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A CONTRIBUTION TO THE DEVELOPMENT OF WIDE BAND-GAP
NONLINEAR OPTICAL AND LASER MATERIALS

CHAPTER 1

INTRODUCTION

Overview

In the time since the frequency doubling of light by a non-

centrosymmetric medium was first demonstrated in 1961 by Franken et. al. (1) the

development and applications of nonlinear optical (NLO) materials have

blossomed. These materials open up the lasing wavelength range to higher

energy frequencies than those obtainable by using current single-frequency solid-

state, semiconductor, and gas lasers alone. This expanded lasing spectrum

contributes to many vital laser applications in fields such as materials processing,

medicine, and research.

Frequency doubling or second-harmonic generation (SHG), is a specific

NLO response of noncentrosymmetric crystals when they are subjected to high-

power coherent light, i.e., a laser beam. This NLO response derives from a
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mineral tourmaline. To extend the functional range of NLO borate crystals, two

new examples, Ba2B10O17 and La0 75Y0.25Sc3(B03)4, have been synthesized and

characterized, the latter potentially exhibiting properties suitable for direct

second-harmonic conversion to vacuum-ultraviolet wavelengths.

In the remainder of this chapter, some of the fundamental and practical

aspects of second-harmonic generation will be addressed, a brief review of known

materials will be given, and a scheme for development of new crystals will be

presented.



El

The nonlinear optical effect and second-harmonic generation

Influences on the refractive index ofa material

The refractive index (n) of a material is given as:

n= (1.1)

where c is the speed of light in vacuum and v is the velocity of light in the

material. This implies that light will slow down in any medium more dense than a

vacuum and that the velocity of light will decrease when it crosses a boundary

between a less dense medium and a more dense medium. Along with velocity,

the wavelength of light going from medium to medium changes in the following

fashion,

(1.2)
22 V2

and Snell's law of refraction (equation 1.3) describes the path of the light beam

traveling from one medium to another and illustrated in Figure 1.1.

n sin = n2 sinO2 (1.3)

-I

n2 O

Figure 1.1. Illustration of Snell's law of refraction.
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Media other than vacuum contain atoms, which become polarized when they

interact with light. This polarization of the atoms and groups of atoms is

responsible for the change of speed, wavelength, and direction of light from one

medium to another.

The refractive index of a material varies with the frequency of the incident

light.. A material has several natural frequencies or absorption bands; these are

frequencies at which photons are absorbed due to electron motion, vibrations of

atoms, and vibrations of groups of atoms. Between two absorption bands the

refractive index increases with increasing frequency of incident light. This

frequency dependence of the refractive index is known as dispersion and is

illustrated in Figure 1.2.

If the material is anisotropic, the refractive index is also dependent on the

direction relative to the crystal axes that the incident light enters the crystal. The

maximum difference in refractive index as a function of direction is known as

birefringence. Other influences on the refractive index of a particular material

include temperature, pressure, electric and magnetic fields, and the intensity of the

incident light. Detailed descriptions of the dependence of the refractive index of a

material on frequency can be found in references 3-7.



n

Figure 1.2. Illustration of refractive index versus frequency.

Description of tile polarizabillti' of a material

The polarization of a material by an electric field of incident light is not a

linear phenomenon, though a linear approximation works for lower intensities of

incident light. This polarization can be described with equation 1.4,

= aE + 2dUkE)Ek + 4ZIklEJEkEl +... (1.4)

where P is the polarization, E is the applied electric field, a is the linear or first-

order polarizability term or susceptibility of the material, d is the first nonlinear

polarizability term or the second-order susceptibility (quadratic polarizability), x

is the third-order susceptibility, and so on. The subscripts i, f, k, 1 indicate the

direction (x, y, z) of the nth component of the polarization or electric field. The

susceptibility terms sum over these directions, i.e., a0 is a 3 x 3 matrix with 9

terms, d,Jk is a 3 x 3 x 3 matrix with 27 terms, and Xykl is a 3 x 3 x 3 x 3 matrix
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with 81 terms). All even order terms of the series are non-zero only if the

material lacks a center of symmetry.

Second-harmonic generation and the effrct of crystal symmetry

This work deals exclusively with the second-order term and specifically

the frequency-doubling (or second harmonic generation (SHG)) component of

this term. Looking at only this term under frequency doubling conditions, the

polarizability can be expressed as:

dUkE7E (1.5)

Note that i, j, and k take on the integer values: 1 = x, 2 = y, and 3 = z in this

notation. Since there is no physical significance to switchingj and k in equation

1 .5,jk = kj can be substituted by 1 in the following fashion:

1= 1 whenj and k = 1 = xx

l=2whenjandk=2 =yy

l=3whenjandk=3 zz

1=4 whenj or k =2 and the other =3 = zy

l=5whenjork=1 andtheother=3 =zx

l=6whenjork=l andtheother=2 =xy.

For example, a dk of d123 is the same as a d1 of d14 Now the second harmonic

polarization vector can be expressed as a 3x6 d, matrix operating on the 6 x 1 E

matrix:



IE
E5

IPJ Id11 d12 d13 d14 d15 d161

= d21 d22 d23 d24 d25 d76 *
E

2EZEY
d31 d32 d33 d34 d35 d36

2EZEX

2E,E

(1.6)

Depending on the symmetry of the crystal class, many of the d11 coefficients go to

zero. Only the crystal class 1 in the triclinic system has no symmetry and

therefore all 18 terms of the d1 matrix are non zero. Each of the other crystal

classes has a unique set of present, equivalent, and absent d11 terms (6, 8, 9). As

stated earlier, crystals with a center of symmetry do not have a second-order term

(or any other even-ordered terms) in their polarizability. Mathematically it can be

shown that this results in all components of the d, tensor equaling zero (6-10).

For example, the first NLO material demonstrated, a-quartz, belongs to

point group 32. For this particular symmetry, only the d11, d12, d14, d25, and d26

components are nonzero and are related as shown below.

d11 d11 0 d14 0 0

0 0 0 0 d14 d11

0 000 0 0



Phase matching

To maximize the output SHG power, it is essential to match the phase of

this produced SHG wave to that of the fundamental polarization wave. This

implies the two wave velocities and hence their refractive indices must be

identical (11-12). This phase matching of the waves will yield constructive

summation with increasing crystal length and the desired end result of increasing

SHG power, barring absorption effects. The relative output power of SHG of a

crystal is dramatically controlled by whether or not directions exist in the crystal

under the operational conditions that would allow the refractive indices of the

fundamental and produced frequencies to be identical. Materials without such

conditions are not phase-matchable and produce very low power levels of SHG

frequencies. Methods such as quasi-phase-matching can be employed with such

materials, but this requires the existence of a polar axis and very detailed crystal

processing. The ratio of the power density of second-harmonic light to

fundamental input light can be expressed as

- c L2dk
L A/cl

area ('L.Ak)2
(1.7)

2

where P = power, L = NLO crystal length, duk = NLO susceptibility, a =

absorption, and Ak = k2 2k0) (measure of phase mismatch). Increasing P2 can

be achieved by increasing the crystal length, increasing the susceptibility,

increasing the input power, decreasing absorption at the fundamental and second-

harmonic wavelengths, and decreasing Ak. At Ak = 0, the material is phase-

matched.
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The coherence length I

The crystal length at which the amplitude of the combination of the

fundamental and SHG waves reaches its first maximum is defined as the

coherence length (la). This length is described by equation 1.8:

ic (1.8)
'I

When the coherence length becomes infinite (or the difference between the

refractive indices of the input and produced frequencies becomes zero), the

material is phase-matched.

The phase matching angle Opm

The specific directions within a crystal that allow phase-matching are

measured as an angular difference from the optic axis Z. This phase-matching

angle is denoted O and can be described as a cone around the Z axis. Not every

combination of x and y coordinates on the cone produces equivalent SHG power.

Factoring in this projection on the x-y plane direction, another angle, p, is

necessary to describe the direction of maximum SHG power output within a

crystal at a given fundamental frequency. An illustration of these directions is

provided in Figure 1.3. Note that whether or not a noncentro symmetric crystal

can phase-match at a particular input frequency and what the phase-matching

angle at that frequency is dependent on the nature of the material. If a material

phase-matches either along the optic axis (Opm 0°) or perpendicular to it (Opm =

90°), the crystal is deemed to be non critically phase-matched. Phase-matching at
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all other angles is referred to as critical phase matching. Non-critical phase

matching is considered desirable because considerable phase matching can occur

over a much larger angular range centered about this phase-matching direction

than for critically phase-matched directions (13). A 9pm of 45° represents the least

ideal angle for phase matching, resulting in a need for very precise optical

alignment and minimal beam divergence in an actual system. This can be

explained by considering spherical coordinates where it can be shown that n

varies as cos 20. Hence the derivative dnld0 reaches minima at 0 = 0 and 900 and

a maximum at 0 45°.

Types ofphase matching

For uniaxial crystals, phase-matching is described as Type I or Type II,

depending on whether the second-harmonic wave is formed from a single

polarization of input light (Type I) or a combination of perpendicularly polarized

light (Type II). The polarization of the second-harmonic wave is perpendicular to

the input light in the case of Type I or to one of the components of the input light

in the case of Type II. The waves will be polarized either in the direction of the

optic axis along the ordinary refractive index sphere (o), or in the orthogonal

direction along the axis of the extraordinary ellipsoid (e). The production of SHG

requires the input of two photons of fundamental wavelength to make one photon

of the frequency-doubled wavelength. This yields six possible and four unique

combinations of polarizations of input (two parts) and output (one part) waves for

phase-matching:
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Type I Type II
o+o-e o+e-e (e+o-+e)
e+e-o e+o-+o (o+e-+o)

Uniaxial crystals, or crystals with two refractive indices at a given wavelength,

can be deemed either positive or negative depending on whether the ordinary or

extraordinary refractive index is larger, respectively. For negative uniaxial

crystals, extraordinarily polarized light will always be produced and for positive

uniaxial crystals ordinarily polarized light will always be produced. Refer to

Figure 1.3 for the polarization directions.

z

y

Figure 1.3. Polarization directions and angles in a Type I phase-matched negative
uniaxial crystal.
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Effect on SHG from identity, orientation, and packing of oxoanions

As stated earlier, the ratio of the second harmonic power density to the

fundamental power density (eq. 1.7) in an SHG process is proportional to the

square of the nonlinear coefficient dk. The bulk SHG nonlinear optical

coefficient (or second-order susceptibility) dk of a material is dependent on the

response of the microscopic, molecular level groups within the crystal.

Specifically this response is determined by the nonlinearity or hyperpolarizability

(Jiimn) of a microscopic group as well as the relative orientations and packing

densities of a collection of the groups in a given crystal. These dependencies of

duk can be expressed with equation 1.9,

IN
dk RjlRjmRkn/3lmn (1.9)

Jmn

where the components of the hyperpolarizability tensor (J3imn) are summed

according to the directional cosines or orientation functions (R) of the individual

groups and weighted by their number densities (1/1'). Basically, materials with

groups (in this case oxoanions) possessing large /3lmn components that are

identically aligned and densely packed will have the largest dk values.

Many optical properties, including second-order effects and the

microscopic hyperpolarizability fl, are influenced by the energy gaps and bond

polarities of specific molecular-level groups. The microscopic hyperpolarizability

tensor components can be determined by using a sum-over-states model as given

in equation 1.10,
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fl(co,co) = V
(COe _2COXCOe (Og

(1.10)

where
I

g) represents a ground electronic state, e) and e') represent excited

electronic states, and co and 2w represent fundamental and second-harmonic light

energies, respectively, in the frequency-conversion process. Hence, by mixing

states through the magnitudes of their transition moments weighted by the

relevant energy gaps, a description of the polarization state of a molecular-level

group can be obtained.

The molecular microscopic hyperpolarizability coefficients /3imn exhibit

lmn directional components that have the same symmetry characteristics as those

associated with the bulk crystal macroscopic nonlinearity duk (cf eq. 1.6). Tn this

work, for example, the nonlinear characteristics of structures containing trigonal

B03 groups (Figure 1.4) will be considered. This group ideally exhibits D3h

symmetry, so the only nonzero components of the hyperpolarizability tensor are

/3i = -/3122 = -/3212. The hyperpolarizability coefficients and /3)22

corresponding to induced hyperpolarization along x by light polarized orthogonal

to x and y, respectively, have opposite signs. This result can readily be

appreciated by considering the effects of polarized light on each of the bond

dipoles in the group. For some collection of these groups, either aligned or

misaligned, the second-order susceptibility (dk) will correspond to projection of

the individual hyperpolarizability coefficients (/3,,) onto a conventionally defined

Cartesian system (cf, eq. 1.9). Conceptually, the hyperpolarizability derives

largely from motions of electron density along bonding directions, so we can
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follow the alignment or misalignment of these bonds to account for a macroscopic

nonlinearity, relying on results from single-crystal diffraction experiments to

define the microscopic structural arrangement.

Figure 1.4. D3h oxoanion B033

Large band-gap energies for oxides produce transparency windows at high

energies, i.e., from JR to T.JV, but a small microscopic hyperpolarizability. This

can lead to a low SHG efficiency compared to an identical structure with different

metals and a small band gap. Hence a balancing act must be performed to

idealize transparency with SHG efficiency if short wavelength frequency
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conversion is the end goal. This may be done by identifying materials with large

band gaps but densely packed and preferentially oriented groups.

A survey of current nonlinear optical crystals and their applications

Frequency-doubling crystals currently in use

The goals in the development of new SHG crystals include the following:

optimized transparencies and phase-matching conditions leading to the production

of lasing at shorter wavelengths; improved SHG conversion efficiencies; and high

optical damage thresholds for the production of higher powers over current

technology. Presently, some of the most common SHG materials in use in laser

systems include the following:

- LBO LiB3O5

L2BO Li2B4O7

CLBO CsLiB6O10

- KTP KTIOPO4

- KDP KH2PO4

- LiNbO3

KNbO3

A summary of their deff values, phase-matching angles, transparency windows,

damage thresholds, crystal-growth technique, and comments on physical

properties is given in Table 1.1.
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Table 1.1. Properties of selected SHG crystals at 1064nm (6, 13 - 15).

Crystal deff Opm Type Transmit Damage* Growth Comments
(pmIV) I, II (nm) (J/cm2)

LBO 1.17 0, 90 biaxial 160-2600 25 flux

BBO 2.01 22.8 I 198-2600 13 flux

1.43 32.3 II

L2BO 0.07 30.5 I 160-3500 very high Cz. H20 sol.

CLBO 0.49 29.2 I 170-2600 25 Cz hygroscop.
0.95 42.1 II

KTP 3.24 biaxial 350-4500 15 flux

KDP 0.26 41.0 I 177-1700 10 flux H2Osol.
0.34 58.7 II

LiNbO3 not phase-match- 330-5500 10 Cz.
able at 1064 nm

KNbO3 10.90 18.7 biaxial 400-4500 1.7 Cz.

*tpr1Ons,?1O64nm

LBO is currently the standard for high-power 1064 to 532-nm wavelength

conversion because of its high damage threshold and non-critical phase-matching

at 90°. However, it is not phase-matchable for fundamental wavelengths below

688 nm, limiting its usefulness to the production of near UV light. BBO

possesses both Type I and Type II phase-matching over a wide range of angles,

and it can be Type I phase-matched at a short-wavelength fundamental limit of

410 mm Limitations of this crystal include difficulty of consistent quality crystal



growth and high angular sensitivity to phase-matching, requiring considerable

precision and very little flexibility in the optical system. L2BO, CLBO, and KDP

all have water-solubility problems, requiring care in the treatment and packaging.

All three have relatively low deff values but very high damage thresholds and

transparency windows. KTP, LiNbO3, and KNbO3 are very robust crystals with

large deff values, but they are opaque in the ultraviolet range.

Applications offrequency-doul,ling crystals

Frequency doubling crystals can be found in laser systems for materials

processing, medicine, data storage, and analytical research and detection. The

advantages of using all solid-state laser systems incorporating SHG crystals

include the following: virtually maintenance free systems; many electrically

efficient systems; beam stability; simple operation; and compactness. A brief

outline of some SHG crystal applications is given in Table 1.2.

Table 1.2. Applications of SHG crystals.

Medical

Laser eye surgery

Cancer treatment
(photodynamic therapy)

Materials Processing Analytical

Micromachining Flow cytometry

Microlithography Detection

Stroke treatment DVD mastering
(removal of blood clots) (16)
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Development and characterization of new SHG materials

Development of a successful material for application in frequency

doubling laser light depends on the optimization of certain highly desirable

physical properties of a material. These desirable properties include the

following: a melting or decomposition point above 700°C but not so high as to

not be obtainable using conventional furnaces; congruent melting or

straightforward solution growth; ease of large three-dimensional crystal growth;

chemical, thermal, and physical stability; high purity of crystals; high damage

threshold; wide transparency range (JR to UV); suitable birefringence for phase

matching; and large d1 nonlinear polarization coefficients. In order to have these

desired properties in a material, certain composition and structure conditions must

be met. For example, to achieve a wide transparency range from IR to UV, the

materials should be synthesized from oxoanions of groups 13-16, such as borates,

silicates, or phosphates, with charge compensation by cations from Groups 1 or 2

or the Lanthanides Sc3, y3 or La3t Other anions such as fluorides and sulfides

may have desirable optical properties, but crystals containing these anions are

generally not as chemically and physically stable or easily manufactured. Also,

sulfides do not have the transparency windows that we desire, and fluorides

generally exhibit small nonlinear coefficients because of their wide band gaps (cf,

eq. 1.7). For the production of frequency doubled light, the material must be

noncentrosymmetric. Maximizing the efficiency of frequency conversion

requires the optimization of the orientation of the anionic groups (the groups
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should be similarly aligned) and their packing in the unit cell (number density)

should be maximized.

The basic steps of materials development for this application include the

following: review the literature and databases on existing materials for desirable

compositions/structures that will potentially yield the desired properties;

synthesize existing and new materials based on predictions; confirmlcharacterize

structures and properties via analytical techniques such as powder diffraction,

single crystal studies, differential thermal analysis (DTA), and SHG screening for

deff and phase-matchability; scale up the crystal growth of any promising

candidates from the characterization stages using Czochralski or flux-growth

techniques; and finally optical characterization of large crystals with respect to

phase-matching angles and type, damage threshold, d11 values, and thermal

response.
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Abstract

A new noncentrosymmetric huntite borate with the formula

La075Y025Sc3(B03)4 (YLSB) has been discovered and characterized. This

material crystallizes in the space group R32(h) with cell parameters a= 9.805(3),

c= 7.980(2) A, V= 664.4(2) A3 and Z=3. This material is isostructural with

YA13(B03)4 (YAB) and contains nearly coplanar arrays of B03 groups extending

perpendicular to the c axis. Second-harmonic generation data from powder and a

calculated d1 matrix are presented.
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Introduction

The purpose of this study was to identify a new, widely transparent

nonlinear optical material within the family of compounds LnM3(B03)4 (Ln =

lanthanide, Y; M = Al, Ga, Sc). The trigonal, huntite derivative YA13(B03)4

(YAB), for example, has been extensively studied as a self-frequency doubling

laser host (1-9), and more than 100 papers have been published on this topic

during the past decade. References 1-16 represent a partial survey of this

literature. Interest in this material arises from its high frequency-conversion

efficiency and the ability to dope lanthanide laser ions on the Y site. The major

limitation, however, in developing the compound has been the difficulty in

growing large, high-quality crystals. At present, the only known flux for the

growth of YAB is a polymolybdate (2, 3, 11), but this flux suffers from problems

of volatility and Mo incorporation into the crystals; the latter problem limits short-

wavelength applicability.

To circumvent these crystal-growth problems, efforts have been directed

to the development of the Sc huntite derivatives LnSc3(B03)4 (12-18). These

materials exist for the lighter lanthanides La Gd. The La derivative

(LaSc3(B03)4, LSB), however, crystallizes in a monoclinic form of the huntite

structure, providing only a very weak nonlinear susceptibility. Nevertheless, the

compound melts congruently, and it is easily grown for the commercial

production of high-efficiency Nd3tdoped laser rods. For the heavier lanthanides,

trigonal huntite phases can be identified, but as the size of the lanthanide



decreases, X-ray data provide evidence for an increasing occurrence of stacking

faults, diminishing the integrity of the trigonal structure. The monoclinic

structure of LSB can be converted to the trigonal form by doping with a smaller

lanthanide, e.g., Gd. Indeed trigonal crystals of Nd:Lao.8Gdo.2Sc3(B03)4 have

been grown by the Czochralski method, but with very poor crystal quality. This

poor quality could be associated with the aforementioned stacking faults or the

growth method, since the mixed crystal cannot melt congruently.

To produce a widely transparent, trigonal huntite containing Sc, we have

substituted Y for La in LSB, and a flux method has been utilized to produce a

high-quality trigonal crystal. In this contribution, we describe the crystal structure

and nonlinear optical properties of the new trigonal borate Lao.75Y0.25Sc3(B03)4

(YLSB).



Experimental

Synthesis and crystal growth
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A powder sample of YLSB was prepared by grinding together a

stoichiometric ratio of La203 (Stanford Materials, 99.999%), Y203 (Stanford

Materials, 99.99%), Sc203 (Stanford Materials, 99.99%), and B203 (Alfa AESAR,

99.98%). The sample was heated at 1073 K for 2 h in a platinum crucible

followed by regrinding and heating at 1373 K for 96 h. The resulting powder

exhibits an X-ray diffraction pattern indicative of the R32 structure of YAB.

Crystals were grown for elemental and X-ray structure analysis by using

the flux LiBO2 (Cerac, 99.9%); the mixture for crystal growth was 33 wt% YLSB

and 67 wt% LiBO2. The sample was heated in a platinum crucible from room

temperature to 1323 K at a rate of 60 KIh, soaked for two hours, cooled at a rate

of 6 Klh to 1023 K, and then quenched to avoid crystallizing the flux. Colorless,

transparent hexagonal crystals were observed in the glassy solidified melt. A

transparent block of dimensions 0.1 x 0.3 x 0.5 mm was extracted and mounted

on a glass fiber with epoxy for elemental analysis and structure determination.

Elemental analysis

An electron microprobe analysis (CAMECA SX-50 electron microprobe)

was performed on the selected YLSB crystal. The operating conditions included

an accelerating voltage of 15.2 kV and a beam current of 49.78 nA. Five sets of



qualitative and quantitative elemental analyses data were collected and averaged.

A summary of these data, assuming stoichiometric amounts of B, is given in

Table 2.1. The stoichiometry was calculated on the basis of 12 0 atoms and 4 B

atoms in each formula unit, consistent with the composition of members of the

huntite family.

Table 2.1. Elemental analysis and stoichiometry for YLSB.

Element Average Atomic % # per Formula Unit (pfu)
B (20.0)* 4
0 (60.0)** 12
Sc 14.59(8) 2.92
Y 1.11(6) 0.22
La 4.30(4) 0.86
* Calculated assuming 4 B pfu and 20 total atoms pfu.
** Calculated assuming 12 0 pfu and 20 total atoms pfu.

Structure analysis

Unit cell and intensity data collection

All measurements were made on a single-crystal Rigaku AFC6R

diffractometer with graphite-monochromated Mo Ka radiation from a rotating-

anode generator. Cell constants and an orientation matrix for data collection were

obtained from a least-squares refinement by using 24 automatically-centered

reflections in the range 20 20 35°. The cell constants correspond to a

rhombohedral cell (hexagonal axes); Laue symmetry 3m was determined on the
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diffractometer. Intensity data were collected over the range of indices -15 h

15, 0 k 15, -12 I 12 by using the w-20 scan technique to a maximum 20

value of 700. Of the 2065 reflections collected, 380 were unique, and 380 had F02

3c(F). The intensity of three standard reflections measured after every set of

400 reflections varied by an average of 1.0% during the collection.

Solution and refinement

The structure was solved by using programs from the TEXSAN

crystallographic software package (26). On the basis of the systematic condition

hkil, -h+k+l = 3n, the statistical analysis of the intensity distribution, packing

considerations, and the successful solution and refinement of the structure (vide

infra), the crystal was found to form in the noncentrosymmetric space group R32

{#155]. The La and Sc positions were derived from the direct methods program

S1R92 (19), and the remaining atomic positions were determined from difference

electron-density maps. After full-matrix refinement with isotropic displacement

coefficients on each atom, the occupancies of the La and Sc sites were refined.

No significant change in the Sc occupancy factor was observed, so it was

subsequently fixed to unity. Occupancy of the La site was significantly reduced,

indicating occupation of Y on the La site. Following refinement with isotropic

displacement coefficients on each atom, an empirical absorption correction was

applied with the program DIFABS (17), and the data were then averaged (R10

0.042). The final cycle of full-matrix least-squares refinement (20) with 380

observed reflections (I> 3.00a(I)), anisotropic displacement coefficients on the 0
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atoms, and 28 variable parameters (secondary extinction coefficient = 2.7 x 106),

converged to the agreement factors R = 0.022 and R = 0.031. Refinement of the

final La occupancy factor leads to the formula Lao.75Yo.25Sc3(B03)4. The

weighting scheme in the least-squares refinement was based on counting statistics

and included a factor (p = 0.040) to reduce the weighting of the intense

reflections. Plots of w (IFol IFcI)2 versus IFol, reflection order in data

collection, sin OIX and various classes of indices showed no unusual trends. The

maximum and minimum peaks on the final difference electron-density map

corresponded to 0.96 and 0.5 8% of the Sc atom, respectively. Crystal data are

outlined in Table 2.2, positional and isotropic displacement coefficients are listed

in Table 2.3, and anisotropic displacement coefficients are listed in Table 2.4.
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Table 2.2. Crystallographic data for YLSB.

Formula Weight, amu 496.51

Crystal System Rhombohedral

Space Group R32(h) [155]

a, A 9.805(3)

c, A 7.980(2)

v, A 664.4(2)

Z 3

Dcaic, g cm3 3.722

F(000) 695

Diffractometer Rigaku AFC6R

Radiation Mo Ka (X=0.7 1069)
graphite-monochromated

Data Collection ±h, k, ±1

No. Observations (total, unique) 2065, 380
(F023(F02)) 380

R 0.022

0.031

Maximum Shift in Final Cycle 0.00

GOF 1.07

R = 11F01 IFI / FOI = 0.022
R = [( w (IFOI lFI)2 / E w F02)]112 = 0.03 1
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Table 2.3. Positional and thermal parameters (Beq) and occupancy for YLSB.

Atom Wy x y z Beqa

Lab 3a 0 0 0 0.79(1)

Sc 9d 0.4572 0 0 0.56(2)

B(1) 3b 0 0 V2 0.67(8)

B(2) 9e 0.5507(5) 0 V2 0.72(6)

0(1) 9e 0.1405(4) 0 V2 0.80(4)

0(2) 18f 0.5449(4) 0.8580(4) 0.4853(4) 1.16(4)

0(3) 9e 0.4081(5) 0 V2 1.53(7)

aBeq = (8it/3)2E j Uj a1 a*
a1 aj

boccupancy = 0.154/0.1667

Table 2.4. Anisotropic displacement parameters for YLSB.

Atom U11 U22 U33 U12 U13 U23

0(1) 0.0069(9) U11 U11 0.0061 -0.0014(5) -0.0027

0(2) 0.020(1) U11 U11 0.0104(9) 0.002(1) 0.0005(8)

0(3) 0.011(1) U11 U11 0.0018 -0.0024(7) -0.0131
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Differential thermal analysis

A differential thermal analysis (DTA) scan was obtained on a TA

Instruments Thermal Analysis DTA 1600°C Delta-T Cell interfaced with a PC by

using the software Universal Analysis.

Optical second-harmonic generation studies

The experimental method of Kurtz and Peny (28) was used to measure

powder SHG signals with a 1064-nm laser. The sample was ground and sieved

by using a stack of mesh sizes 25, 45, 53, 63, 75, 106, 125, 150, 212, and 250 tm.

Samples of KH2PO4 (KDP,) -BaB2O4 (BBO), and a-quartz were prepared as

reference materials in an identical fashion. The samples were pressed between

glass microscope cover slides and secured with tape in 1-mm thick aluminum

holders containing a 5-mm diameter hole. The samples were then placed in a

light-tight box and excited with 20-mJ, 1064-nm pulses from a Q-switched New

Wave Research Minilase-20 Nd:YAG laser. A cutoff filter was used to limit

background flash-lamp light on the sample, and an interference filter (530 ± 10

nm) was used to select the second harmonic prior to detection with a

photomultiplier tube attached to a Tektronix SC 504 80-MHz oscilloscope.

Samples of A1203 (Stanford Materials, 99.999%) and a quartz were used to

monitor and calibrate the instrumental setup. A photograph of the experimental

setup is presented in Figure 2.1.
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Figure 2.1. Modified Kurtz-Perry powder SHG setup.



Results and Discussion

Structure
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The structure of YLSB is illustrated in Figure 2.2. It is a classical huntite

type with nearly planar layers of B03 groups extending in the ab plane. The La,

Y, and Sc atoms occupy six-coordinate sites between these layers with the LaIY

atoms centering a distorted trigonal prism and the Sc atom centering a distorted

octahedron. The LaIY sites are completely isolated one from the other, while the

Sc06 octahdera share edges. Coimectivities between the dissimilar polyhedra

occur only through vertex sharing.

Selected interatomic distances and angles are listed in Table 2.5. The

prismatic, six-coordinate LaJY site has a LaJY-O bond length of 2.466(3) A,

which compares to a weighted average of 0.75 x La-O and 0.25 x Y-O distances

from crystal radii (27) of 2.37 A. The average Sc-O length 2.10(3) A corresponds

to the value, 2.105 A, deduced from crystal radii, and the B-O distances are

similar to the expected value of 1.37 A.

X-ray diffraction patterns demonstrating the existence of the trigonal

structure for YLSB are given in Figure 2.3.

Frequency conversion

The magnitude of the second-order nonlinearity of YLSB can be estimated

from a calculation of the nonlinear d coefficients on the basis of an oriented-gas
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model (29, 30). In this model, the magnitudes of these coefficients are associated

primarily with the orientation of individual borate groups.

Figure 2.2. Drawing of YLSB structure. La atoms are rose, Sc atoms are green,
B atoms are blue, and the 0 positions are orange.
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Table 2.5. Selected interatomic distances (A) and angles (o) for YLSB.

La 0(2) (x6) 2.466(3) 0(2) - La 0(2) 125.1(2)

88.8(1)

72.7(2)

139.7(2)

Sc - 0(1) (x2) 2.121(3) 0(1) Sc 0(1) 168.0(2)

0(1) Sc - 0(2) 92.8(1)

94.8(1)

0(1) - Sc 0(3) 76.6(2)

94.6(1)

- 0(2) (x 2) 2.06 1(5) 0(2) Sc 0(2) 100.6(2)

0(2) Sc - 0(3) 167.7(1)

86.8(1)

0(3) (x2) 2.137(4) 0(3) Sc 0(3) 87.65(6)

B(1) - 0(1) 1.377(5) 0(1) - B(1) - 0(1) 120

B(2) 0(2) 1.371(6) 0(2) - B(2) 0(2) 122.2(6)

0(3) 1.358(9) 0(2) - B(2) - 0(3) 118.9(3)
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Figure 2.3. Simulated Cu-Ku powder pattern for YLSB from single crystal data
(top) and experimental Cu-Ku X-ray powder diffraction pattern for YLSB.
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By using eq. (2.1), the components of the hyperpolarizability tensor (3imn)

are summed according to the orientations (R) of the individual groups and

weighted by their number densities (1 /V).

dUk RilRjmRkn/3lmp, (2.1)
'ml,

Application of eq. 2.1 to YLSB is quite straightforward. As shown in

Figure 2.4, there are twelve B03 groups in a unit cell; three are centered by atom

B(1) and nine are centered by atom B(2). The two types of groups are related by

an approximate center of symmetry, so each such pair of B( 1)- and B(2)-centered

triangles will contribute nil to the d coefficient. Since the number of B(2)

triangles is greater than that of B( 1) triangles the net structural contribution to the

d coefficient is 9-3/12 = 0.5, i.e., the arrangement of B03 triangles is 50% of

optimum. The same B03 group arrangement is observed in YAB, and its

d1 1coefficient has been reported to be 1.5 pm/V. The d11 value for YLSB may

then be deduced from eq. 2.2.

YLSBB03 group number density
x 1 .5pm/V (2.2)1(YLSB)=

YAB B03 group number density

From the number densities of 1.8 x 1022 and 2.2 x 1022 cm3 for YLSB and

YAB, respectively, the predicted value of d11 for YLSB is 1.2 pmlV.



The second-harmonic signal (intensity) produced by YLSB powders from a

1064-nm fundamental wavelength corresponds to 0.67 x BBO. On the basis of

eq. 2.3, these signals are proportional to the squares of the nonlinear d

coefficients, assuming the phase matching lengths for the two materials are the

same (28).

'p

.

S
I.

A

Figure 2.4. YLSB structure: view down the c axis. Light blue shaded circles
represent B( 1) atoms, and dark blue-shaded circles represent B(2) atoms.
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12'°(YLSB) <d(YLSB)>2
I2°(YAB) <d0(YAB)>2 (2.3)

From measurements of SHG signals, I2°(YLSB)/ I2°(BBO) = 0.6, which leads to

the ratio d0b(YLSB)/d0b(BBO) = 0.8. Since the reported d coefficient for BBO is

1.8 pmIV, the derived value for YLSB is 1.4 pmIV, a value in general agreement

with that calculated above (1.2 pmIV).

Thermal analysis

The differential thermal analysis trace (Figure 2.5) exhibits a broad

melting event starting at 1220° C and ending at 1478° C. On cooling, a sharp

exotherm is observed at 1218° C. In principle, a solid solution such as La1.

YSc3(BO3)4 (x > 0) will not exhibit congruent-melting behavior and a sharp

endotherm on heating. The DTA trace is consistent with this behavior, and a flux

must be used to grow crystals.
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Summary and Future Work

The compound Lao75Y0.25Sc3(B03)4 has been established as the only

trigonal example of a huntite other than YAB that can exhibit a transparency

below 200 nm. These features coupled with a high nonlinearity and probable ease

in crystal growth from a lithium-borate flux provide a unique opportunity for

realizing a nonlinear optical crystal for direct second-harmonic generation of

VUV light. In the context of the crystal growth, it is important to definitively

establish the solubility limit of Y. There is a slight discrepancy in stoichiometry

between the X-ray and microprobe results in that the LaJY ratio from the X-ray

study is 3/1, whereas the corresponding microprobe ratio is 4/1. Refinement of

cell parameters from X-ray data for compositions in the series LaYSc3(BO3)4

(0.35 x 0.15) is currently underway, and experiments are in progress for

optimizing the lithium borate flux for the production of large crystals.
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Abstract

LaCa4O(B03)3 (LaCOB) has been synthesized and structurally

characterized. This material is isostructural with GdCa4O(B03)3 (1) and its

optical properties have been described by Adams et. al. (2). This material is

predicted to be a critically phase-matchable material for converting 1064 rim light

to 532 nm light.



Introduction

The LnCa4O(B03)3 (LnCOB where Ln = lanthanide) family of nonlinear

optical crystals incorporates materials that can be critically phase-matched for

converting near-infrared light to frequency-doubled visible light. Recent interest

in LaCa4O(B03)3 (LaCOB) (2) stems from the ease of crystal growth, high

transparency, high damage threshold, high borate nonlinear optical susceptibility,

and desirable phase-matching conditions similar to those of other LnCOB crystals

(2-7). This contribution demonstrates the ease of crystal growth and reports the

structure demonstrating the similarities between LaCOB and GdCOB (1).
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Experimental

Crystals were grown for X-ray study analysis by mixing stoichiometric

amounts of La203 (Stanford, 99.999%), CaCO3 (Cerac, 99.95%), and B203 (Alfa

AESAR, 99.98%), placing the ground mixture in a platinum crucible, heating the

mixture to 1673 K and slowly cooling at a rate of 10 K/h to room temperature.

Numerous, colorless rod-like crystals were observed, radiating from the center of

the crucible. A transparent, blunt rod of approximate dimensions 0.2 x 0.2 x 0.4

mm was selected and mounted on a glass fiber with epoxy for structure

determination. The noncentrosymmetric nature of the mounted crystal was

confirmed by observing the production of green, 532 nm light following

irradiation with a Q-switched, Nd:YAG laser producing 1064-nm light. All

measurements were made on a single-crystal, rotating-anode Rigaku AFC6R

diffractometer with graphite-monochromated Mo Ka radiation. Cell constants

and an orientation matrix for data collection were obtained from a least-squares

refinement, using the setting angles of 25 carefully centered reflections in the

range 25 20 35°. The cell constants corresponded to a C-centered monoclinic

cell with parameters a = 8.159(3), b = 16.077(5), c = 3.6286(5)A, 3 = 10l.39(2)°,

V = 466.6(2) A3, and Z = 2. Intensity data were collected over the range of

indices -11 h 11, 0 k 22, -5 1 5 by using the 03-20 scan technique to a

maximum 20 value of 60°. Of the 2831 reflections collected, 1426 were unique,

and 701 had F02 3(F02). The intensity of three standard reflections measured
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after every set of 150 reflections varied by an average of 1.2% during the

collection.

The structure was solved using programs from the TEXSAN

crystallographic software package (8). On the basis of the systematic absence of

hkl: h+k 2n+ 1, the statistical analysis of the intensity distribution, packing

considerations, and the successful solution and refinement of the structure, the

crystal was found to form in the noncentrosymmetric space group Cm (#8). The

La and Ca positions were derived from the direct methods program S1R92 (9),

and the remaining atom positions were determined from difference electron

density maps generated by Fourier techniques (10). After a full-matrix refinement

of the model, an empirical absorption correction with the program DIFABS (11)

was applied with isotroptic displacement coefficients on each atom, which

resulted in transmission factors ranging from 0.63 to 0.91. The data were

averaged = 0.034), and then the model was refined with anisotropic

displacement coefficients on each atom other than 0(2) 0(6). The final cycle of

full-matrix, least-squares refinement (12) was based on 701 observed reflections

(I > 3 .00a(I)) and 66 variable parameters; it converged (largest parameter shift

was 2.50 times its esd) with unweighted and weighted agreement factors R =

0.022 and R = 0.027. The standard deviation of an observation of unit weight

(13) was 0.87. The maximum and minimum peaks on the final difference

electron-density map correcponded to 0.47 and 0.26% of the La atom,

respectively. Neutral atom scattering factors were taken from Cromer and Waber

(14). Anomalous dispersion effects were included in Fcaic (15); the values for Af'
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and Af' were those of Creagh and McAuley (16). The values for the mass

attenuation coefficients are those of Creagh and Hubbell (17). Crystal data are

outlined in Table 3.1, and atomic positional parameters and equivalent isotropic

displacement coefficients are listed in Table 3.2. Anisotropic displacement

coefficients are listed in Table 3.3, and selected interatomic distances and angles

are given in Table 3.4.
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Table 3.1. Crystallographic data for LaCOB.

Formula Weight, amu 491.65

Crystal System Monoclinic

Space Group Cm [8]

a,A 8.159(3)

b, A 16.077(5)

c, A 3.6286(5)

101.39(2)

v,A3 466.6(2)

Z 2

Dcaic, g cm3 3.499

F(000) 464

Diffractometer Rigaku AFC6R

Radiation Mo Ka (?=0.71069)
graphite-monochromated

Data Collection ±h, k, ±1

No. Observations (total, unique) 2831, 1426
(F023o(F02)) 701

R 0.022

R 0.027

Maximum Shift in Final Cycle 2.50

R = 11F01 IFII / F = 0.022
R = [( E w (1F01 tFI)2 / w F02)]1"2 = 0.027
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Table 3.2. Positional and thermal parameters (Beq) for LaCOB.

Atom Wyckoff y Z Beq*

La(l) 2a 0 0 0 0.7763

Ca(1) 4b 0.2721 01804. -0.3325 0.7055

Ca(2) 4b 0.3530 0.1142 0.3349 0.7321

0(1) 2a 0.2156(8) 0 -0.384(2) 1.2(1)

0(2) 2a -0.1764(7) 0 0.417(2) 0.37(9)

0(3) 4b 0.1021(5) 0.1480(3) 0.096(1) 0.65(5)

0(4) 4b -0.1926(5) 0.1691(3) 0.894(1) 0.95(6)

0(5) 4b 0.4747(5) 0.0742(3) -0.241(1) 0.73(6)

0(6) 4b -0.0287(5) 0.2696(3) 0.283(1) 0.93(6)

B(1) 2a 0.3889(9) 0 -0.290(2) 0.4(1)

B(2) 4b -0.0405(7) 0.1960(4) 0.091(2) 0.52(8)

= (8it/3)1 U1j a aj' a ajeq

Table 3.3. Anisotropic displacement parameters for LaCOB.

Atom U11 U22 U33 U12 U13 U23

La(1) 0.0098 0.0098 0.0098 0 0.0018 0

Ca(l) 0.0089 0.0089 0.0089 0 0.0018 0

Ca(2) 0.0093 0.0093 0.0093 0 0.0018 0

B(1) 0.004(2) 0.004(2) 0.004(2) 0 0 0

B(2) 0.005(2) 0.005(2) 0.005(2) -0.001(2) 0 0.006(2)
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Table 3.4. Selected interatomic distances (A) and angles (o) for LaCOB.

La(1)-0(1) 2.439(8) O(1)-La(1)-O(1) 93.0(2)

La(1)-0(1) 2.562(6) 0(1)-La(1)-O(2) 82.9(2)

0(1) La(1) 0(2) 173.6(2)

0(1) La(1) 0(2) 175.9(2)

0(1)-La(1)-0(2) 80.6(2)

0(1) - La(1) 0(3) 80.1(1)

0(1) La(1) - 0(3) 80.1(1)

0(1) - La(1) 0(3) 74.64(9)

La(1) - 0(2) 2.303(7) 0(2) - La(1) - 0(2) 103.5(2)

La(1) 0(2) 2.318(5) 0(2) La(l) - 0(3) 98.0(1)

0(2) - La(1) 0(3) 98.0(1)

0(2) La(1) - 0(3) 104.54(9)

0(2) - La(1) 0(3) 104.54(9)

La(1) 0(3) 2.520(4) 0(3) - La(1) 0(3) 142.3(2)

La(1) 0(3) 2.520(4)

Ca(1)-0(1) 2.938(2) 0(1)-Ca(1)-0(3) 73.4(2)

0(1) Ca(1) 0(3) 70.5(2)

0(1) - Ca(1) 0(4) 164.0(2)

0(1) Ca(1) 0(5) 52.4(2)

0(1) - Ca(1) - 0(6) 114.7(2)

0(1) Ca(1) - 0(6) 110.1(2)
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Table 3.4 (cont.)

0(1) - Ca(1) - 0(6) 113.6(2)

Ca(1) 0(3) 2.347(5) 0(3) - Ca(1) - 0(3) 101.8(2)

Ca(1) 0(3) 2.328(4) 0(3) - Ca(1) - 0(4) 92.2(2)

0(3) - Ca(1) - 0(5) 104.0(2)

0(3) - Ca(1) - 0(6) 81.5(1)

0(3) Ca(1) 0(6) 82.2(1)

0(3) - Ca(1) 0(6) 171.8(1)

0(3) - Ca(1) - 0(4) 120.3(1)

0(3) - Ca(1) - 0(5) 104.4(2)

0(3) - Ca(1) - 0(6) 174.6(2)

0(3) Ca(1) 0(6) 52.0(1)

0(3) Ca(1) - 0(6) 85.1(2)

Ca(l) 0(4) 2.553(5) 0(4) Ca(1) 0(5) 128.0(1)

0(4) Ca(1) 0(6) 54.9(1)

0(4)-Ca(1)-0(6) 73.6(1)

0(4) - Ca(1) 0(6) 80.3(2)

Ca(l)-0(5) 2.343(4) 0(5)-Ca(1)-0(6) 78.7(1)

0(5) - Ca(1) 0(6) 156.4(1)

0(5) Ca(1) - 0(6) 78.4(2)

Ca(1) - 0(6) 2.609(4) 0(6) Ca(1) 0(6) 124.9(1)

Ca(l)-0(6) 2.956(4) 0(6)-Ca(1)-0(6) 91.3(2)



Table 3.4 (cont.)

Ca(1)-O(6)

Ca(2) - 0(2)

Ca(2) - 0(4)

Ca(2) 0(4)

Ca(2) 0(5)

Ca(2) 0(5)

Ca(2) - 0(6)

B(1)-0(1)

B(1) 0(5)

2.464(5) 0(6)-Ca(1)-0(6) 98.8(1)

2.304(4) 0(2)-Ca(2)-0(4) 88.0(2)

0(2) - Ca(2) - 0(4) 88.9(2)

0(2) Ca(2) 0(5) 98.5(2)

0(2) Ca(2) 0(5) 97.7(2)

0(2) Ca(2) 0(6) 177.1(2)

2.348(4) 0(4) - Ca(2) 0(4) 99.2(2)

2.417(5) 0(4)-Ca(2)-0(5) 173.3(2)

0(4) - Ca(2) 0(5) 80.7(2)

0(4) Ca(2) - 0(6) 89.8(2)

0(4) Ca(2) 0(5) 79.5(2)

0(4) Ca(2) - 0(5) 173 .4(2)

0(4) - Ca(2) - 0(6) 93.4(2)

2.367(4) 0(5) Ca(2) - 0(5) 99.8(2)

2.375(5) 0(5) - Ca(2) - 0(6) 83.7(2)

0(5) Ca(2) 0(6) 80.0(2)

2.349(5)

1.37(1) 0(1)-B(1)-0(5) 120.3(4)

0(1) - B(1) 0(5) 120.3(4)

1.390(6) 0(5)-B(1)-0(5) 119.4(7)
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Table 3.4 (cont,)

B(2) 0(3) 1.378(8) 0(3) B(2) 0(4) 120.1(5)

0(3) B(2) 0(6) 120.1(5)

B(2) 0(4) 1.377(7) 0(4) - B(2) 0(6) 119.8(5)

B(2) 0(6) 1.375(7)
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Results and Discussion

The structure of LaCOB is illustrated in Figures 3.1 and 3.2 and selected

bond lengths and angles are given in Table 3.4. This structure consists of six-

coordinate La atoms binding to six 0 atoms to form distorted octahedra (0 La

0 long angles of 142.3 to 175.9° and short angles ranging between 74.64 and

104.54°), seven-coordinate Ca atoms, and three-coordinate B atoms occupying

triangular positions (0 B 0 angles ranging from 119.4 to 120.3°).

hteratomic distances in this borate are normal. The interatomic distances

for La 0 were found to range over 2.303 to 2.562 A which compares favorably

with the value calculated using crystal radii (18) of 2.392 A. The Ca-0 distances

reported range from 2.304 to 2.639 A compared to the crystal radii value of 2.42

A. The B-0 distances reported range from 1.370 to 1.390 A compared to the

crystal radii value of 1.37 A. These values are also similar to those found in y-

LaSc3(B03)4 (La-0 distances range from 2.424 to 2.52 1 A) (19) and GdCOB (Ca-

0 distances range from 2.33 19 to 2.9324 A, and B-0 distances range from 1.3698

to 1.3822 A) (1).
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Figure 3.1. LaCOB viewed down the c-axis. La atoms are pink, Ca atoms are
yellow, B atoms are blue, and 0 atoms are orange.
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Figure 3.2. LaCOB viewed down the a-axis.
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Abstract

Crystals of BPO4 have been grown and structurally characterized. The

compound crystallizes with two formula units in the tetragonal space group 1-4

with cell parameters a = 4.334(1), c= 6.643(2)A, and V=124.8(3) A3. The B and

P atoms occupy distorted tetrahedral environments with B-O and P-O bond

vectors that are slightly misaligned. Optical second-harmonic generation from

powders and a calculation of deff are described, and comparisons are made among

the structures and optical nonlinearities ofBPO4 and a-quartz.
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Introduction

We have recently been investigating (1) the contribution of tetrahedral

B04 groups to the second-order optical nonlinearity of complex polyborates such

as LiB3O5 (2) and CsLiB6O10 (3). As an extension of this work, we became

interested in the nonlinearity of the simple material BPO4. As noted from the

powder diffraction work of Schulze (4), this compound crystallizes in a simple

noncentrosymmetric structure comprised of vertex-sharing B04 and PO4

tetrahedra, a connectivity reminiscent of the condensation of SiO4 tetrahedra in a-

quartz, Si02, the first reported example of a nonlinear optical material (5).

Cursory examination of the reported BPO4 structure reveals that the B04

and PO4 tetrahedra are only slightly canted one relative to the other. This

alignment is favorable for summation of the microscopic hyperpolarizability

coefficients of the tetrahedral groups and observation of a significant macroscopic

nonlinearity. In this contribution, we describe the crystal growth and single-

crystal structural characterization of BPO4. These results are then used to assess

the structural origins of the observed optical nonlinearity, providing a simple

accounting that can be extended to the properties of a-quartz.



Experimental

Synthesis and powder characterization

Powder synthesis

A powder sample of BPO4 was formed by heating in a Pt crucible

stoichiometric amounts of H3B03 (Alfa AESAR, 99.99%) and (NH4)2HPO4

(Mallinckrodt, reagent grade). After grinding, the sample was heated at 673 K for

17 h, 1273 K for 20 h, and 1373 K for 19 h. A powder diffraction pattern of the

product was obtained on a Siemens D-5000 diffractometer.

Powder SHG measurements

The experimental method of Kurtz and Perry (11) was followed to

measure the powder SHG signals of the title compound relative to that of the

known frequency converter a-quartz by using a 1 064-nm fundamental beam.

The samples were ground and sieved to produce 11 equally distributed particle

size ranges from 25 to 250+ p.m. The samples were pressed between glass

microscope cover slides and secured with tape in 1-mm thick aluminum holders

containing a 5-mm diameter hole. The samples were then placed in a light-tight

box and excited with 20-mJ pulses from a Q-switched Nd:YAG laser (New Wave

Research Minlase-20). The laser beam was passed through a long-pass filter to

eliminate flash-lamp light and then directed onto the sample. The second-

harmonic signal was collected through an interference filter (530 ± 10 nm) with a



photomultiplier attached to a Tektronix SC 504 80-MHz oscilloscope. A null

reading was established by measuring the signal for the centrosymmetric material

A1203 (Stanford Materials 99.999%).

Single crystal rowth

Single crystals were grown from a melt of composition 0.7 LiPO3: 0.3

BIPO4 molar ratio. Stojchjometrjc amounts of Li2CO3 (Cerac, 99.999%), B203

(Alfa AESAR, 99.98%), and (NH4)2HPO4 (Mallinckrodt, reagent grade) were

ground together, placed in a platinum crucible and heated to 823 K for one h,

reground, heated to 1323 K for one h, and then cooled to 1073 K at a rate of 5

K/h. This heating and cooling regiment resulted in the production of colorless,

transparent, block-shaped crystals having edge lengths in the range of 0.1 0.6

mm.

X-ray studies

Unit-cell determination and data collection

A colorless tetrahedral crystal having a height of 0.25(2) mm was mounted

with epoxy on a glass fiber. All measurements were made on a Rigaku AFC6R

diffractometer with graphite monochromated Mo-Ko radiation from a rotating-

anode generator. Cell constants and an orientation matrix for data collection were

obtained from a least-squares refinement by using the setting angles of 16

carefully centered reflections in the 20 range 21.97-37.75°, leading to an I-

centered tetragonal cell (Laue group: 4/m) with dimensions a = 4.334(1), c =
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6.643(1) A, and V = 124.80(3) A3. Intensity data were collected over the range of

indices 8 h 8, 0 k 8, 13 1 13 by using the co-20 scan technique to a

maximum 20 value of 900. Of the 1110 reflections collected, 275 were unique

and 264 had F02 3oF02). The intensity of three standard reflections measured

after every 500 reflections varied by an average of 0.5% during the collection,

therefore no decay correction was applied. Azimuthal scans of several reflections

indicated no need for an absorption correction and therefore none was applied.

Structure refinement

The structure was solved by using programs from the TEXSAN

crystallographic software package (5). On the basis of the systematic absence

h+k+l = 2n+1, packing considerations, a statistical analysis of the intensity

distribution, and the successful solution and refinement of the structure, the space

group was determined to be 1-4 [#82]. The structure was solved by placing the B

and P atoms at the previously reported 2a and 2d positions (4), respectively, and

then determining the 0 position from a difference electron-density map. After a

full-matrix isotropic refinement of the model, the data were averaged (R0t

0.03 2) and then refined with anisotropic thermal displacement coefficients on

each atom. The final cycle of full-matrix least-squares refinement (6) with 264

observed reflections (I > 3.00oI)) and 15 variable parameters (secondary

extinction coefficient = 8.52 x 10) converged to agreement factors of R = 0.02 1

and R = 0.033. Plots of w (IFol IFc)2 versus IFol, reflection order in data

collection, sin 0I?, and various classes of indices showed no unusual trends. The
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maximum and minimum peaks on the final electron density map corresponded to

2.19 and 1.30% of the P atom, respectively. Neutral atom scattering factors were

taken from Cromer and Waber (7). Anomalous dispersion effects were included

in Fcaic (8); and the values for Af and Af' were those of Creagh and McAuley (9).

The values for the mass attenuation coefficients are those of Creagh and Hubbell

(10). Crystal data are outlined in Table 4.1; atomic parameters are listed in Table

4.2; and anisotropic displacement coefficients are summarized in Table 4.3.
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Table 4.1. Experimental details for the structure solution of BPO4.

Formula Weight, amu 105.78

Crystal System Tetragonal

Space Group 1-4 [#82]

a,A 4.334(1)

c, A 6.643(2)

v, A3 124.8(3)

Z 2

Dcaic, g cm3 2.8 15

F(000) 104

Diffractometer Rigaku AFC6R

Radiation Mo Ka (X=0.7 1069)
graphite-monochromated

Data Collection ±h, k, ±1

No. Observations, total, unique 1110, 275
(F02 3(F02)) 264

R 0.021

R 0.033

Maximum Shift in Final Cycle 0.00

GOF 0.60

R = 11F01 IFCII / JFOJ = 0.021

= [( w (1F01 IFI)2 / w F02)]"2 = 0.033
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Table 4.2. Positional and isotropic displacement coefficients (Beq) for BPO4.

Atom Wycoff x y z Beq*

B 2d 0 0 0 0.36(1)

P 2a 0 3/4 0.273(3)

o 8g 0.1401(2) 0.2421(2) 0.1232(1) 0.47(1)

*B = (8it/3)2 E a* *

a1 aeq

Table 4.3. Anisotropic displacement parameters for BPO4.

Atom U11 = U22 = U33 U12 U13 U23

B 0.0043(4) 0 0 0

P 0.00352(9) 0 0 0

0 0.0060(3) -0.0002(2) 0.0034(3) 0.0002



Results and Discussion

Structure
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As seen in Figure 4.1, BPO4 adopts a structure characterized by a

condensation of distorted B04 and PO4 tetrahedra. Like the common structures of

Si02 (12, 13), the tetrahedra share vertices to produce two-coordinate 0 atoms.

Since the B and P atoms occupy special positions 2a and 2d, respectively,

the only variable positional parameters are those associated with the 0 atom

(Table 4.2). From refinement with powder X-ray diffraction data, Schulze (2)

reported for the 0 parameter: x = 0.138, y = 0.26, z = 0.13 1. These values differ

only slightly from those reported here (Table 4.2). A comparison of our

experimental powder diffraction pattern to those calculated from the single-crystal

structure refinement and Schuize's parameters is presented in Figure 4.2.

Interatomic distances and angles are listed in Table 4.4. Both B-0 and P-

o distances, 1.4626(9) and 1.5258(9) A, respectively, are consistent with the

corresponding lengths, 1.46 and 1.52 A, predicted on the basis of crystal radii

(14). The results are statistically different from those of Schuize: 1.436 A for B-

0 and 1.544 A for P-O. The B04 and PO4 groups are slightly distorted point

group S4 so the 0-B-0 and 0-P-0 angles deviate from the ideal tetrahedral

angle (Table 4.4). The B-0-P angle, 132.02(6)°, is more acute than the Si-0-Si

angles, typically 145°, in quartz (12) and silicates (13).
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Figure 4.1. Unit-cell drawing of BPO4. Tetrahedra shaded blue represent B04
groups, and tetrahedra shaded green represent PO4 groups.
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Figure 4.2: Powder diffraction patterns for BPO4.
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Table 4.4. Interatomic distances(A) and angles(°) for BPO4.

B 0 (x 4) 1.4626(9) 0 - B 0 108.24(4)

0 B 0 111.97(7)

P - 0(x4) 1.5258(9) 0 - P - 0 107.76(3)

0 P 0 112.95(7)

B 0 P 132.02(6)



SHG properties

Because BPO4 crystallizes in a noncentrosymmetric structure, a second-

harmonic signal is observed when a sample is placed in the path of a high-

intensity laser beam. This signal can be correlated to the nonlinear susceptibility

coefficients djk, which can be approximated on the basis of an oriented-gas model

(15, 16). In this model, the nonlinearity is associated primarily with the relative

orientations of the individual B04 and PU4 groups.

The method has been applied with considerable success to a wide range of

borates containing exclusively B03 groups (16), but it has only recently been

successfully extended to the analysis of complex polyborates containing both B03

and B04 groups (1). By using equation (4.1),

IN
dIlk R11 Rim Rkfl flim,: (4.1)

'Din

the components of the hyperpolarizability tensor components (/3imn) are summed

according to the directional cosines or orientation functions (R) of the individual

groups and weighted by their number densities (1/V). For polyborates,

hyperpolarizabilities have generally been derived on the basis of various

quantum-mechanical methods by using molecular fragments of three-dimensional

structures. (16, 17). These results have to date provided rather poor agreement

with experimental results. We note, however, that first-principle calculations

including translational symmetry have recently provided an effective means for

calculation of both linear and nonlinear optical properties of the compound l-
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BaB2O4 (18). To provide an effective and simple predictive tool for estimating

nonlinearities, we have employed equation 4.1 to derive simple functional forms

of 13 for different types of groups (1) and to assign a self-consistent set of 13 values

to these groups on the basis of reported d coefficients (1).

The magnitude ofduk for BPO4 from equation 4.1 depends significantly on

the relative orientations of the B04 and PO4 tetrahedra as given by the direction

cosines R. In a hypothetical BPO4 structure, containing fully aligned tetrahedra

and a collinear arrangement of B-0 and P-0 bonds, each tetrahedron would make

a unit contribution to d through R and a maximum nonlinearity would ensue. As

shown in Figure 4.3, however, the B04 and PO4 tetrahedra are tilted one relative

to the other, producing a misalignment of the B-0 and P-0 bonds and their

associated tetrahedra. The angular misalignment can be deduced by using

equations 4.2 4.4:

B P x * x + y * yp + ZB * Zp (4.2)

B.P=BPcosO (4.3)

(4.4)
BP

where B and P are the vectors describing the selected B-0 and P-0 bonds,

respectively; x, y, z are the Cartesian coordinates of the 0 atoms of the selected B-

0 and P-0 bonds relative to a common origin; B and P are the bond lengths of the

selected bonds; and 0 is the resulting alignment angle. For BPO4, this angle is 0 =

25° (Figure 4.4).



Figure 4.3. BPO4 viewed down the c axis.



Figure 4.4. Illustration of tetrahedra orientation in BPO4.

In BPO4 (point group -4), the relevant second-order coefficient is d14,

x(]23, and this coefficient correlates directly to the hyperpolarizability

coefficient, /3/23, for an isolated tetrahedral group. As seen from Figure 4.5,

rotation of a tetrahedral group by 900 about one of the Cartesian axes produces an

orientation that is centrosymmetrically related to the original. In this case, the

sum of the /3 values for the two orientations must equal zero, so /3(1,2,3) =

,8'(1,2,3) (Figure 4.5). As a result, /3(1,2,3) follows a cos 20 functional

dependence. In BP04, the misalignment angle of 25° between the B04 and PO4

tetrahedra corresponds to a Cartesian-axis rotation, so the structural contribution



to the nonlinear coefficient is (J3(1,2,3) + /3(1,2,3) * cos(2 * 25°))/2 = 0.8, i.e., the

orientation of the tetrahedra is 80% of optimum.

These results can be directly compared to those of a-quartz, Si02 (19). In

this compound (Figure 4.6), the three SiO4 tetrahedra in each unit cell are related

by a 3 screw axis along c. Inspection of Figure 4.6 reveals that two of the SiO4

groups (A and B) are related by an approximate center of symmetry, leaving the

third group to contribute to the nonlinearity and a structural contribution that is

approximately 33% of optimum. Application of equatiOn 4.1 reveals a calculated

structural contribution of 38%.

f(1,2,3) =

Rotate 900

IY(1,2,3) = -1

Figure 4.5. Rotation of a tetrahedral group by 90° about one of the Cartesian axes
produces an orientation that is centrosymmetrically related to the original
resulting in the sum of the /3 values for the two orientations equaling zero, or
/3(1,2,3) = -fl'(1,2,3).



Because energy gaps differ only slightly for B04, PO4, and SiO4

tetrahedra, we can assume that their hyperpolanzablity coefficients, e.g., p123, are

equivalent. Any differences in the nonlinearities of BPO4 and Si02 must then

derive from the relative number densities and structural orientations of the

tetrahedral groups. The relevant tetrahedral number densities for BPO4 and Si02

Figure 4.6. Drawing of a unit cell of a-quartz.



are 3.2 x 1022 and 2.9 x 1022 cm3, respectively, a difference of approximately

10%, so the predominant factor contributing to the difference in the nonlinearities

must be the unique structural arrangements of the tetrahedral groups. Considering

the number densities and orientation contributions, from equation 4.1 the ratio

dcaic(BPO4)/dcaic(Sj02) = 2.3. From equation 4.5 (11),

I2°(A) <d(A) >2

(4.5)
I2°(B)

we see that the ratio of second-hannonic intensities of two compounds A and B

varies as the square of the ratio of the nonlinear coefficients for the two materials,

assuming their phase matching lengths are comparable. From measurements of

second-harmonic generation signals, we find I2°(BPO4)/ I2°(SiO2) = 4, a result

that corresponds to a ratio d0b(BPO4)/d0b(SiO2) = 2, a value in general agreement

with the very simple orientation model and the importance of the structural

contribution to the observed nonlinearity. We also note that the magnitude of the

signal for BPO4 corresponds to a value of d14 0.8 pmlV, a value that is

comparable to those of the commercial frequency converters LiB3O5 (19) and

CsLiB6O10 (19).

From the variation of the second-harmonic signals of the BPO4 samples

with particle size, we find no evidence for angular phase matching from the

Kurtz-Perry tests (11). This result is consistent with the relatively small refractive

indexes associated with wide band-gap materials of this type and the absence of

any anisotropic structural element, e.g., a planar B03 group, which could produce

a significant birefringence.



Summary

The 0 positional parameters in the structure of BPO4 have been refined

from single-crystal X-ray data to provide a precise description of the relative

orientations of the B04 and PO4 tetrahedra for a calculation of its nonlinear d14

coefficient. This coefficient was found to be approximately two times greater

than that of a quartz, which is consistent with the orientations of the relevant B-,

P-, and Si-centered tetrahedra. The present analysis represents the application of

a very simple model to an estimation of the nonlinearity of a-quartz. Insofar as

we know, this is the only explanation produced for the nonlinearity of a-quartz.
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Abstract

Single crystals of NaA1O2 have been grown and structurally characterized.

The material crystallizes with four formula units in the orthorhombic space group

Pna21 with unit-cell parameters a = 5.370(2), b = 7.019(1), c 5.207(2) A, and V

= 196.27 A3. The compound adopts a distorted structure related to chalcopyrite

with all of the atoms located in distorted tetrahedral environments. The metal-

centered tetrahedra can be considered to be slightly canted from the c axis,

leading to an optical second-harmonic signal that is approximately twice that of a-

quartz.



Introduction

During investigations into the crystal growth of new, complex aluminum

borates, we have on different occasions isolated crystals of the simple compound

NaAlO2. This material is known to form in a low pressure a form (1) and a high-

pressure 13 form (2) The a form can considered to be a distorted version of the

chalcopyrite structure, while the
13 form is isostructural to NaFeO2. Low sodium-

content f3 aluminas have long been of interest for their ion-conductivity properties,

and such interest has recently been extended to the properties of NaAlO2

derivatives (3).

As part of our continuing interest in the optical nonlinearities of wide

band-gap oxides containing only tetrahedral groups, we have elected to refine

from single-crystal X-ray data the noncentrosymmetric structure of NaAlO2 and

to correlate this structure to the relatively strong second-harmonic response that is

observed for the conversion of 1064 to 532-nm laser light.
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Experimental

Synthesis and powder characterization

Powder synthesis

A powder sample of NaA1O2 was formed by heating in a Pt crucible

stoichiometric amounts of Na2CO3 (Cerac, 99.995%), and A1203 (Stanford,

99.998%). After grinding, the sample was heated at 1628 K for 50 h. A powder

diffraction pattern of the product was obtained on a Siemens D-5000

diffractometer.

Powder SHG measurements

The experimental method of Kurtz and Perry (4) was followed to measure

the powder SHG signals of the title compound relative to that of the known

frequency converter a-quartz by using a 1 064-nm fundamental beam. The

samples were ground and sieved to produce 11 equally distributed particle size

ranges from 25 to 250+ pm. The samples were pressed between glass microscope

cover slides and secured with tape in 1-mm thick aluminum holders containing a

5-mm diameter hole. The samples were then placed in a light-tight box and

excited with 20-mJ pulses from a Q-switched Nd:YAG laser (New Wave

Research Minlase-20). The laser beam was passed through a long-pass filter to

eliminate flash-lamp light and then directed onto the sample. The second-

harmonic signal was collected through an interference filter (530 ± 10 nm) with a



photomultiplier attached to a Tektronix SC 504 80-MHz oscilloscope. A null

reading was established by measuring the signal for the centrosymmetric material

Al203 (Stanford Materials 99.999%).

Crystal growth

Crystals of NaA1O2 were grown from a melt of composition NaA1O2 by

using Na2CO3 (Cerac, 99.995%), and A1203 (Stanford, 99.998%). The mixture

was heated to 1723 K and cooled at 10 KIh to 1223 K and then rapidly cooled to

room temperature.

X-ray studies

A crystalline block with edge lengths near 0.30 mm was physically

extracted from the melt and mounted on a glass fiber with epoxy for X-ray

analysis. Measurements were made on a single-crystal, rotating-anode Rigaku

AFC6R diffractometer with graphite-monochromated Mo Ka radiation. Cell

constants and an orientation matrix for data collection were obtained from a least-

squares refinement with 17 automatically-centered reflections in the range 10

20 23°. The cell constants, a 5.370(2), b = 7.019(1), c = 5.207(2) A, V =

196.27 A3, correspond to a primitive orthorhombic cell; Laue symmetry mmm

was determined on the diffractometer. Intensity data were collected over the

range of indices -7 h 7, 0 k 8, 0 1 10 by using the o-20 scan technique

to a maximum 20 value of 65°. Of the 831 reflections collected, 454 were unique,
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and 221 had F02 3c(F02). The intensity of three standard reflections measured

after every set of 500 reflections varied by an average of 0.5% during the

collection.

The structure was solved by using programs from the TEXSAN

crystallographic software package (5). On the basis of the systematic absences of

Okl: k + 1 = 2n+1, and hOl: h = 2n+1, the statistical analysis of the intensity

distribution, packing considerations, and the successful solution and refinement of

the structure, the crystal was found to form in the noncentrosymmetric space

group Pna21 [#33]. All atom positions were derived from the direct methods

program S1R92 (6). After convergence of full-matrix refinement of the model

with isotropic displacement coefficients on each atom, the data were averaged

= 0.057) and then refined with anisotropic displacement coefficients on all

atoms. A correction for secondary extinction was applied (coefficient ). The

final cycle of full-matrix least-squares refinement (7) with 221 reflections (I >

3.00oI)) and 38 variable parameters, including the secondary extinction

coefficient = 5.1 6x 1 06, converged to the agreement factors of R = 0.031 and R =

0.029. The weighting scheme was based on counting statistics and included a

factor (p = 0.010) to downweight the intense reflections. Plots of E w (IFol

IFcI)2 versus IFol, reflection order in data collection, sin 0/X and various classes of

indices showed no unusual trends. The maximum and minimum peaks on the

final difference electron-density map corresponded to 0.64 and 0.58% for the Al

atom, respectively. Neutral atom scattering factors were taken from Cromer and

Waber (8). Anomalous dispersion effects were included in Fcaic; the values for
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At" and Af' were those of Creagh and McAuley (9). The values for the mass

attenuation coefficients are those of Creagh and Hubbel (10). Crystal data are

outlined in Table 5.1, atomic positional and isotropic thermal parameters are

listed in Table 5.2, and atomic anisotropic thermal parameters are listed in Table

5.3.



Table 5.1. Crystallographic data for NaAlO2.

Formula Weight, amu 81.97

Crystal System Orthorhombic

Space Group Pna2 [33]

a,A 5.370(2)

b, A 7.019(1)

c, A 5.207(2)

v, A3 196.27(8)

Z 4

Dcaic, g cm3 2.774

F(000) 160

Diffractometer Rigaku AFC6R

Radiation Mo Ka (X=0.7 1069)
graphite monochromated

Data Collection ±h, k, 1

No. Observations, total, unique 831, 454
(F02 3oF02)) 221

R 0.031

R 0.029

Maximum Shift in Final Cycle 0.04

GOF 1.19

R = 11F01 FCII / FOl = 0.031
R = [( w (IF0 IFl)2 / w F02)]"2 = 0.029



Table 5.2. Positional and isotropic displacement parameters (Beq) for NaA1O2.

Atom Wy x y z Beq*

Na 4a -0.0660 0.3768 0.2052 1.0288

Al 4a 0.0605 0.1257 0.6868 0.4287

0(1) 4a 0.3747(7) 0.1753(5) 0.7538(7) 0.69(5)

0(2) 4a 0.0337(7) 0.0755(5) 0.3559(8) 0.78(6)

= (8it/3)2 j U a1 a a ajeq

Table 5.3. Anisotropic displacement parameters for NaA1O2.

Atom U1
I U22 U33 U12 U13 U23

Na 0.0130 =U 0 0 0

Al 0.0054 =U1 =U11 0 0 0

0(1) 0.009(1) =U11 =U11 0 -0.004(1) 0

0(2) 0.011(2) =U11 =U11 -0.003(1) -0.003(2) 0



Results and Discussion

Structure

Three views, each along one of the crystallographic axes, of the structure

are given in Figures 5.1 - 5.3. The structure exhibits distorted tetrahedral

coordination of each of the atoms with a three-dimensional arrangement that is

similar to that of chalcopyrite, CuFeS2. As seen in Figure 5.1, this arrangement

produces M-O (M = Na, Al) bond vectors that are generally aligned along the c

axis.

A summary of interatomic distances and angles is given in Table 5.4. The

average Na-O distance, 2.34(4) A, is comparable to the value, 2.37 A, calculated

from crystal radii (11). Likewise, the average Al-O distance, 1.75(1) A, is

consistent with the value, 1.77 A, from crystal radii. The M-centered angles are

fairly regular with O-Na-O angles ranging from 102.8 to 107.5° and O-Al-O

angles covering the range 107.8 to 112.3°.



ha

Figure 5.1. Structure of NaALO2 viewed approximately down the a axis. Yellow
tetrahedra are centered by Na atoms, and green tetrahedra are centered by Al

atoms.



Figure 5.2. NaA1O2 viewed down the c axis.



In

Figure 5.3. NaALO2 viewed approximately down the b axis.
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Table 5.4. Selected Interatomic Distances (A) and Angles (o) for NaAlO2.

Na 0(1) 2.402(7) 0(1) - Na - 0(1) 107.5(4)

Na - 0(1) 2.343(4) 0(1) Na - 0(2) 102.8(3)

Na - 0(2) 2.320(5) 0(1) - Na - 0(2) 103.2(9)

Na - 0(2) 2.3 1(1) 0(1) Na - 0(2) 104.1(2)

0(2) Na 0(2) 103.3(3)

Al - 0(1) 1.756(7) 0(1) Al - 0(1) 110.5(2)

Al 0(1) 1.753(5) 0(1) - Al - 0(2) 108.2(9)

Al 0(2) 1.764(5) 0(1) Al - 0(2) 109.9(5)

Al 0(2) 1.740(6) 0(1) Al 0(2) 107.8(6)

0(1) Al - 0(2) 112.3(5)

0(2) Al 0(2) 108.0(3)



102

SHG properties

Powder SHG measurements

NaA1O2 is an extremely hygroscopic material; hence the results from the

complete Kurtz-Perry powder SHG measurement were not reliable and are being

repeated by mounting the powders in epoxy. As time went by on the

measurements, the SHG signal decreased tremendously for all samples.

However, initially the samples showed SHG intensity comparable to twice that of

a quartz.

Calculation of 4j

Because NaA1O2 crystallizes in a noncentrosymmetric structure, a second-

harmonic signal is observed when a sample is placed in the path of a high-

intensity laser beam. This signal can be correlated to the nonlinear susceptibility

coefficients dk, which can be approximated on the basis of an oriented-gas model

(12, 13). In this model, the nonlinearity is associated primarily with the relative

orientations of the individual Na04 and A104 groups.

The method has been applied with considerable success to a wide range of

borates containing exclusively B03 groups (13), but it has only recently been

successfully extended to the analysis of complex polyborates containing bothB03

and B04 groups (14). By using equation (5.1),
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IN
dk

j

RilRjmRk,lfllnln (5.1)

"nfl

the components of the hyperpolarizability tensor components (J3imn) are summed

according to the directional cosines or orientation functions (R) of the individual

groups and weighted by their number densities (1/V). For polyborates,

hyperpolarizabilities have generally been derived on the basis of various

quantum-mechanical methods by using molecular fragments of three-dimensional

structures. (13, 14). These results have to date provided rather poor agreement

with experimental results. We note, however, that first-principle calculations

including translational symmetry have recently provided an effective means for

calculation of both linear and nonlinear optical properties of the compound j3-

BaB2O4 (15). To provide an effective and simple predictive tool for estimating

nonlinearities, we have employed equation 5.1 to derive simple functional forms

of 13 for different types of groups (14) and to assign a self-consistent set of 13

values to these groups on the basis of reported d coefficients (14).

The magnitude of d,,k for NaAlO2 from equation 5.1 depends significantly

on the relative orientations of the Na04 and A104 tetrahedra as given by the

direction cosines R. In a hypothetical NaA1O2 structure, containing fully aligned

tetrahedra and a collinear arrangement of Na-U and Al-U bonds, each tetrahedron

would make a unit contribution to d through R and a maximum nonlinearity

would ensue. As shown in Figure 5.1, however, the Na04 and A104 tetrahedra are

tilted one relative to the other, producing a misalignment of the Na-U and Al-U
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bonds and their associated tetrahedra. The angular misalignment can be deduced

by using equations 5.2 5.4:

NIAxN *XA +YN *YA +ZN *ZA (5.2)

N'A=NAcosO (5.3)

O=cos'
N.A

(5.4)
NA

where N and A are the vectors describing the selected Na-U and Al-U bonds,

respectively; x, y, z are the Cartesian coordinates of the 0 atoms of the selected

Na-0 and Al-U bonds relative to a common origin; N and A are the bond lengths

of the selected bonds; and 0 is the resulting alignment angle. For NaAlO2, there

are three unique angles (between two corner sharing Na04 tetrahedra, between

two corner sharing A104 tetrahedra, and between a corner sharing Na04

tetrahedron and an A104 tetrahedron). Between the two alumina tetrahedra, this

angle is 0 = 23.1°; between Al(1) and Na(1) 0 = 23.8° (Figure 5.4); and between

Al(1) and Na(2) 0 = 12.70. Refer to Figure 5.1 for atom labels.
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Figure 5.4. Illustration of tetrahedra orientation in NaAIO2.

In NaA1O2 (point group mm2), the relevant second-order coefficients are

d31, x(3 1,1), and d32, x(322). These coefficients correlate directly to the

hyperpolarizability coefficients, /331/, and /33,2,2 for an isolated tetrahedral group.

As seen from Figure 5.5, rotation of a tetrahedral group by 90° about one of the

Cartesian axes produces an orientation that is centrosymmetrically related to the

original. In this case, the sum of the /3 values for the two orientations must equal

zero, so /3('l,m,n) = /3'(l,m,n). As a result, /3(7,m,n) follows a cos 20 functional

dependence. In NaAlO2, the three misalignment angles of 23.1°, 23.8°, and 12.7°

between the Al( 1)04 tetrahedra and the A1(2)04, Na( 1)04, and Na(2)04 tetrahedra

respectively, correspond to Cartesian-axis rotations, so the structural contribution

to the nonlinear coefficient is
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fl4,1 + fl411 AP (cos 2(23.1)) + flAil_Na! (cos 2(23.8)) + flAil-Na2 (cos 2(12.7))
= 0.817

4

i.e., the orientation of the tetrahedra is 8 1.7% of optimum.

(l,m,n) = 1

Rotate 900

= -1

Figure 5.5. Rotation of a tetrahedral group by 900 about one of the Cartesian axes
produces an orientation that is centrosymmetrically related to the original
resulting in the sum of the fi values for the two orientations equaling zero, or
/3(l,m,n) = -/3'(l,m,n).

We predict no phase-matching for NaAIO2, this would be consistent with

the relatively small refractive indexes associated with wide band-gap materials of

this type and the absence of any anisotropic structural element such as a trigonal

planar group, which could produce a significant birefringence.
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Abstract

The mineral tourmaline, long recognized as a piezoelectric and

pyroelectric material, crystallizes in a noncentrosymmetnc space group and is

studied as a nonlinear optical (NLO) material in this paper. A nearly colorless

tourmaline crystal of African origin has been structurally and chemically

characterized and studied as a new nonlinear optical material. The composition

has been examined by means of electron-microprobe methods, ICP, and X-ray

structure refinement. Type I phase-matched, second-harmonic generation from a

1064 nm input beam has been observed, and data on the phase-matching angle,

nonlinear susceptibility, and damage threshold of this acid insoluble material are

presented.
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Introduction

The complex cyclosilicate tourmaline, WX3Y6(B03)3(Si6018)Z4, has a

variable composition where the variable positions contain combinations of the

elements: W = Na, Ca, K; X = Mg, Al, Fe, Li, Mn; Y = Al, Fe, Cr, V; and Z 0,

OH, F. Tourmaline has long been known as a piezoelectric and pyroelectric

material. These properties stem from the lack of a center of symmetry and the

presence of a unique, polar axis in the crystal. In 1880, the brothers Pierre and

Jacques Curie first noted and studied the piezoelectric effect in a variety of

crystals including tourmaline and quartz (1). Tourmaline piezoelectric gauges

made by cutting plates of the crystal normal to the polar c axis have been used by

the United States to record blast pressures for every atomic explosion performed

to date (2, 3).

The complex nature of the composition has resulted in an elusive absolute

structure for tourmaline. The material is reported to crystallize in the

noncentrosymmetric trigonal space group R3m [#160] with a number of

characteristic structural features. An illustration of the basic structure is given in

Figure 6.1. Si6O18 rings are present with some combination of the cations Na, Ca,

K, Mg, Sr, or B and anions 0, OH, or F alternating above and below the centers

of the rings. Sheets of aligned B03 triangles lie between the layers of Si6018

rings. The distorted octahedral X site rests interior, and the distorted octahedral Y

site rests exterior to the silicate rings, linking the borate groups and silicate rings

(4-7).



113

Figure 6.1. Tourmaline structure viewed down the c axis. The yellow spheres
correspond to the cation(s) occupying site W, the violet spheres the cation(s)

occupying site X, the green spheres the cations at site Y, the pink spheres Si, the
blue spheres B, and the orange spheres 0.

Our investigations of the frequency-doubling characteristics of

noncentrosymmetric borates and related oxides has included materials containing

both triangular and tetrahedral oxoanions. The influence of these groups on the

second-harmonic generation (SHG) conversion efficiency is recognized. Many

factors affect the role of these groups in this process, including their packing
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density and relative orientation within a given material and the identity of the

central atom, which contributes to the hyperpolarizability of the group. We have

been prompted to examine tourmaline because it has an ideal structural

arrangement of both the trigonal planar B03 groups and the tetrahedral SiO4

groups for efficient SHG.

The lack of development of high-quality synthetic crystals and widespread

use of this material compared to the piezoelectnc mineral quartz are three-fold:

quartz is a better radio frequency oscillator; quartz is much more naturally

abundant and therefore historically a cheaper and more readily available material;

and finally the complex composition of tourmaline versus quartz indicates a much

more complicated synthetic crystal growth, in fact no high quality tourmaline

crystals of any appreciable size have been grown to date to the knowledge of the

authors (3, 8-16). However, large crystals are available in nature, although clear,

nearly colorless examples are rare. The crystals utilized in this work were

represented as African in origin and were purchased from Thaigems.com. One of

the crystals has been structurally characterized via X-ray diffraction methods and

was found to form in the normal tourmaline arrangement. The nonlinear optical

properties of this same crystal has been examined, and numerous techniques have

been applied to determine the chemical composition.
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Experimental

X-Ray analysis

Unit cell and intensity data collection

A small block of approximate dimensions 0.2 x 0.2 x 0.2 mm was

fractured from a larger 2 x 1 x 1 cm hexagonal columnar crystal and mounted on a

glass fiber with epoxy. All measurements were made on a Rigaku AFC6R

diffractometer with graphite monochromated Mo-Ka radiation from a rotating-

anode generator. Cell constants and an orientation matrix for data collection were

obtained from a least-squares refinement of 23 centered reflections in the 20 range

26.94-34.88°. The cell was determined to be tngonal (Laue group 3m) with

dimensions a = 15.817(3), c = 7.101(4) A, and V = 1538.6(5) A3. Intensity data

were collected over the range of indices -27 to +27 in h, 0 to +27 in k, and -12 to

+12 in 1 by using the u'-20 scan technique to a maximum 20 value of 75°. Of the

5591 reflections collected, 990 were unique and 969 had an F02 3c(F02). The

intensity of three standard reflections measured after every 500 reflections varied

by an average of 1.2% during the collection.

Refinement

The structure was solved by using programs from the TEXSAN

crystallographic software package (17). On the basis of the systematic condition
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hkil: -h+k+l = 3n, packing considerations, a statistical analysis of the intensity

distribution, and a successful solution and refinement of the structure, the space

group was determined to be R3m [#160]. The structure was solved by using

direct methods (18) and expanded by using Fourier techniques (19). Isotropic

displacement coefficients were included on each atom in the refinement, and a

correction for secondary extinction was applied (coefficient = 2.23 x 1O). The

final cycle of full-matrix least-squares refinement (20) of the current model was

based on 969 observed reflections (I > 3.00c(I)) and 44 variable parameters.

These variables included the occupancy factors for the Ca(X) site and the Al(Y)

site. This refinement solution produced agreement factors of R = 0.049 and R =

0.060. The maximum and minimum peaks in the final electron-density map

corresponded to 2.83 and 1.83% of the Si atom, respectively. Neutral atom

scattering factors were taken from Cromer and Waber (21). Anomalous

dispersion effects were included in Faic (22); and the values for Af and Af' were

those of Creagh and McAuley (23). The values for the mass attenuation

coefficients are those of Creagh and Hubbell (24). Crystal data are outlined in

Table 6.1, and atomic parameters are listed in Table 6.2.
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Table 6.1. Crystallographic data for tourmaline crystal.

Formula (Ca0 47Na0 53)(Li1 65A11 35)A16(B03)3(Si601 8)(OH)4

Formula Weight, amu 941.75

Crystal System Trigonal (hexagonal setting)

Space Group R3m [#160]

a,A 15.817(3)

c, A 7.101(4)

v, A3 1538.6(5)

Z 3

Dcaic, g cm3 3.05

F(000) 1401

Diffractometer Rigaku AFC6R

Radiation Mo Kc (X=0.7 1069)

graphite-monochromated

Data Collection ±h, k, ±1

No. Observations, total, unique 5591, 990

(F023oiF02)) 969

R 0.049

LA, 0.060

Maximum Shift in Final Cycle 19.63

GOF 6.34

R = E 1F01 IF! I E FO = 0.049

R = [( w (1F01 FI)2 I w F02)]112 = 0.060
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Table 6.2. Positional and isotropic displacement coefficients (Beq).

Atom Wyckoff x y z Beqa

Cab 3a 0 0 0.1202(3) 1.34(4)

Si 18c 0.00197(5) 0.19208(5) 0.3578 0.36(1)

A1(1)c 9b 0.06196(8) -0.0620 -0.2785(3) 0.61(5)

Al(2) 18c 0.03703(6) 0.29676(6) 0.7464 0.45(2)

0(1) 3a 0 0 -0.4271(8) 2.7(1)

0(2) 9b 0.1990 0.595 -0.1239(3) 1.21(4)

0(3) 9b 0.1845 0.0922 02833(3) 0.68(3)

0(4) 9b 0.13395(8) 0.2679 0.8497(3) 0.77(3)

0(5) 9b 0.09265(8) -0.0926 0.2619(3) 0.59(3)

0(6) 18c -0.06 1 1(1) 0.2090(1) 0.9164 0.53(2)

0(7) 18c -0.0001(1) 0.2859(1) 0.2780 0.48(2)

0(8) 18c 0.0100(1) 0.1954(1) 0.5822 0.62(2)

B(1) 9b -0.1089(1) 0.1089 -0.0989(4) 0.34(3)

aBeq = (8ic/3) E a1 aj*
a1 a

boccupancy = 0.76
Coccupancy = 0.58
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Elemental analyses

Electron microprobe

An electron microprobe analysis (CAMECA SX-50 electron microprobe)

was performed on a sample from the same tourmaline crystal that was structurally

characterized. Six sets of qualitative and quantitative elemental analyses were

collected and averaged using standards. A summary of that data is given in Table

6.3.

Table 6.3. Electron-microprobe analysis of studied tourmaline crystal.

Oxide or element Average weight % Cations per formula unit*

CaO 2.70(3) 0.44(0)
Na20 1.02(2) 0.30(1)
A1203 38.53(25) 6.92(3)
Si02 37.24(22) 5.68(1)
MnO 0.17(1) 0.02(0)
MgO trace trace
1(20 trace trace
Ti02 trace trace
F 1.45(6) 0.70(3)

Inductively coupled plasma spectroscopy (ICP)

We wished to verify the presence of Li in our studied tourmaline crystal

and to come up with another independent analytical technique to verify the ratio

of various cations. A Liberty 100 ICP Emission Spectrometer was used to
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perform an analysis on 15.52 mg of a sample that was ground, fused in K2CO3,

and subsequently dissolved in a 2% nitric acid solution. A tabulation of the data

is presented in Table 6.4.

Table 6.4. ICP data for studied tourmaline crystal.

Element Concentration Weight% # Cations per
(ppm) formula unit

assuming full
occupancy
of W site

Ca 1.115 1.80 0.416
Na 0.449 1.45 0.584
Al 5.983 19.30 6.617
Li 0.295 0.90 1.200
Fe 0,101 0.33 0.055
Mn 0.067 0.22 0.037
Mg 0.012 0.00 0

FTIR study to determine the presence of OH

A Nicolet 5PC FTIR was used to collect an absorption spectrum

from 500 to 4000 cm1 of a polished 2.5 cm thick plate of the tourmaline crystal.

A broad, strong absorption corresponding to the presence of OH was observed

centered at 3550 cm1. A plot of the percent transmittance as a function of

wavenumber is presented in Figure 6.2.
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Figure 6.2. FTIR of tourmaline crystal

SHG characterization

The structurally and compositionally characterized tourmaline crystal was

optically characterized in our ongoing survey of SHG borate materials.

Parameters determined include the phase-matching angle, type of phase-matching,

the SHG conversion efficiency relative to KDP, and the surface-damage

threshold. All of these measurements were performed by using a Nd:YAG

flashlamp pumped laser operating at 1064 nm (Cooper MY series laser), and

power meters (molectron).
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Determination of the phase-rn atchinR angle

This measurement is made by cutting and polishing parallel faces

perpendicular to the optic axis of the crystal, placing the crystal on a calibrated

rotating plate in the path of a laser beam of frequency w with the beam traveling

down the optic axis, rotating the crystal 360° about the optic axis, and recording

the four angles at which bright spots of produced light of frequency 2w are seen.

The angular difference between 0° and spots 3 and 4 and the angular difference

between 180° and spots 2 and 3 will give four values for the phase-matching

angle.

Determination of types of phase-matchinj

This determination is made by placing the phase-matched crystal in the

laser beam, determining the polarization direction of the fundamental and SHG

frequencies, and seeing if the input light has one polarization orthogonal to the

SHG (Type I) or if the input light has two orthogonal polarizations one matching

that of the SHG (Type II).

Determination of conversion efficiency (dgA

The experimental method of Kurtz and Perry (25) was used to measure

powder SHG signals with a 1064-nm laser. The sample was ground and sieved

by using a stack of mesh sizes 25, 45, 53, 63, 75, 106, 125, 150, 212, and 250 tm.

Samples of KH2PO4 (KDP,) f3-BaB2O4 (BBO), and a-quartz were prepared as

reference materials in an identical fashion. The samples were pressed between
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glass microscope cover slides and secured with tape in 1-mm thick aluminum

holders containing a 5-mm diameter hole. The samples were then placed in a

light-tight box and excited with 20-mJ, 1 064-nm pulses from a Q-switched New

Wave Research Minilase-20 Nd:YAG laser. A cutoff filter was used to limit

background flash-lamp light on the sample, and an interference filter (530 ± 10

nm) was used to select the second harmonic prior to detection with a

photomultiplier tube attached to a Tektronix SC 504 80-MHz oscilloscope.

Samples of Al203 (Stanford Materials, 99.999%) and a quartz were used to

monitor and calibrate the instrumental setup.

Determination of surface-damaRe threshold

The surface-damage threshold was measured by placing the phase-

matched crystal in the beam at the phase-matched angle and monitoring both the

incident 1064 im-i radiation and the produced 532 nm radiation. The power per

area of the incident radiation was slowly increased and when the intensity of the

produced radiation suddenly dropped, that value of power per area was taken as

the surface-damage threshold intensity. The pulsewidth in ns is also reported.
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Results and Discussion

Structure and elemental composition

The structure adopts a normal tourmaline arrangement. Interatomic

distances and angles (4-7) are summarized in Table 6.6. From crystal radii (26),

the various interatomic distances were calculated to be: Ca-O 2.54 A; Na-O 2.60

A; Al-O 1.895 A; Li-O 2.12 A; Si-O 1.62 A; and B-O 1.37 A. This structure

refinement resulted in distances Ca-O of 2.384(2) A; Al(l)-O of 1.996(2),

1.998(2), 2.174(1), and 1.961 A; Al(2)-O of 1.951(2), 1.907(2), 1.889(2),

1.887(2), 1.949(2), and 1.850(2) A; Si-O of 1.6234(8), 1.634(1), and 1.605(2) A;

and B-O of 1.366(2) and 1.375(1) A. The SiO4 tetrahedral angles range from

102.32(6) to 111.93(8)°; the A106 octahedral angles range from 76.04 to 108.32°

and 170.52 to 175.59°; and the B03 trigonal planar angles are 116.6(2) and

121 .70(7)°.



Table 6.5. hteratomic distances (A) and angles (°) for tourmaline.

Ca- 0(2) (x 3) 2.384(2)

0(3)(x3) 2.777(1)

0(5)(x3) 2.728(1)

Si 0(3) 1.6234(8)

0(5) 1.634(1)

0(7) 1.605(2)

0(8) 1.602(2)

0(2) Ca - 0(2) 72.62(8)

0(2) - Ca 0(3) 71.35(6)

127.85(3)

0(2) Ca - 0(5) 87.09(4)

154.63(8)

0(3) Ca 0(3) 104.02(6)

0(3) Ca 0(5) 54.88(2)

134.01(8)

0(5) Ca 0(5) 107.37(5)

0(3) Si 0(5) 102.32(6)

0(3) Si - 0(7) 110.58(7)

0(3) - Si - 0(8) 111.93(8)

0(5) - Si - 0(7) 109.87(8)

0(5) - Si 0(8) 111.0(1)

0(7) Si - 0(8) 110.82(9)

125
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Table 6.5. (cont.)

Al(1)-0(1) 1.996(2) 0(1)-Al(1)-0(2) 85.1(1)

0(1) - Al(1) - 04) 173.2(2)

0(1) -Al(1) - 0(8) 99.3(1)

0(2)(x2) 1.998(2)

0(4) 2.174(1)

0(8)(x2) 1.961(2)

Al(2) 0(4)

0(2) - Al(1) - 0(2) 89.9 1(9)

0(2) - Al(1) 0(4) 99.65(8)

0(2) - Al(1) 0(8) 89.87(6)

175.59(9)

0(4) Al(1) - 0(8) 76.04(7)

0(8) A1(1) - 0(8) 90.0(1)

1.95 1(2) 0(4) Al(2) - 0(6) 92.23(8)

95.35(6)

0(4) - Al(2) - 0(7) 94.5 5(7)

171.66(8)

0(4) - Al(2) - 0(8) 84.34(8)

0(6) 1.907(2) 0(6) Al(2) - 0(6) 170.52(7)
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Table 6.5. (cont.)

0(7)

B- 0(2)

0(6) - Al(2) - 0(7) 78.02(8)

95.77(8)

95.68(8)

76.94(7)

0(6) Al(2) 0(8) 91.00(7)

95.40(8)

1.889(2)

1.887(2) 0(7) - A1(2) 0(7) 89.45(4)

0(7) - Al(2) - 0(8) 108.32(7)

93.13(8)

1.949(2)

1.850(2)

1.366(2) 0(2) - B(1) 0(6) 121.70(7)

0(6) 1.375(1) 0(6)-B(1)-0(6) 116.6(2)
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Determining the absolute stoichiometry of a particular tourmaline crystal

is challenging due to the wide range of elements, limitations of the analytical

techniques in detecting certain types of elements, and debates in the literature on

the treatment of occupancies for many of the sites. In the present study, we have

employed a greater variety of methods than has been previously utilized for the

analysis of the tourmaline problem.

From electron-microprobe analysis, the following charge-balanced

stoichiometry can be derived.

(Cao.44Nao.3000.26)(Li2.06A1092Mn002)(A16)(B03)3(Si5.68B0.32018)((OH)2F0. 70)

This formula was determined assuming full occupancy of the B site and charge

balancing with 0 and H. It should be noted that the microprobe is blind to the Li

and B atoms, and determination of 0 and F concentrations is rather precarious.

Hence, the formula was established using ratios of the heavy elements from

microprobe data and simultaneously assuming full occupancy of the B site.

Charge balance is achieved by adding an appropriate quantity of 0 and H. It is

quite common for electron-microprobe analyses to reveal a Si deficiency in

tourmalines (4,5,27-29). Traditionally, the mineralogical community has

compensated this Si deficiency through substitution of B on the Si site. From a

crystal-chemical viewpoint, such a substitution is highly improbable. It certainly

is not favored by the dissimilar crystal radii (26) of the B (r = 0.25 A) and Si (r =

0.40 A) atoms. Indeed, we are aware of no synthetic crystal containing such a

disorder. For example, in borosilicate glasses, the borate and silicate extended

matrices are intertwined, but chemically separated. In any event, the Si
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deficiency appears to be an artifact of the microprobe analysis, as the ICP and X-

ray measurements (vide infra) do not reveal a deficiency.

On the basis of the ICP data the following stoichiometry can be derived.

(Ca0.4j6Nao.584)(Lij.200A1061 7Feo.05çMn0.037L71,091)(A16)(B03)3(Si6018)((OH)2)

In the ICP analysis, the concentrations of each of the elements except H, 0, and F

are directly determined. The formula is deduced by assuming complete

occupation of the W, B, and Si sites and then charge compensating with

appropriate numbers of 0 and H atoms.

The single-crystal refinement of included refining the occupancies of the

Ca site and Al(1) site, producing values of 0.127 and 0.289 respectively. After

elemental analyses were obtained, it was determined that the Ca site is shared

with Na and the Al( 1) site is shared with Li. Calculations were made based on

this elemental information and the refined values to produce the following charge-

balanced stoichiometry.

(Cao.4 7Na 0.53)(Lii.6sAlj.35)A16(B03)3(Si6018)(OH)4

In the X-ray analysis, the primary compositional uncertainties are associated with

the X and Z sites. From refinement of occupancies, effective average atomic

numbers of the elements in these sites can be deduced. The Ca:Na ratio in the W

site agrees quite well with the ICP analysis. There remains considerable

uncertainty in the occupation of the X site as the formulation deduced in the

occupation of the X site from the ICP analysis does not sufficiently account for

the electron density in the X-ray study. FT1R was performed on the crystal to

verify the presence of H to justify using it to charge balance the formulas. To
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more fully describe the stoichiometiy of this particular tourmaline, additional

absolute ratios of the elements Ca, Na, Al, Li, Si, B, F, Mn, and Fe will be

determined. An additional ICP measurement is being done with an improved Li

standard to establish a better Li/Al ratio. To garner additional information,

qualitative/quantitative elemental analysis is currently underway by using

instrumental neutron activation analysis (INAA).

Optical characterization

The high orientation of the B03 groups with respect to each other and the

SiO4 groups with respect to each other indicated to us that tourmaline has

potential as a reasonable frequency-doubling material with a sufficient second-

order NLO susceptibility. The approximately planar layers of B03 groups

should yield a birefringence large enough to allow phase-matching. The

organization of the silica tetrahedra and borate triangles can be seen in Figures

6.3 and 6.4.

Determi,zation of the phase-rn atchin angle

The bulk of the hexagonal crystal described previously was polished along

the (0001) and (000-1) faces and six faces perpendicular to the {0001} faces. The

crystal was mounted on a calibrated rotating plate. This mount was placed on a

laser table with the (0001) crystal face centered and perpendicular to the 1064 nm

laser beam. The crystal was rotated in the laser beam 360° in a direction around

the optic axis with 0 and 360° lying along the z axis and 90 and 180° lying
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orthogonal to the z axis. Four bright spots of SHG intensity (corresponding to

phase-matching) were observed. The phase-matching occurred at centered angles

of rotation of 74.56, 106.31, 252.91, and 286.23°. This corresponds to an average

phase-matching angle of Opm 73.7(4)°.

Determination of types of phase-rn atchin

Tourmaline, which crystallizes in the trigonal space group R3m, belongs

to the point group 3m and therefore is a uniaxial crystal. Since tourmaline's

ordinary refractive index is greater than its extraordinary refractive index at a

given wavelength, it is a negative uniaxial crystal. This limits the types of phase-

matching possible to Type I (ooe) and Type II (oee or eoe). Rotation about an

identified °pm direction k will reveal which type of phase-matching is occuring:

Rotation about a Type I k will result in two maxima separated by 180° whereas

rotation about a Type II k will result in four maxima separated by 90°.

Monitoring the polarization of light entering the crystal versus the polarization of

light produced by the crystal will also give you the same information. If the input

light and SHG light give a maximum when the polarizations are orthogonal, the

phase matching is Type I. If no SHG light is produced when the input light is

polarized perpendicular to the produced light, yet an SHG light maximum is

observed when the input and SHG polarizations are at a 45° angle to each other,

the phase-matching is Type II. This experiment was tested on a KDP crystal then

our tourmaline crystal. Type II phase-matching was clearly observed for the KDP

crystal at an angle of 5 8.7° by monitoring the polarizations of the input and SHG
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lights. The tourmaline crystal distinctly showed orthogonal polarizations of input

and produced SHG light, a clear indication of Type I phase-matching.

Determination of conversion efficiency (dej

The intensity of SHG of tourmaline was found to be 0.34 times that of

KDP. Using equation 6.1, the deff of tourmaline was calculated to be 0.58 times

J2W (tour) <d(tour) >2

(6.1)
I2(KDP) <d(KDP) >2

Determination of surface-damage threshold

The intensity of the produced SHG dropped suddenly at an energy of

19(1) J/cm2 and a pulse-width ('rn) of 10 ns a value that falls between those of

KDP at 10 J/cm2 and CLBO at 25 JIcm2 , both for 10 ns pulsewidths..
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Figure 6.3. View down the optic axis of tourmaline viewing only the SiO4
tetrahedra (purple) and B03 triangles (blue).
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k

Figure 6.4. View orthogonal to the optic axis of tourmaline.
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Summary

The negative uniaxial tourmaline crystal studied demonstrated suitable

properties for producing 532 nm light via SHG conversion. This acid-insoluble

material with a hardness of 7.5 on the Moh's scale was determined to have at a

fundamental wavelength of 1064 nm Type I phase-matching at a °pm of 73.7(4)°

with a deff of approximately 0.58 times deff KDP and a surface-damage threshold

of 19(1) J/cm2 for 10 ns pulses.
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Abstract

Single crystals of the noncentrosymmetric barium borate, Ba2B1 0017, have

been grown by slowly cooling a stoichiometric melt. The material crystallizes in

the tnclinic space group P1 with cell parameters a = 9.858(1), b 9.990(1), c =

6.706(1) A, a = 96.79(1), J3 = 106.64(1), and ' = 76.89(1)°. The structure is a

new type characterized by a condensation of B308 rings and B03 triangles. A

calculation of the second-order nonlinear susceptibility coefficients on the basis of

the orientations of the tetrahedral and triangular borate groups in the rings and

triangles has yielded a maximum coefficient of d11 0.2 pm/V. This result is

consistent with the measured second-harmonic signal - 0.5*KDP. Partial solid

solubility of Sr in the host Ba2SrBio0i7 (0 < x 0.25) has also been

observed.
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Introduction

With their superb high-energy transparencies, suitable nonlinearities and

birefringence, low impurity contents (1), and consequent high optical-damage

thresholds, polyborates find widespread application for optical frequency

conversion of high-power, short-wavelength light. LiB3O5 (LBO,) (2) for

example, is commonly employed in high-power applications for second-harmonic

generation of 1 -jtm laser light. While the material is transparent to 170 nm, its

birefringence is insufficient for efficient direct second-harmonic generation to UV

wavelengths near 266 nm by angular phasematching. For this reason, BaB2O4

(BBO) (3) with its higher birefringence has been commonly employed for UV

generation. More recently, improved performance in direct UV generation has

been reported by using the borate crystals CsLiB6O10 (CLBO) (4) and Li2B4O7

(L2BO) (5); these crystals exhibit optical damage thresholds (26 GW/cm2 for

CLBO and 40 GW/cm2 for L2BO) that are more than three times greater than that

of BBO. As a result, the average UV power from CLBO can be an order of

magnitude greater than that of BBO. While CLBO has been commercialized, its

hygroscopic nature and poor mechanical properties are hindering its widespread

adoption. L2BO exhibits a modest nonlinearity (d15 = 0.1 pmIV,) (6) but

reasonable conversion efficiencies have been observed in UV generation (5).

The crystals CLBO and L2BO clearly demonstrate that enhanced UV laser

performance can be achieved in polyborates relative to the more commonly

employed material BBO. To circumvent the problems associated with CLBO and
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L2BO, we have been investigating the crystal growth and optical properties of

several new polyborate crystals. In this contribution, we describe some of the

characteristics of the noncentro symmetric compound Ba2B1 0017 (7).
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Experimental

Powder samples of Ba2SrBioO17 (0 x 0.75) were prepared by heating

pressed tablets of stoichiometric mixtures of BaCO3, SrCO3, and H3B03. The

tablets were placed on Pt foil in covered alumina crucibles and heated at 973 K

for 24 h, ground, repressed into tablets, and then heated at 1023 K for 62 hours.

A Siemens D5000 powder diffractometer with Co Ka radiation was used to

determine the products of the reactions. Several glass pellets were formed by

heating and melting a stoichiometric sample of Ba2B10O17 in a Pt crucible at 1273

K for one hour; the resulting viscous liquid was poured directly into different

wells of an iron mold at room temperature. The glass pellets were then annealed

at selected temperatures and analyzed by differential thermal analysis (DTA) to

determine the crystallization temperature.

DTA measurements were made on both powders and the glass samples

with a computer-controlled Netzsch STA 409 instrument. The experiments were

conducted with the sample and reference material (a-A1203) contained in separate

Pt crucibles with heating rates of 5 and 10 K/mm.

For crystal growth, approximately 200 g of Ba2B10O17 was melted at 1173

K. A Pt wire attached to an alumina rod was dipped into the melt. The

temperature of the melt was adjusted to approximately 10 K above the melting

point followed by cooling at a rate of 2 '/2 K per day.

A single crystal of approximate dimensions 0.3mm x 0.2mm x 0.2mm was

isolated and mounted on a glass fiber for structure determination on a Rigaku

AFC6R X-ray diffractometer. Least squares refinement of 23 automatically
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centered reflections in the range 27 20 32° gave a triclinic unit cell of

dimensions a = 9.858(1), b = 9.990(1), c = 6.706(1) A, a = 96.79(1), 3 =

106.64(1), and y = 76.89(1)°. Intensity data were collected at room temperature

by using the U)-scan technique with a rate = 16.0° e min'. The structure was

solved by using the computer program SHELXS8 and refined by using the

TEXSAN software package.9 The structure refines to R 0.03 8 with 2978

reflections having I > 3oI). The largest peak in the final difference electron

density map corresponds to 0.5% of a Ba atom.

The second-order nonlinearity of Ba2B10O17 has been examined by using a

1064-nm fundamental beam. The sample was ground and sieved to produce

particle sizes in the range of 44 to 200 F.tm. Samples of KDP and GdCOB for

reference were prepared in an identical fashion. The samples were pressed

between thin mica windows and secured with tape in 1-mm thick plastic holders

containing a 5-mm diameter hole. The samples were then placed in a light-tight

box and excited with 350-mJ, 1064-nm pulses from a Nd:YAG laser. The filtered

532-nm light was detected with a photomultiplier tube attached to an oscilloscope.

A set of 50 pulses over five-second intervals were averaged for each voltage

measurement and each sample; the measurements were done twice for each

sample.
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Results

As shown in Figure 7.1, the structure of Ba2B10O17 is characterized by a

unique polyborate framework that results from the condensation of B308 rings

(Figure 11.2) and B03 triangles in a ratio of two to one, respectively. Because

each of the terminal atoms in these groups is shared by two B atoms the observed

stoichiometry is readily achieved by considering the whole-number equivalent of

the connectivity formula B3030512 + 2 (B0312) B10017. The Ba atoms occupy 8-

and 9-coordinate sites with distances ranging from 2.66(1) to 3.00(1) A.

Powder samples of Ba2B10O17 are readily prepared by standard heating

procedures. Excellent agreement is observed between the experimental X-ray

pattern and that calculated on the basis of the single-crystal analysis (Figure 7.3.)

Peak positions are not altered after placing samples in H20 at 373 K for five

minutes, indicating the compound is not appreciably hygroscopic. The same

powder pattern is observed after annealing the glass tablets at 973 K for 15 h.

On the basis of powder diffraction data (Figure 7.4,) only limited

solubility of Sr in the material is observed. Because the Sr atom is smaller than

the Ba atom, peaks are expected to shift to larger values of two theta as the unit-

cell volume decreases. The only significant peak shifts that occur in the series

Ba2SrB1oO17 are observed between x = 0 and x = 0.25; hence, the solubility

limit is at or below x = 0.25.
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Figure 7.1. Structure of Ba2B10O17 as viewed along c.
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Figure 7.2. B308 ring.



149

Figure 7.3. Calculated (top) and measured (bottom) X-ray powder patterns for
Ba2B10O17.
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Figure 7.4. X-ray powder patterns for Ba2SrBioOi-,.
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DTA data for glass and crystalline powder samples are given in Figures

7.5 and 7.6, respectively. For the glass on heating, a sharp exotherm

corresponding to crystallization is observed at 700°C, and this is followed by a

melting endotherm at 90 1°C; a corresponding recrystallization signal is not

observed on cooling. The exotherm has been substantiated by visual and X-ray

observation of large glass pellets which crystallize on annealing at 700°C. On

heating a stoichiometric powder of Ba2B10O7, a melting event is observed at

890°C. Following incorporation of Sr, a freezing point depression is noted, and

the presence of two endotherms in the samples with x = 0.50 and 0.75 indicates

phase separation. Considering these results in the context of the X-ray

measurements, it is presumed that the solubility of Sr in Ba2B10O17 does not

extend beyond x = 0.25.

Transparent crystals of dimensions 1.0 x 1.0 x 0.4 cm were readily grown

from a stoichiometric melt by utilizing a Pt wire as a nucleation source. X-ray

patterns of these crystals were consistent with the triclinic structure of Ba2B10O17,

and second-harmonic generation with a 1 064-nm source was confirmed.

Additional work on crystal growth is in progress.

The second-harmonic signal for Ba2B10O17 was measured to be 0.5*KDP,

which corresponds to deff 0.2 pmIV. The nonlinear d coefficients have been

calculated on the basis of an oriented gas model (10, 11). In this model, the

nonlinearity is associated primarily with the orientation of individual borate

groups.
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Figure 7.5. DTA of Ba2B10O17 ground glass.
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Figure 7.6. DTA of crystalline Ba2SrB1oOi7.
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The method has been applied to a wide range of borates containing

exclusively B03 groups, but it has only recently been successfully extended to the

analysis of complex polyborates containing both B03 and B04 groups (12). By

using eq. (7.1),

IN
duk RilRjmRkn/3lmn (7.1)

linn

the components of the hyperpolarizability tensor components (3Jmn) are summed

according to the direction cosines or orientation functions (R) of the individual

groups and weighted by their number densities (1/V.) For polyborates,

hyperpolarizabilities have generally been derived by various quantum-mechanical

methods (11, 13). These results have to date provided rather poor agreement with

experimental results from crystals. We note, however, that first-principle

calculations have recently provided an effective means for calculation of both

linear and nonlinear optical properties in various polyborate systems (14). To

provide an effective, very simple predictive tool for estimating nonlinearities, we

have derived values of
1

for B04 and B03 groups for use in polyborates from eq.

1 by using the reported crystal structure and d coefficients of LBO (12). Since

transition moments and energy gaps for the B04 and B03 groups are expected to

be similar, we assume (BO4) = 13(B03). With these simple assumptions, we

readily calculate a value of d1 = 0.2 pmIV for Ba2B10O17, a result that is entirely

consistent with the SHG test.
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Conclusions

The new, noncentrosymmetric borate Ba2B10O17 has been structurally

characterized, and some of its properties as a frequency-conversion crystal have

been examined. Single crystals can be grown from a stoichiometric melt, and

optical studies and modeling indicate a nonlinearity near 0.2 pm/V.
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Abstract

The structure of a new Yb-doped borate is reported. The compound

Sr3Y0.814Ybo186(B03)3 (Yb:BOYS) was found to crystallize in the trigonal space

group R-3(h) [#148] with cell parameters of a = 12.467(3), c = 9.283(1)A, V =

1249.5 (2) A3, and Z = 6. The occupancy of both Y atoms were refined and it was

found that the Yb substitutes for only one of the two sites indicating a single

luminescent center. The stoichiometry was confirmed by electron microprobe.
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Introduction

When doped into certain hosts, the Yb3 ion exhibits a broad emission

band. This feature coupled with the small quantum defect and limited excited

state absorption of Yb3 provides a means to realize efficient, high-power, and

short pulsewidth femtosecond lasers. Recently, the new Yb-doped borate crystal

Sr3Y(B03)3 has been grown by using the Czockralski technique (1), and its

optical properties have been characterized spectroscopically (2). The compound

Sr3Y(B03)3 is isostructural to Sr3Sc(B03)3 (3), crystallizing as a member of the

large STACK family of borates (4). This structure type is characterized by the

presence of two crystallographically distinct, distorted octahedral sites that are

occupied by the M3 cations. In previous studies (4), crystallographic ordering

has been observed between the two sites in mixed M3, M'3 systems on the basis

of the sizes of the cations, but these studies did not include analysis of a system of

cations of similar radii such as y3 (r = 0.900 A) and Yb3 (r = 0.868 A). To

examine this ordering and to assist in the continuing development of

Yb:Sr3Y(B03)3 as a solid-state laser host, we describe herein the results of a

crystal-structure analysis.
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Crystal growth
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A crystal of Sr3Y0s5Ybo.15(B03)3 (Yb:BOYS) was Czochralski grown.

The melt was prepared from a stoichiometric composition. The raw materials

were alkaline earth carbonates and boron oxide with a purity of 99%, whereas the

rare earth oxides were 99.99% pure. This growth was performed using a 50 mm

diameter by 50 mm deep iridium crucible induction heated and embedded in

ground zirconia surrounded by a calcia stabilized zirconia tube. The growth

atmosphere was nitrogen, but the Czochralski apparatus was not well isolated

from the ambient atmosphere. The rotation rate (from 10 to 50 rpm) always

produces a convex crystallization interface. The crystallization rate was 1.2

mm/h. The process was automatically controlled by measuring the crystal weight

to a sensitivity of 0.03 g with a Mettler PG802-S balance, and using a PT regulator

to accurately control the crystal diameter. A typical boule size is 18 mm in

diameter by 50-80 mm long. High temperature annealing is generally performed

by maintaining the crystal at about 150 C below its melting point for 36 h, and

then cooling it down at a typical rate of 20 C/h.

The Czochralski growth of Yb:BOYS is easy to control and leads to

transparent boules when initiating the growth on an iridium rod. The spontaneous

growth direction seems to be close to the unique optical axis of the structure. A
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picture of the boule is given in Figure 8.1 and a summary of the growth

parameters is presented in Table 8.1.

Figure 8.1. Boule of 15 at%-doped Yb:BOYS, grown on an iridium rod.

Table 8.1. Crystal growth parameters for Yb:BOYS.

Formula 5(B03)3

Space group R-3 (uniaxial)
Z 6
a(A) 12.48(8)
b (A)
c (A) 9.27(5)

1 (°)

V(A3) 1252(1)
density 4.3

melting point (°C) 1400
seed orientation iio seed
diameter (mm) 1 8

useful length (cm) 4
growth rate (mm/h) 1.2
rotation rate (rpm) 10
cooling time (h) 43
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X-Ray Analysis

Unit cell parameters and data collection

A small crystal (0.2 x 0.3 x 0.5 mm) was extracted from the Czockralski

grown boule and mounted on a glass fiber with epoxy for X-ray analysis. All

measurements were made on a Rigaku AFC6R diffractometer with graphite

monochromated Mo-Ka radiation from a rotating-anode generator.

Cell constants and an orientation matrix for data collection were obtained

from a least-squares refinement by using the setting angles of 23 carefully

centered reflections in the range 26.50 < 20 < 34.02°. The final cell is tngonal

(hexagonal setting 3m1), having dimensions a = 12.467(3), c 9.283(1) A, and

V = 1249.5(2) A3. On the basis of the systematic condition hkl: -h+k+l = 3n,

packing considerations, a statistical analysis of intensity distribution, and the

successful solution and refinement of the structure, the space group was

determined to be R-3(h).

Data collection was performed by using the w-20 scan technique to a

maximum 20 value of 65.2°. Scans of (1.40 + 0.34 tan O)° were made at a speed

of 16.0°/mm (in co). The weak reflections (I < 10.0c(I)) were rescanned a

maximum of three times, and the counts were accumulated to ensure good

counting statistics. Stationary background counts were recorded on each side of

the reflection. The intensities of three representative reflections were measured

after every block of 500 reflections; they had an average change of 0.05%; so no

decay correction was applied.
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Structure refinement

The structure was solved by direct methods (6) and expanded by using

Fourier techniques (7). Refinement of the Y(1) and Y(2) occupancy parameters

revealed that the Yb atom selectively occupied the Y(1) site. From the refined

parameter, an approximate occupation of this site 0.6 Y and 0 4 Yb was

deduced. The Yb atom was then added to the refinement with its occupancy

parameter constrained to that of Y( 1) to ensure unit occupancy. Following

refinement with isotropic displacement parameters on each atom, the data were

empirically corrected for absorption with the computer program DIFABS (5) and

subsequently averaged = 0.136). Atoms Sr, Y(2), and B were then refined

with anisotropic displacement coefficients. The final cycle of full-matrix least-

squares refinement (8) with 510 observed reflections (1 > 3.0O(l)) and 37

variable parameters (secondary extinction coefficient = 4.18 x 1 0) converged to

the agreement factors R = 0.05 1 and R 0.050.

Plots of w (F0} Fl)2 versus FOj, reflection order in data collection, sin

OIX and various classes of indices showed no unusual trends. The maximum and

minimum peaks on the final difference Fourier map corresponded to 1.1 and 0.9%

of a Y atom, respectively.

Neutral atom scattering factors were taken from Cromer and Waber (10).

Anomalous dispersion effects were included in Fcaic (11); the values for if and

were those of Creagh and McAuley (12). The values for the mass attenuation

coefficients are those of Creagh and Hubbel (13). All calculations were
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performed by using the teXsan (14) crystallographic software package of

Molecular Structure Corporation. A summary of experimental parameters is

given in Table 8.2, positional and isotropic displacement parameters are presented

in Table 8.3, anisotropic displacement parameters are listed in Table 8.4, and a

tabulation of interatomic distance and angle is made in Table 8.5.
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Table 8.2. Experimental details for the structure solution of Yb:BOYS.

Formula Weight, amu 545.02

Crystal System Trigonal

Space Group R-3 [#148]

a,A 12.467(3)

c, A 9.283(1)

v,A3 1249.5(2)

Z 6

Dcajc, g cm3 4.345

F(000) 1477

Diffractometer Rigaku AFC6R

Radiation Mo Ka (?=0.71O69)
graphite-monochromated

Data Collection ±h, k, ±1

No. Observations (total, unique) 3150, 1015
(F023c(F02)) 510

R 0.051

R 0.050

Maximum Shift in Final Cycle 0.03

GOF 1.35

R = IFII / F = 0.05 1

R [( w (IF0! IF!)2 / w F02)]"2 = 0.050



Table 8.3. Positional and isotropic displacement parameters (Beq) for Yb:BOYS.

Atom Wyc x y z 0cc Beq*

Yb(1) 3b 0 0 '/2 0.062 1.532

Y(1) 3b 0 0 V2 0.105 1.532

Y(2) 3a 0 0 0 1/6 0.97(2)

Sr(1) 18f 0.5434 -0.0402 0.3101 1 2.026

0(1) 18f 0.7500(8) 0.0153(9) 0.198(1) 1 3.5(2)

0(2) 18f 0.1747(9) 0.0505(9) 0.6128(9) 1 3.9(2)

0(3) 18f 0.6154(9) 0.1574(9) 0.1751(9) 1 3.5(2)

8(l) 18f 0.200(1) 0.051(1) 0.751(1) 1 1.4(2)

= (8it/3)2E1 Uj a1 aj a aj

Table 8.4. Anisotropic displacement parameters for Yb:BOYS.

Atom U11 U22 U33 U12 U13 U23

Y(1) 0.044(1) 0.0436 0.044(6) 0.0218 0 0

Y(2) 0.0123(7) 0.0123 0.012(l) 0.0062 0 0

Sr(1) 0.0257 0.0257 0.0257 0.0128 0 0

B(1) 0.018(5) 0.018(5) 0.018(6) 0.009(4) 0 0
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Table 8.5. Interatomic distances (A) and angles (°) for Yb:BOYS.

Y(1) - 0(2) 2.21(1) (x 6) 0(2) - Y(1) - 0(2) 87.0(2)

Y(2) 0(3) 2.44(1) (x 6) 0(3) Y(2) 0(3) 87.6(3)

92.4(3)

180.0000(2)

Sr(1) - 0(1) 2.53(1) 0(1) Sr(1) - 0(1) 80.2(3)

2.706(8)

2.45(1)

0(2) 2.85(1) 0(2)-Sr(1)-0(2) 71.9(5)

2.87(1)

2.730(9)

0(3) 2.49(1) 0(1)-Sr(1)-0(3) 93.2(3)

2.66(1)

B(1)-0(1) 1.35(2) 0(1)-B(1)-0(2) 121(1)

0(2) 1.32(1) 0(2)-B(1)-0(3) 118(1)

0(3) 1.38(2) 0(1)-B(1)-0(3) 121(1)
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Elemental analysis

A small sample of the crystal boule was coated with carbon, placed in an

electron microprobe device (Cameca SX 50 WDS electron microprobe), and four

sets of quantitative elemental analysis data were collected to determine the Y to

Yb ratio. A summary of data is presented in Table 8.6.

Table 8.6. Microprobe analysis of Yb:BOYS crystal.

Element Oxide Weight Percent Cations per formula
Y 16.1(2) 0.814(4)
Yb 5.64(6) 0.186(4)
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Results and Discussion

Structure

A picture of the structure of Yb:BOYS is given in Figure 8.2. The bond

lengths and angles of the triangular B03 groups are regular with B 0 bond

lengths of 1.32(2), 1.35(1), and 1.38(1) A, and 0-B-0 angles of 118(1) and

121(1)°. Both Y(1) and Y(2) atoms are slightly distorted octahedral and have Y

0 bond lengths of 2.21(1) and 2.44 A, and O-Y-O bond angles of 87.0(2),

87.6(3), 92.4(3), and 180.0000(2). The Sr atom is nine coordinate with Sr -o

distances ranging from 2.45(1) to 2.87(1) A. Calculated bond lengths from

Shannon (15) crystal radii include B 0 of 1.36 A, Y 0 of 2.26 A, Yb 0 of

2.228, and Sr 0 of 2.66 A,.

Elemental Analysis

From the elemental analysis performed on the crystal, the ratio of Y to Yb

was determined to be Y0514(4) and Yb0 186(4). This result is in excellent agreement

with that determined by refinement of the occupancies during the single crystal

structure refinement which also produced a Y to Yb ratio of Yo.814(4) and Ybo.186(4).



172

Figure 8.2. Structure of Sr3Y0814Ybo 186(B03)3 viewed down the a axis. The c
axis is vertical and the b axis is horizontal. Sr is pink, B is blue, Y is yellow, and

0 is gold.
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