 
is found in the X-ray diffraction patterns. 

All powdered samples were checked by X-ray powder dif- 
fraction and were found to be single phase. 

Differential Thermal Analysis (DTA) Measurements. 
On some of the Lil,Nbl,W,O3 samples DTA measurements 
(heating rate 10 OC/min) were performed. Lio.6NbO.6WO.6oS shows 
three endothermic peaks, at 680,700, and 890 OC. The latter is 
due to the decompositioninto NbWzOeand LizWOd.8 For samples 
with x I 0.25 no decomposition is observed below 1200 OC. 

Instrumentation. All optical measurements were performed 
as described before,lS using a Spex fluorolog spectrofluorometer 
with an Oxford liquid helium flow cryostat. Diffuse reflection 
spectra of the powdered samples were measured on a double- 
beam Perkin-Elmer Lambda 7 UV-vis spectrophotometer at room 
temperature. 

Effective nonlinear optical tensor coefficients (den) were 
measured with a second harmonic analyzer (Philips), which is 
equipped with a pulsedNds+ glasa laser (A = 1064 nm) and suitable 
for measuring crystalline powdered ~amples.1~ 
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Figure 1. Diffuse reflection spectra of Lil-~Nb,Ta)l-zW,Oa at 
room temperature. The solid curves represent the spectra of 
Lil,Nbl-,W,Oa, whereas the broken curves are the spectra of 
Lil,Tal,W,Os. 

The SHG efficiency of powders depends strongly on the particle 
size,“ so it was made sure that the frequency-doubled light was 
collected from samples of a comparable, uniform particle size 
between 3 and 5 pm, which had been carefully checked with a 
microscope. 

To minimize the scattering, the sample powders were mixed 
with index-matching fluids (Cargill, Inc.) of a comparable 
refractive index. If the refractive index of an index-matching 
fluid does not match that of the sample, the measured SHG 
response will be too l0w.1~ However, changes in the refractive 
indices of the samples, due to a different WOs content, were not 
important here: varying the refractive index of the index- 
matching fluids from 1.7 to 2.0 did not result in a higher or a 
lower SHG response. 

The SHG intensity was measured relative to stoichiometric 
LiNbOs and LiTaOa powder standards. 

Results 

Luminescence. Figure 1 shows some of the diffuse 
reflection spectra of Li1-,Nbl-,WxO3 (0 I x I 0.5) a t  room 
temperature (RT). The optical absorption edge, which 
can be obtained by extrapolating the slope of the absorp- 
tion curve, depends on the value of x :  it shifts from 280 
nm ( x  = 0) to 350 nm ( x  = 0.5). For the solid solutions 
Lil-,Tal-,W,O3 with 0 I x I 0.25 a similar dependence is 
found (see also Figure 1). 

Compositions Lil-,Nbl-,W,O~ (0 I x I 0.5) show strong 
luminescence a t  4.2 K. As a representative example, some 
of the excitation and emission spectra of the luminescence 
of Lil-,Nbl-,W,O~ a t  4.2 K are given in Figure 2. 

T h c  excitation and emission spectra are complicated: 
there are several broad bands present. For x = 0.50 the 
excitation spectrum shows two bands with maxima a t  275 
and 310 nm. Short-wavelength excitation (b,,, = 275 nm) 
gives an emission with a maximum a t  520 nm. Long- 
wavelength excitation (A,,, = 310 nrih) gives an emission 
with a maximum a t  570 nm. The T1p value (the 
temperature a t  which the luminescence intensity has 
dropped to 50% of its intensity a t  4.2 K) of the “520 nm” 
emission band is 55 K, whereas that of the “570-nm” 
emission band is 30 K. 

The luminescence properties of the Lil-,Nbl-tWt03 solid 
solutions depend strongly on x .  Samples with low x show 
an additional emission band with a maximum a t  440 nm 
(A,,, = 260 nm; see also Figure 2). The T1p value is -200 
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Figure 2. Some excitation and emission spectra of the lumi- 
nescence of Lil,Nbl-zW,Oa at 4.2 K. @ denotes the spectral 
radiant power per constant wavelength interval, and q, gives the 
relative quantum output. The broken curves are the spectra for 
x = 0.03, whereas the solid curves represent the spectra for x = 
0.50. Excitation is into the shorter wavelength excitation band 
(curves 1) or in the longer wavelength excitation band (curves 2). 
The excitation spectra are monitored for the emission wavelength 
440 nm (x = 0.03) and 540 nm (z = 0.50). 

Wavelength (nml 
Figure 3. Excitation and emission spectra of the luminescence 
of L&.eTa~.eWo.lOs at 4.2 K. The excitation wavelengths are 235 
nm (curve l), 290 nm (curve 2), and 320 nm (curve 3). The 
emission wavelengths are 340 nm (curve 4) and 580 nm (curve 
5). 

K. This emission is similar to what has been observed for 
stoichiometric (undoped) LiNbO3 samples2J1 and is, 
therefore, ascribed to intrinsic niobate groups. If x 
increases, the intrinsic niobate emission disappears. The 
maxima of the other emission bands shift to longer 
wavelengths for increasing x .  

The luminescence properties of Lil-,Tal,W,Os (0 I x 
I 0.25) show some remarkable similarities to  those of 
Li1-,Nbl-,Wx03 (0 I x I 0.5). For instance, if x is low, 
intrinsic tantalate emission with a maximum a t  340 nm 
(bxc = 235 nm) and a T1p value of -100 K is observed.12 
At  higher x values this emission becomes weaker. 

In Figure 3 the excitation and emission spectra of Lk.9- 
Ta0.9Wo.lO3 a t  4.2 K are shown. There are two excitation 
bands with maxima a t  235 and -290 nm, respectively. 
Excitation a t  -290 nm gives an emission band with a 
maximum a t  540 nm. The T1p value of this emission is 
55 K. Longer wavelength excitation (bxc = 320 nm) gives 
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Discussion 

Luminescence. Introduction of W03 in LiNbOs/ 
LiTaOs gives WN~’/WT~-  centers which are compensated 
for by lithium vacancies ( V L ~ ;  niobium vacancies are 
expected to be energetically unfavorable due to the high 
negative charge). The decrease of the unit-cell volume 
has been related to the formation of cation vacancie~ .~*~ 
The ideal (LiNbOs) structure will be stabilized by the 
defect centers, because the formation of anti-site defects 
(NbLr-) is suppressed.’ 

For low values of x ,  the energy levels of the greater part 
of the niobate/tantalate groups will hardly be influenced 
by the defect centers in the lattice, because their con- 
centration is low. These samples show, in fact, a certain 
amount of intrinsic niobate/tantalate emission. 

For higher x values, the influence of the defects on the 
luminescence properties increases: the intrinsic emission 
disappears, and emission bands with maxima a t  longer 
wavelengths become more important. 

According to the literature,1° the extrinsic emission of 
LiNbO3 peaks a t  about 520 nm (b,, = 275 nm). The 
emission with a maximum a t  -530 nm, observed for 
Lil-xNbl-xWx03, is therefore ascribed to niobate groups 
next to lithium vacancies. 

The Lil-,Nb1-,WxO~ solid solutions show a third emis- 
sion band which is at even longer wavelengths than the 
extrinsic niobate emission. Its maximum depends strongly 
on x .  Since there are no other types of (defect) niobate 
groups present, this emission is ascribed to the tungstate 
groups with an effective positive charge relative to the 
lattice. 

Let us now compare these results with those for the 
isolated WO6 octahedron. The emission and excitation 
bands of electronically isolated tungstate groups is a t  
shorter wavelengths than observed here. For ordered 
tungstate perovskites A2BWO6, for instance, the emission 
band peaks a t  about 450 nm (A,,, = -275 nm) and is 
quenched a t  -200 K.l8 

However, tungstate excitation and emission bands shift 
to lower energies if oxygen corner-sharing between the 
WO6 groups occurs. Proof for this comes from a study by 
Bode and Van Oosterhout.18 For ordered tungstate 
perovskites, next to intrinsic tungstate emission, another 
emission band a t  longer wavelengths was observed, which 
could be explained only by taking into account a small 
amount ( -2%)  of disorder between the cations. As a 
result the excitation and emission bands of these extrinsic 
Woe groups with other Woe groups as nearest neighbours 
shift to lower energies (longer Wavelengths). The emission 
maximum lies a t  about 550 nm (Aexc = -320 nm), and is 
quenched a t  room temperature. 

In the oxide W03 all WO6 octahedra are corner sharing. 
At 4.2 K the emission maximum lies a t  680 nm (b,, = 405 
nm).l9 The T1p value of the luminescence is 65 K.’9 The 
excited state of W03 is delocalized over the corner-sharing 
WO6 octahedra, giving self-trapped exciton recombination. 

So the spectral shift of the tungstate emission and 
excitation bands as a function of x in the system 
Lil-,Nb1-~W~03 must be related to an increase in the 
amount of corner-sharing WO6 groups. 

Now the Lil,Tal,W,O3 system is considered. Next to 
intrinsic tantalate emission, the Li1-,Tal-,W,0~ solid 
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Figure 5. Absolute NLO response of Lil,Tal+WxOsas a function 
of x .  The curve ‘total” gives the total NLO response, whereas 
the curves ‘Ta-0” and “W-0” give the NLO response due to the 
Ta-0 and W-O bonds, respectively. 

an emission band with a maximum a t  580 nm (see also 
Figure 3). 

Nonlinear Optical Properties. The phase matchable 
tensor coefficient d33 of stoichiometric LiNbOs was 
calculated on the basis of data on d33 of congruently grown 
Li-deficient crystalsls (with dw(KHzPOd = 0.63 pm/V)l6 
using the bond parameter model of Bergman and Crane.6 
It  amounts to -55.4 pm/V. Congruently grown LiTaO3 
crystals tend to be Li-poor also.12 However, the d33 of 
stoichiometric LiTaOa could not be calculated, since 
crystallographic data about stoichiometric LiTaOa is 
lacking in the literature. Therefore, the literature value 
of -25.2 pm/V was used.” These d33 values are used to 
estimate the NLO response of the Lil,(Ta,Nb)l,W,O3 
samples. 

The results of the powder SHG measurements on 
Lil-,Nbl,W,03 and Li~,Ta~~,W,O~ are presented in 
Figures 4 and 5. The NLO response increases linearly 
with x .  
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solutions also show an emission band at longer wavelengths. 
The maximum of this emission band depends on the 
excitation wavelength for 290-nm excitation it lies a t  540 
nm, and for 320-nm excitation it lies a t  580 nm (see also 
Figure 3). 

Nonstoichiometric LiTaO3 samples show extrinsic tan- 
talate emission with a maximum a t  about 500 nm.12 Not 
only the tantalate groups, but also the tungstate groups 
are expected to show luminescence a t  low temperatures. 
By varying the excitation wavelength the long-wavelength 
emission bands can be partly separated, but the spectral 
overlap is still large in contrast to what was observed for 
the Lil-xNbl-xWxOg system. By analogy with the niobate 
system the emission band with a maximum a t  540 nm is 
ascribed to tantalate groups next to V d ,  whereas the 
emission band with a maximum at 580 nm is ascribed to 
tungstate groups. 

Since the emission band of the intrinsic TaO6 group 
overlaps with the tungstate excitation band (see Figure 
3), efficient energy transfer from the tantalate center to 
the tungstate center is to be expected. However, if we 
excite in the maximum of the tantalate excitation band 
(235 nm), only weak tungstate emission is found. This 
may be explained as follows: The 235-nm radiation is 
strongly absorbed, so that the surface layer is preferentially 
excited. If the surface concentration of WT~.  is low, the 
intensity of the tungstate emission will also be low. The 
290-nm radiation penetrates deeper into the sample, 
because it is less absorbed a t  the surface. A strong 
tungstate emission is observed. Obviously the bulk 
concentration of the tungstate centers is much higher than 
their surface concentration. In the case of Lil-xNbl-zWxO~ 
no energy transfer is to be expected, since the spectral 
overlap involved is small (see Figure 2). 

In summary, the luminescence properties of Lil-,- 
Nbl-,W,03 and Li~-,Ta~,W,O~ samples depend on x .  This 
is in agreement with other studies,1°-12 which show that 
the luminescence of LiNbOs and LiTa03 depends strongly 
on the defect concentration. 

Nonlinear Optical Properties. The total NLO re- 
sponse of the solid solutions Lil-,(Nb,Ta)l-,W,Os increases 
linearly with x (see Figures 4 and 5). Although the 
absorption edge shifts to longer wavelengths as x increases 
(see Figure l), the NLO response is not influenced, since 
the fundamental absorption bands of the Lil-,(Nb,Ta)l_,- 
W,03 samples still lie a t  much shorter wavelengths than 
the frequency doubled laser radiation (532 nm). 

According to the bond parameter model derived by 
Bergman and Crane,s the NLO response is a summation 
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of two contributions, i.e., one due to the Nb-O/Ta-O bonds 
and another due to the W-0 bonds, since only the more 
covalent bonds contribute. We have, therefore, decom- 
posed the total NLO response into a contribution due to 
the host lattice bonds and one due to the W-0 bonds. The 
response due to the Nb-O/Ta-0 bonds decreases linearly 
with x ,  whereas that due to the W-0 bonds increases 
linearly with x (see Figures 4 and 5) .  Hence, the total 
SHG response shows a linear increase with x ,  since the 
Nb-O/Ta-0 bonds are replaced by more polarizable W-0 
bonds. Moreover, we may also derive from these data 
that structural changes are of minor importance. 

Using the bond parameter model! a value for 811 of the 
W-0 bonds of (570 f 130) 10-40 m4/V was derived from 
the slopes of the "W-0" curves of Figures 4 and 5,  
neglecting 81. 

Bergman and Cranes have also calculated 011 values of 
several transition-metal oxo (TM-0) bonds, viz., ,811 (Ti- 
0) = 337 X 10-40, j3u(Nb-0) = (130 f ll) X 10-40 and 811- 
(Ta-0) = (81 f 2) 10-40 m4/V (with d~(KHzP04)  = 0.63 
pm/V).ls When comparing these 811 values to ,t?lI(W-O), 
the following relations are found: @(W-0) ZL 1.7 x 011- 
(Ti-0), @11(W-O) = 4 X /NNb-O), and @(W-O) z 7 X 
811(Ta-0). Thus the value of @(W-O) is quite large d t h  
respect to the other TM-0 bond polarizabilities. 

However, this can be explained as follows: Recently 
Lines,20 based on the work of Harrison,2l has derived an 
expression for the nonlinear optical bond polarizability 811 
of transition-metal oxo compounds. It appears that ,611, 
among others, is inversely proportional to the square of 
the mean bandgap (denoted as E,).20 

Figure 1 shows that the optical absorption edge, which 
is a measure of the optical bandgap, of the Lil-,- 
(Nb,Ta)l,W,O3 samples strongly depends on x :  it  shifts 
to longer wavelengths as x increases. Thus the optical 
bandgap of the samples decreases as x increases. For 
instance, for Lil-,Nbl-,WXO3 the optical bandgap changes 
from 5.0 eV ( x  = 0) to 3.4 eV ( x  = 0.5). So in view of this 
large difference in bandgap, j!Jl(W-0) is expected to be a t  
least a factor 2 larger than @ll(Nb-O). 

In conclusion, the increase of the SHG response of the 
Li~-,(Nb,Ta)~,W,O~ solid solutions with x is ascribed to 
the introduction of the more covalent W-0 bonds. 
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