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Abstract

We report the synthesis and optical properties of Rb[Til.2_Ln_lbJOAsO . The solid

solubility of lanthanide ions in the materials decreases exponentially as the size of the lanthanide

ion increases. The materials exhibit absorption spectra characteristic of the particular lanthanide

ion in the structure. The spectral regions between absorption peaks are transparent and will allow

the transmission of fundamental and second-harmonic radiation. The charge transfer band is

red-shifted 0 to 27 nm relative to gbTiOAsO 4(midpoint 331 nm). Second-harmonic intensities

measured at 532 nm decrease exponentially as lanthanide ion concentration increases.
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1. Introduction

Dispersion is defined as the change of refractive index with changing frequency of incident

electromagnetic radiation. Normal dispersion refers to an increase in refractive index with

increasing frequency and is observed at frequencies not near a resonance (absorption).

Anomalous dispersion refers to the decrease in refractive index at or near a resonance frequency.

Figure 1(a) shows the dispersion curve for KTiOPO4 (KTP) in the absence of any absorptions in

the visible region of the electromagnetic spectrum. The dispersion curve was calculated by the

use of the Sellmeier coefficients determined by Vanherzeele et. al._ Figure l(b) depicts the

(anomalous) dispersion curve for KTiOP04 in the presence of a strong absorption. The curve for

type II phase matching was calculated by the use of the Sellmeier equation modified to include

one absorption centered at 625 nm with an extremely large absorption coefficient of 20,000 em"!

and a transition width of 10 nm (FWHM). As shown in Figure 1(b), anomalous dispersion

provides the opportunity to phase match fundamental and higher order harmonic radiation at a

wavelength shorter than is possible with normal dispersion, z3

Ideal properties of an inorganic material (crystal) for anomalous-dispersion phase

matching are low onset power threshold, wide transparency range, large acceptance angle, large

temperature bandwidth, good stability in the fundamental beam, ease of growth of high quality

crystals, and the ability to act as a host for ionic species that have well-defined, narrow absorption

bands. KTiOPO 4 satisfies all of these requirements.

KTiOPO 4 is currently employed for second-harmonic generation of visible radiation

because of its excellent chemical, physical, and optical properties. 4'5'6'7KTP exhibits type II

noncritical phase matching in the x-y plane at 990"and 1080 nm and is the material of choice for

type II phase matching of 1064 nm Nd:YAG laser radiation: The transparency range of KTP
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extends from 4500 to 350 nm,4 which theoretically allows fundamentalwavelengths as short as

700 nm to be frequency doubled; however the shortest wavelength at which KTP can actually be

type II phase matched is 990 nm. This limitation restricts the use of KTP to second-harmonic

generation of 495 nm or longer wavelengths without the use of sum frequency mixing,s'9 cascade

tripling, I° or the use of guided waves. I_'_z'13'_4

Modification of dispersion curves in KTP can be accomplished by the incorporation of

ions that absorb radiation at frequencies between the fundamental and second harmonic. Ideally

the ions should possess absorption bands that have high integrated intensities in the region

between the fundamental and second-harmonic radiation and that are transparent in the region of

the fundamental and second-harmonic radiation. Such discrete, intense absorption bands in the

near ultraviolet and visible region are characteristic of lanthanide (Ln) ions. The absorption

bands result from excitation of f-f transitions and, unlike the absorption bands for transition-

metal substituted KTiOP04 isomorphs, are not significantly shifted or broadened by chemical

interactions.

In this paper, we describe the solubility of lanthanide and niobium ions on t_e titanium

site in polycrystalline Rb[Ti_.z_L_Nbx]OAsO4 (RTA:Ln, Nb) and the dependence of

second-harmonic generation on lanthanide ion ionic radius and sample preparation method. The

KTiOPO 4 isomorph RbTiOAsO4 (RTA) was employed as the host material to increase solid

solubility of Ln(III) on the Ti(IV) site. RTA has a much greater cell volume (953.5 versus 871.2

/_3)and larger constituent ions than KTP and is a more suitable host for lanthanide ions. Niobium

was chosen as an ion to balance charge because of its high polarizability and the favorable

nonlinear response it imparts in other solid-state oxides, _5such as KNbO3,16 LiNbO3,17 and
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Ba2NaNbsOss. Later papers will describe the solid soiubilities and optical properties ofgTA

isomorphs that contain lanthanide ions and aliovalent counterions on the rubidium, arsenic, or

chain oxygen sites, i.e. RTA:Ln, X, growth of single crystals by the use of flux and hydrothermal

methods, and the determination of refractive index ellipsoids and phase matching parameters.

2. Experimental

2.1. Synthesis

Polycrystalline materials were prepared by the use of solid-state methods from solid

reagents that were mixed well and then fired at 850 °C or 950 *C. Polycrystalline materials were

prepared by hydrothermal methods from solid and liquid reagents that were heated at 200 *C

under autogenous pressure.

2.2. X-ray Diffraction

A Scintag powder diffraetometer was employed to collect diffraction data on the

polycrystalline materials. A silicon internal standard was used for each sample. Data were

collected from 10 to 60 degrees 20 in continuous scan mode that sampled every 0.03 ° 20. Lattice

parameters were determined from Rietveld analysis by the use of the GSAS refinement pa.,.dkage._8 I
J

Background, zero shill, unit cell, and peak shape parameters were refined. The atomic positions

for KTiOPO4 served as an initial model.

2.3. UV-visible measurements

A dual-beam Cary UV-visible spectrophotometer equipped with both a helium lamp and a

tungsten lamp was used to collect reflectance data over the range from 830 to 230 nm. A

magnesium carbonate standard was used to collect a background spectrum and was mixed in a 5

to 1 ratio (MgCO 3 to sample) with each sample.
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2.4. Second Harmonic Generation

Second-harmonic intensity data were collected at 532 nm with an apparatus similar to that

described by Dougherty and Kurtz. _9Powder samples were ground to uniform size (1 to 3 I.tm) in

a mortar and loaded into glass capillary tubes. A Quanta Ray DCKI 1 Q-switched Nd:YAG laser

that produced 30 mJ, 10 ns pulses at a repetition rate of 10 Hz was used as a source of

fundamental light. Second-harmonic light was collected in reflectance mode. A beamsplitter

directed the green light to an Oriel 77250 monochromator, which was ad.iusted to select the 532

nm component. The intensity of green light was amplified with a Hamamatsu 1P28A

photomultiplier tube. Output from the photomultiplier tube was transmitted to a Tektronix TEK

2467B 400 MHz oscilloscope equipped with a Tektronix TEK 1001 digitizing camera that was

interfaced with a Crystal Data Systems personal computer. Twenty pulses were averaged to

quantify second-harmonic response. The raw second-harmonic intensity of each of the

lanthanide-doped RbTiOAsO, isomorphs was divided by the second-harmonic intensity measured

for an RbTiOAsO 4 sample prepared using the same synthetic conditions.
",.

3. Results

3.1. Concentration Limits

Lattice parameters for Rb[Til.2xLn_Nb_]OAsO4 determined by the use of Rietveld analysis

of powder diffraction data are presented in Table 1. The unit cell volumes for materials prepared

at 950 °C are shown in Figure 2 (a). The unit cell volumes as a function of Ln concentration for

the materials that contain Lu, Yb, Er, and Gd continue to increase even after more than one phase

is observed in the X-ray diffraction pattern, as indicated by large dashed lines in Figure 2 (a) and

as shown in Table 1. The increase in cell volume after more than one phase is observed is
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ascribed to the incorporation of niobium ions and the formation of rubidium defects; this

mechanism is presented in the discussion section. The phases in addition to

Rb[Tit._,Ln_Nbx]OAsO4, as determined by X-ray diffraction methods, are LnAsO 4,Ln3NbO7, and

RbAsO 3. LnAsO4 is the first impurity phase that is detectable. The other phases are detectable at

higher lanthanide concentrations.

In the linear region of cell volume versus Ln ion concentration, a least squares routine was

used to fit the data and determine the slope for each RTA:Ln,Nb material (Lu = 198, Yb = 213,

Er = 110, Gd = 67, Nd = 24 ,_3/x). The solid lines marked with (talc) show the calculated slopes

for the materials that contain Er (260 ,_/x) Gd (363 _3/x) andNd (460 A3/x). The slopes for the

RTA:Ln,Nb materials that contain Er, Gd, andNd were calculated with the assumptions that (1)

the increase in slope for RTA:Lu,Nb versus RTA:Yb,Nb (7.58 %), is proportional to (and solely

indicative of) the relative ionic size difference of Lu 3+(0.861 A) compared to Yb3+(0.868 A),

(0.813 %), and (2) that the cell volume ofRTA:Ln, Nb materials should increase with increased

size of the Ln ion ( in the linear region of cell volume versus x). The proportionality used to

calculate the slopes for the nmterials that contain Er, Gd, and Nd is:

((mLn-mLu)/mLu)/ ((IRLn=IRLu)/IRLu) -- ((m_-mLu)/mLu))/ ((IR_-IRLu)/IRLu)=

0.0758/ 0.00813 (1)

where m is the slope for RTA:Ln,Nb phase and IR is the ionic radius of the lanthanide ion (l_r =

0.890 A, IR_d= 0.938/k, IRNd= 0.983 A). Note that it was also assumed that the Lu and Yb

materials have slopes indicative of coincident Ln and Nb ion solubility. The fine dashed lines in

Figure 2 si,ow the maximum solid solubility of RTA:Ln,Nb (Ln = Er, Gd, Nd) as determined by
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extrapolation to the lines calculated from equation 1. The discrepancy between the calculated and

observed lines is discussed in section 4.3.

Figure 3 shows the cell volume versus lanthanide ion concentration for samples prepared

at 850 °C and for samples prepared hydrothermally at 200 °C. The solubility oflanthanide ions is

less in the solid-state samples prepared at lower temperature as evidenced by the smaller slope of

the RTA:Er, Nb sample synthesized at 850 °C (91 A3/x) as compared with the sample prepared at

950 °C (110 A3/x). The samples prepared hydrothermally display greatly reduced solid solubility

of lanthanide ions as compared with the samples prepared at high temperature. Figure 4 shows

the solid solubility of Ln and _ ions in samples prepared at high temperature and samples

prepared at low temperature.

3.2. UV-Visible Measurements

The UV-visible spectra of the niobium series exhibit absorptions that are characteristic of

f-f transitions in the lanthanide ions. A series of spectra for different concentrations of Ln ion in

RTA:Er, Nb (850 °C) is shown in Figure 5. The positions of the absorptions are shifted very little

from that of ErgOr The midpoint of the charge-transfer band (336 nm for RbTiOAsO4) shows a

red shill of 12 to 22 nm in RTA:Er, Nb, as detailed in Table II. Note that there is no shift (up to

x = 0.10) of the charge-transfer band for materials prepared at 200 °C.

3.3. Second Harmonic Generation

For RTA:Ln,Nb the intensity decreases exponentially with Ln ion concentration, as

shown in Figures 6 and 7. The data were fit with an exponential function, and the relative error

of each measurement is approximately ten percent. At the two percent substitution level, the

second-harmonic intensities for RTA:Ln,Nb decrease in the order Yb > Gd > Ho > Er > Lu,
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which is very similar to the order in which the ionic sizes of the trivalent ions decrease, Gd > Ho

> Er > Yb > Lu. The ytterbium sample was calcined for a shorter period of time than the rest of

the samples and probably contains fewer defects, which contributes to its increased

second-harmonic intensity.

4. Discussion

4.1. Size Mismatch

There is a pronounced size difference between 6-coordinate trivalent lanthanide ions and

the tetravalent titanium ion. The ionic radius _°of the smallest trivalent lanthanide ion, Lu(III), is

42 percent larger than for Ti(IV), and the ionic radius of the largest lanthanide ion, La(III), is 71

percent larger than Ti(IV). Despite the large size difference, lanthanide ions, along with niobium
,.

ions, have been incorporated into the RbTiOAsO 4structure in low concentration.

4.2 Substitution schemes

The incorporation of lanthanide and niobium ions will be considered separately. The

incorporation of niobium ions on the titanium site can occur with incorporation of lanthanide ions,

rubidium ion vacancies, or reduction of titanium: "

Nb s+----)VRb'+ Ln3++ Ti3+ (2)

The incorporation of lanthanide ions on the titanium site can occur with substitution of niobium

or with creation of oxygen vacancies:

Ln3+--_ ½ Vo+ Nb 5+ (3)

Substitution of lanthanide ions on the rubidium site is also theoreticaUy possible, but, as

determined in our experiments, the solubility is less than 0.5 percent (x = 0.005) for

Rbl._NdxTiOAsO4.

4.3. Defect Mechanisms



The increase of cell volume after multiple phases are observed and the unexpectedly small

slopes for the compounds that contain Er, Gd, and Nd support a reaction mechanism in which

lanthanide and niobium ions are coincidentaUy incorporated at low concentration (small x)

gbAsO 3 + TiO2 + x/2 LthO 3+ x/2 Nb20 5_ Rb[Tit.z,J.,n_Nbx]OAsO4 (4)

and at higher concentration, niobium ions are incorporated with the formation of rubidium

defects, niobium-poor solids, and volatile components (Rb20 and/or Rb-As-O)

RbAsO 3+ 1-x TiO2 + x/2 LrhO3+ x/2 Nb20 5_ Rbt.z[Tit._.#nrNbrjOAsO 4 + (5)

Nna-poorsolids + volatiles

The evidence that supports mechanism 4 is the following: (a) The solids other than the

RTA:Ln,Nb phase, LnAsO4, Ln3NbO7, and RbAsO3, are deficient in Nb relative to Ln. (b) There

is a precedent for niobium-substituted KTP isomorphs that are deficient in alkali-metal ions, that

is, Ko.92Ti092Nbo.08OPO4. _ (c) The relatively high temperature (950 °C) used to prepare the
r

samples promotes the formation of alkali-metal defects. 22 (d) The increased cell volume after

multiple phases are observed is consistent with continued incorporation of a larger ion, i.e. Nb 5.

(or Ti3.). The actual slope for Rb[Ti_.z,EqNbx]OAsO 4 approximates the calculated slope only at

x _<0.02 as shown in Figure 2(b). The large deviation of calculated and observed slopes for
i

RTA:Er, Nb (and for Ln = Gd, Nd) implies that mechanism 4 is operative only at low

concentration (x _<0.02 for Gd) and that the extrapolated solid solubilities overestimate the actual

Ln and Nb coincident solubility.

4.4. Effect of temperature and preparatioo method

The samples prepared at 850 °C are consistent with mechanisms 4 and 5 and also with the

assertion 22that defect concentration increases with increased temperature. The smaller slope for

RTA:Er,Nb prepared at 850 °C compared to that prepared at 950 °C implies that the materials
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prepared at 850 °C contain fewer rubidium vacancies and less niobium (smaller z in equation 5)

than the materials prepared at 950 °C. In the low-temperature hydrothermaUy prepared samples,

the maximum ianthanide ion concentration is approximately two percent, and the cell volume does

not increase after impurities are observed. The low solid solubility demonstrates the importance

of high temperature for maximizing lanthanide and niobium ion eoincide_nt solubility. The

constant cell volume after the appearance of multiple phases emphasizes that extrinsic rubidium

vacancies can be greatly reduced at lower temperature under hydrothermal conditions. This

observation has implications in single crystal growth and the method chosen to grow single

crystals.

4.5 Second-harmonic generation

The second-harmonic intensities for the Rb[Til.z,.Lr_Nbx]OAsO4 phases decrease

exponentially as lanthanide ion concentration is increased. The effect of incorporation of Ln and

Nb ions into the cis-trans linked TiO_ chains is to interrupt the long-range Ti-O-Ti interactions,

cause local distortions that presumably disrupt the long-short metal-oxygen bond distance

alternation (esp. with lanthanide ions), and introdu/_e other defects (namely rubidium ion

vacancies), all of which are expected to decrease the second-harmonic response.

These deleterious effects were foreseen. Previous work _3has shown that in many cases

the second-harmonic response ofKTiOPO 4 and its isomorphs is little affected by isovalent

substitution on the potassium or phosphorous sites; however in all cases, partial or complete

substitution of transition-metal or main-group ions on the titanium site drastically reduces the

second-harmonic _esponse. In the RTA:Ln,Nb materials the assumption is that the decrease in
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second-harmonic intensity is tolerable because the incorporation of Ln ions will provide the ability

to phase match at shorter wavelengths.

5. Conclusions

RbTiOAsO 4is a suitable host for lanthanide ions. The high-temperature chemistry of

Rb[Til.z,,Lrt,Nbx]OAsO4 is complex. Single crystal grown by high-temperature routes (flux

method) should be grown at as low a temperature as allows acceptable growth rates in order to

minimize rubidium defects and optimize optical properties. Anomalous-dispersion phase-matched

second-harmonic generation should be possible based on the appearance of UV-visible spectra for

RTA:Er,Nb and our demonstrated ability to incorporate lanthanide ions into gbTiOAsO 4.

6. Acknowledgments

We gratefully acknowledge Michael B. Sinclair for his calculations of the dispersion

curves. This work was supported by the United States Department of Energy under Contract

DE-AC04-94AL85000.

, °



12

H. Vanherzeele, J. D. Bierlein, and F. C. Zumsteg, Appl. Opt. 27 (1988) 3314.

2 J.A. Armstrong, N. Bloembergen, J. Ducuing, and P. S. Pershan, Phys. Rev. 127 (1962)

1918.

3 F.A. Franken and J. F. Ward,Rev. Mod. Phys. 35 (1963) 23.

4 F.C. Zumsteg, J. C. Bierlein, and T. E. Crier, J. Appl. Phys. 47(11) (1976) 4980-4985.

s R.F. Belt, G. Oashurov, and Y. S. Liu, Laser Focus/Electro-Optics (1985) 110-124.

6 D. Eimerl, Proc. SPIE_Int. Soc. Opt. En& 681 (1986) 5.

7 T.Y. Fan, C. E. Huang, B. Q. Hu, R. C. Eckhardt, Y. X. Fan, R. L. Byer, andR. S.

Feigenlson, Appl. Opt. 26 (1987) 2391.

s J.C. Baumert, F. M. Sehellenberg, W. Lenth, W. P. Risk, G. C. Bjorklund, and G. C.

Appl. Phys. Lett. 51 (1987) 2192.

9 W.P. Risk, H. C. Baumert, G. C. Bjorklund, F. M. Sehellenberg, .and W. Lenth, Appl.

Phys. Lett. 52 (1988) 85.

_o D.W. Anthon, and C. D. Crowder, Appl. Opt. 27 (1988) 2650.

_ J.D.Bierlein, A. Ferretti, L. H. Brixner, and W. Y. Hsu, Appl. Phys. Lett. 50(18) (1987)

1216.

t2 J.D. Bierlein, D. B. Laubacher, and J. B. Brown, Appl. Phys. Lett. 56(18) (1990) 1725.

13 C.J. Van der Poel, J. D. Bierlein, J. B. Brown, and S. Colak, Appl. Phys. Lett. 57(20)

(1990) 2074.

_4 W, P. Risk, Appl. Phys. Lett. 58(1) (1991) 19.

_: D.F. Eaton, Science 253 (1991) 281.

_6 S.K. Kurtz and T. T. Terry, J. Appl. Phys. 39 (1968) 3798.



i ,

13

_ A. Ashkin, G. D. Boyd, J. M. Dziedzic, Smith, R. G., A. A. Ballman, and K. Nassau,

Appl. Phys. Lett. 9 (1966) 72.

is A.C. Larsen, R. B. Von Dreele, and M. Lujan, Jr., GSAS Structure refinement Package,

Version 6.1, (Los Alamos National Laboratories, NM, 1993).

_9 J.P. Dougherty and S. K. Kurtz, J. Appl. CrystaUogr. 9 (1976) 145.

2o R.D. Shannon, Acta Crystallogr., Sect A 32 (1976) 751.

21 P.A. Thomas andB. E. Watts, Solid State Commun. 73(2) (1990) 97-100.

22 P.A. Morris, M K. Crawford, A. Ferretti, K. H. French, M. G. Reelers, J. D. Bierlein, J.

B. Brown, G. M. Loiaccno, and G. Crashurov,Mat. Res. Soc. Symp. Prec., Vol. 152

(1989) 95.

23 G.D. Stuck'y, M. L. F. Phillips, and T. E. Crier, Chem. Mater. 1 (1989) 492.



Table I. Physical Data for Rb[Ti_.z_Ln_qbx]OAs04

sample (Ln ion), prep. x a I b c volume SHG_
method and

SS, 950 °C 0.00 13.258 (2) 6.680 (1) 10.767 (1) _953"5 (3) 1.00

SS, 950 °C 0.02 13.287 (2) 6.688 (1) 10.775 (1) 957.5 (2) 0.32

0.05 13.321 (2) 6.702 (2) 10.866 (1) 964.7 (2) 0.16

0.10 13.355 (4) 6.716 (2) 10.823 (3) 970.7 (5) 0.13

0.15" 13.401 (3) 6.753 (2) 10.853 (2) 982.2 (3) 0.06

0.20" 13.466 (8) 6.759 (4) 10.914 (3) 993.4 (5) 0.01

SS, 950 °C 0.02 13.276 (1) 6.688 (1) 10.776 (1) 956.7 (2) 0.85

• 0.05 13.303 (2) 6.697 (2) 10.785 (2) 960.9 (3) 0.32

0.10 13.399 (5) 6.727 (2) 10.868 (3) 979.5 (6) 0.05

0.20* 13.456 (5) 6.757 (3) 10.930 (4) 993.8 (5) 0.01

I4, 200 °C 0.02 13.290 (4) 6.710 (2) 10.727 (3) _-956"6 (3) 0.80

0.10" 13.303 (12) 6.712 (5) 10.724 (3) 957.5 (19) 0.62

0.20* 13.285 (5) 6.711 (3) 10.720 (11) 955.7 (7) 0.50

SS, 850 °C 0.02 13.280 (2) 6.691 (1) 10.779 (2 _957"7 (2) 0.56

0.05 13.291 (2) 6.694 (1) 10.774 (2) 958.5 (3) 0.59

0.10" 13.326 (7) 6.712 (3) 10.768 (4) 963.0 (7) 0.11



Table I. Physical Data for Rb[Ti_._Ln_Nbx]OAsO,

sample (Ln ion), prep. x /7 b c volume SHG
method and temp. _ _ _

0.15" 13.354 (5) 6.730 (3) 10.780 (3) 968.8 (5) 0.12

Er SS, 950 °C 0.02 13.282 (1) 6.689 72) 10.780 (1) 957.8 (2) 0.53

0.0"--"-'_ 13.308 (2) 6.700 (1) 10.782 (2) 961.4 (3) 0.12

0.10" 13.333 (3) 6.711 (2) 10.788 (2) 965.3 (3) -

0.15" 13.355 (4) 6.724 (3) 10.806 (3) 970.3 (7) -

0.20* 13.409 (6) 6.748 (3) 10.800 (3) 977.2 (5) -

Er SS, 850 °C 0.02 13.273 (1) 6.686 (1) 10.769 (1) 955.7 (1) 0.80

0.05 13.297 (2) 6.697 (1) 10.774 (1) 959.4 (2) 0.38

0.10" 13.386 (8) 6.722 (3) 10.795 (4) 971.4 (8) 0.06

0.20* 13.390 (5) 6.772 (3) 10.805 (4) 979.7 (6) -

Er H, 200 °C 0.02* 13.280 (8) 6.705 (4) 10.732 (7) 955.5 (7) 0.64

0.05* 13.272 (2) 6.680 (12) 10.781 (17) 955.8 (16) 0.35

0.10" 13.299 (10) 6.715 (4) 10.723 (5) 957.6 (7) 0.11

0.02 13.270 (2) 6.684 (7) 10.772 (1) 955.4 (2) 0.71

0.05* 13.280 (2) 6.695 (1) 10.764 (1) 957.1 (2) 0.59

0.10" 13.314 (5) 6.708 (2) 10.756 (3) 960.6 (4) 0.14

0.20* 13.305 (4) 6.719 (2) 10.752 (4) 961.2 (4) 0.02



Table I. Physical Data for Rb[Ti__2_r_Nbx]OAsO4

_Lattice parameters in angstroms; unit cell volumes in angstroms cubed.
_Second harmonic generation relative to RbTiOAsO 4 prepared under the same conditions.
Note: * - indicates the sample contains more than one phase.

SS - solid state.

H- hydrothermal.



Table II. Midpoint of Charge-Transfer
Band in Rb[Tit.uErxNb,]OAsO 4.

.....

x mid. CTB I mid. CTB 2
, ,, , ,,, --

0.00 331 nm 336 run

0.02 331 run 357 nm
,,, ,, , ,,,,

0.05 331 rim 354 run

0.10 331 nm 348 nm
, ,,,,,,

0.20 340 nm 358 nm

|prepared at 200 *C
2prepared at 850 *C

• ° -%



Figure Captions

Figure 1. Type II phase matching for KTP with normal dispersion (left, from Sellmeier equation

for KTP) andwith anomalous-dispersion (fight, calculated).

Figure 2 (a). Cell volume versus lanthanide ion concentration for Rb[Ti_.z,Lrt,Nb_]OAsO4

prepared at 950 oC. (b). Expanded view ofRb[Ti_.z,Er, Nbx]OAsO4.

Figure 3. Cell volume versus lanthanide ion concentration for solid-state (SS) and hydrothermal

(_ samples.

Figure 4. Solid solub2ity limits oflanthanide ions on the titanium site for Rb[Ti_.2_Ln_Nb_]OAsO4

as determined by extrapolation and by appearance of more than one phase in the

X-ray diffraction pattern. The numbers indicate the temperature at which the samples

•. were prepared.

Figure 5. Diffuse reflectance spectra for gb[Ti_.uEr_Nbx]OAsO4prepared at 850 °C and ErzO3

(Aldrich).

Figure 6. Second-harmonic generation versus lanthanide concentration for samples prepared at

950 °C. . • •

Figure 7. Second-harmonic generation versus lanthanide concentration for samples prepared at

850 °C unless otherwise marked.
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