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The efforts of this work have been directed toward the discovery,
characterization, and development of new borate optical materials that have
potential application as lasers, phosphors, and scintillators.

Many of these

achievements have been an outgrowth of work performed on the STACK family
of compounds. These materials have the generic formula A6MA4'(B03)6. The two

different sizes of octahedral sites, M and M', give rise to over 150 derivatives that

crystallize with this structure type.
STACK derivatives Ba3In(B03)3 and Sr3In(B03)3 were studied because of

their similar nature, thus keeping the number of experimental variables to a
minimum.

The solid solution [Sr3,,Bajln(B03)3 was verified by using X-ray

powder diffraction. Analysis of Cr3+ emission spectra reveals that the size of the

dopant site has a larger effect on crystal field strength in this structure than

substitution of electropositive Ba for Sr on the A site. Results from Eu3+ emission

spectroscopy indicate that the preferred dopant positions in the Ba analogue are

the octahedral sites, while some disordering between the octahedral and the A
sites exist for the Sr counterpart.

A comparison of In - 0 distances in the (Ba,Sr)31n(B03)3 STACK
compounds and InB03 was made possible by the crystal growth and single
crystal structure refinement of InB03. This material is isostructural to the mineral
Calcite (CaCO3), and to ScB03.
The generic formula Ba3M(B03)3 represents a group of compounds where

M = lanthanides Dy through Lu, plus Y and Sc. These materials crystallize in a
layered type structure.

Eu3+ emission spectroscopy provides verification that

Dy3+ is the largest M3+ cation to be stoichiometrically incorporated into the
structure.

The phase system Sr0 - Bi203 - B203 was examined for possible new
stoichiometric Bi scintillators. In this search, two new phases were identified by

using powder X-ray diffraction. The formulations of these phases based on
starting material ratios are "Sr6BiB09" and "Sr2Bi3B08". Powder of the forrnulation

"Sr6Bi0B9" displays typical Bi3+ broad band emission. Crystals of the starting
composition "Sr2Bi3B08" were grown. These crystals form extremely thin plates

that resemble Muscovite mica. Single crystal X-ray data indicate this material
crystallizes in a rhombohedral unit-cell. Although the structure is not fully solved
at this time, a tentative, heavy atom ratio is Sr2Bi.
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SYNTHESIS, CHARACTERIZATION, AND CRYSTAL CHEMISTRY

OF NEW BORATE OPTICAL MATERIALS

CHAPTER 1

Introduction
Early man must have been quite surprised when, in an attempt to start a

fire by striking two stones together, he produced not sparks or fire but flashes
of light. Of course, two pieces of quartz had been struck, and the discovery of

luminescence had been made. This type of luminescence, brought about by
crushing, scratching, or rubbing a material is referred to as triboluminescence.
For centuries man has known that certain rocks and minerals glow under
certain conditions. Luminescence is the general term that describes the emission

of light from a material that has been excited by some form of energy. This
phenomenon can be brought about by several means. For example, emission
of light may be prompted from certain materials by the application of heat; such

a process is thermoluminescence. More typically, we think of luminescence as
occurring after a material has been excited with energy from a photon flux (1, 2).

This energy is absorbed, and then emitted at a longer wavelength.
Early researchers were often puzzled by the fact that some minerals would

luminesce, while others would not even though they were collected from the
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same vicinity and were apparently the same sample type and composition.

It

was soon realized that "not all minerals were created equally," even though they

appeared to be so.
The study of what makes a material luminesce has grown from these early

beginnings.

Today, investigators make use of early findings and push the

envelope of understanding to the point of tailoring or selecting synthetic and

naturally occurring materials to meet specific needs of a growing number of
applications. While much is now known, there is still much to be learned and
researchers continually strive to find the optimum material for the specific task.
For example, the emission wavelength of a luminescent sample determines its
color and the specific applications that it may be suited for when emitting light.

This crucial feature can often be adjusted by fine tuning the crystal field and
crystal chemistry of a material. Such control allows the material to be tailored or

chosen for the desired application.
Examples of luminescent materials containing Cr3+ illustrate the effects of

adjusting the crystal field in a host material. Paul Thompson, a former graduate
student in the Keszler research group, conducted experiments exemplifying this

point (3).

Increasing the crystal field of the ScBO3 matrix by adding the

electropositive element Sr, induced the emission band to blue shift by
approximately 40 nm (Fig. 1.1).
A useful aid in the interpretation of the relationships between energy levels

and crystal

field strength is the Tanabe - Sugano diagram (4) (Fig. 1.2). This
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CO+ emission spectra of the materials ScBO3 and Sr3Sc(B03)3.
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Figure 1.2.

Tanabe - Sugano for a d3 ion in an octahedral field.
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diagram is essentially a plot of energy versus crystal field strength with curves
representing electronic excited states for a d3 ion in an octahedral environment.

Relative crystal field strengths of different materials can be interpreted by the
position and shape of Cr + emission bands, and the Tanabe-Sugano diagram.

On this diagram, the abscissa represents the ground state of a CO+ ion. Spin
allowed transitions, such as 4T2 with sloping curves, indicate strong interaction

with the host. A small change in crystal field will have a corresponding change

in the energy of the transition. Emission bands from these excited states are,
therefore, expected to be broad in appearance. Cr3+:ScB03 is an example of a
weak-field material with broad band emission indicating a 4T2

4A2 transition.

Transitions that interact little with the lattice have curves that are essentially
parallel to the ground state level (abscissa). A small change in crystal field here
will have little or no effect on the energy of the transition. Therefore, a compound

with a strong crystal field, such as Ruby (Cr3+:A1203), will have Cr3+ emission
spectra with very sharp peaks, thus indicating a 2E

4A2 transition. Having this

kind of information about the crystal field strength of materials is beneficial when

choosing a CO+ laser host.

Efficiency and color rendition are important considerations for phosphor
materials. Today's researchers have concluded that a three-color lamp is more
efficient and has a better color rendition than those produced by older two-color

phosphors (5). The three components are red produced from Eu3+, blue from
Eu2+ or CO+, and green from Tb3+. Although crystal field has little effect on the

6

tri positive luminescent properties of these ions, the site symmetry of the dopant
site can have a major effect. For example, emission from Eu3+ materials may be

orange or red, depending on the host. Blasse has shown (6) that a Eu3+ ion

occupying a site with a center of symmetry will have an emission spectrum

similar to those in Fig. 1.3 with the major emission band orange in color
(approximately 590 nm). If the Eu3+ ion resides on a site without an inversion
center, the emission spectrum will be similar to those in Fig. 1.4 with brilliant red
luminescence (approximately 610 nm).

These cases illustrate the importance of knowing the crystal chemistry of

materials being considered for optical applications.

The STACK (7,

8)

compounds (discussed extensively in Chapter 2) represent a very large family
of materials with the generic formula A6MM'(B03)6 that have potential as laser and

phosphor hosts. The vast number and wide diversity of materials lends this
family of compounds to a variety of experiments. Carefully chosen derivatives
can assure that the desired variables in the material may be held constant, giving
the investigator a keen sense of how even small experimental changes can effect

optical properties of a material.
Much of my contribution to the STACK project has been the development

of compounds where A = Ba. My investigation of the Ba6MM'(B03)6 structure
field led me to the material Ba3In(B03)3 (9). This compound and the analogue

Sr3In(B03)3 offer such an experimental comparison as alluded to above.
Exhibiting a solid solution, [Ba3,,Srj In(B03)3, most variables in these materials
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are held constant, except for substitution on the A site which changes the size

of the unit cell and dopant sites within the crystal structure.

Often, literature

comparisons are made between materials with completely different structures or

substitutions of different ions, thus introducing a greater number of variables to
consider when analyzing the results. Examples of such studies come from

Cr3+

emission spectra for different Ga garnets (10), and the Eu3+ work previously
referred to. These examples are very enlightening and point the direction to an

even more detailed study of similar parameters in the STACK derivatives.

In

Chapter 3, the crystal field of [Ba,S131n(B03)3 as manifested by Cr3+ emission is

discussed. Site occupancies of Eu3+ are also compared and contrasted between

these two very similar materials.

A related family of materials, with generic stoichiometry A3M(B03)3 [M =

Sc and selected lanthanides] (11), crystallizes as a layered type structure
(Chapter 4). A study of Eu3+ site occupancy in the Ba3Y(B03)3 derivative is
discussed. This examination also includes a unique experiment that uses Eu3+

as a probe within the crystal structure.

Scintillation Materials
Scintillators are a general class of materials that, like the luminescent
materials discussed above, emit light when excited with a photon, albeit at higher

energies (12).

They are different, however, in that other particles besides

photons, e.g., high-energy electrons, positrons, or neutrons, may also cause the

10

scintillator to emit light. Scintillation materials are almost always associated with
the absorption of high energy particles such as X-rays or gamma rays. Detector

applications require the scintillator to be a single crystal, as opposed to
phosphor applications that require powdered materials.
Scintillators are often categorized on the basis of their excited state decay

times and come in two general varieties: those with long excited state lifetimes
and those with short excited state lifetimes. Long, for scintillators, is considered

to be on the order of microseconds, and short on the order of nanoseconds or
picoseconds. A very fast scintillation phenomenon was discovered in the early

1980's (13) and has been called cross-luminescence (CL) or Auger free
luminescence (13, 14).

To describe this CL component of scintillation, it is

instructive to consider the band structure model of the scintillator material BaF2
(Fig. 1.5). A hole in the outermost core level of the Ba2+ 5p (cation), created by

some form of energy, is filled with an electron from the valence band of the F

2p (anion). The decay of this electron is accompanied by the emission of a
photon. If the energy gap between the valence band and the core levels (la) is
smaller than the energy gap between the valence and conduction band (E9), CL
may occur. If the reverse is the case, the hole is filled by an Auger process and

no CL is observed. Large band-gap materials containing the elements Ba, Cs,

Rb, and K cations have been reported to exhibit the CL process. These CL
scintillators are attractive for high energy physics applications. It is estimated
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that 61.5 tons of BaF2 will be needed to build a detector for the Superconducting

Super Collider! Table 1.1 contains some materials that display CL.

The field of Computed Tomography (CT) is also growing rapidly in the
medical community (15). This application involves an array of scintillator crystals

that revolve .around a central point where a patient is located.

A solution

containing a radionuclide is injected into the patient's blood stream (16), and the

detector is positioned to absorb radiation from the radionuclide located in the
part of the body in question. Three-dimensional graphical reconstruction is then

performed via elaborate computer algorithms. A similar configuration is used
with X-rays. In this application the detector and an X-ray source are positioned

180° with respect to each other, and revolve in tandem.

For each of the

applications, dense, fast materials are needed to absorb gamma rays and X-rays

(13, 17). Materials containing Ce3+ and Bi3+ are typically sought for these
applications since their emission bands (blue) match spectral response regions

of sensitive PMTs and their high nuclearities afford significant densities. Table
1.2 lists some common scintillators for CT applications.
During my last year here at OSU, several samples of the type Ba3M(B03)3

(Chapters 3 and 4) were examined at Lawrence Berkeley Laboratory as possible

CL scintillators.

Unfortunately, no significant light production was observed.

During the examination of samples from the lab, however, the compound CsB3O5

was identified as the first reasonably efficient oxide CL material. In an effort to
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Materials displaying Cross Luminescence (CL). Data compiled from
references 13 and 14.
Table 1.1

Material

Density (g/cm3)

Emission
Peak (nm)

Lifetime (ns)

KMg F3

3.2

140-190

1.3

RbF

3.6

203,234

1.3

KYF4

3.6

170

1.9

CsCI

4.0

240,270

CsF

4.1

390

2.9

CsBr

4.4

250

0.07

BaF2

4.9

195,220

0.8

KLu2F4

7.5

165

<2

0.9

14

Table 1.2 Scintillation materials with possible Computed Tomography (CT)
applications. Data compiled from references 13, 14, 15, 17, and 18.

Density
Material

(g/cm3)

Emission
Peak (nm)

Lifetime
(ns)

Light
Yield

100

Nal(TI)

3.7

410

230

CsI(TI)

4.51

565

1000

45

Gd2SiO5

5.35

430

30-60

----25

Y1.3,,Gd.6Eu33603

5.92

610

1 (ms)

CeF3

6.16

,---325

Bi4Ge3012

7.13

CdWO4

7.9

54

30

5-9

480

300

13

500

500
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15

discover stoichiometric Bi scintillators, the phase system SrO - B2O3 - Bi203 was

examined. In Chapter 6, I summarize the results of this study.

Synthesis and Characterization

When investigating potential materials that may replace or complement
existing ones, many things must be considered, and an assortment of tools will

be needed. Any good sea captain, before starting on a voyage into uncharted
waters would first carefully consider maps made by those who have gone before.

So it is with new materials development - general classes of materials that have

shown promise before, may yet produce important new materials. Along with
many students in the Keszler Research Group, I have worked extensively with

borates in my research projects. Borates have shown much promise because
of their large transparency window (180 - 3000 nm), high damage threshold, and

easily accessible temperature range for synthesis. In addition to working with
state of the art optical materials, the Keszler Research Group has a wide variety

of paraphernalia necessary to synthesize, characterize, and analyze solid state

materials. The powder diffractometer is the most frequently used tool. New
phases are first identified by using this instrument. Once a new phase is found,

single crystals are grown. This is often a very time consuming task, since a

suitable flux system may need to be determined. Single crystal structure
elucidation is performed by first, collecting data on a Rigaku four circle rotating
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anode diffractometer and then solving the crystal structure on a /Wax II
computer. This result provides a "picture" of the structure so that inferences can
be made as to the effectiveness of the material in an optical application. Optical
measurements are performed on a spectrometer assembled by members of the
Keszler Research Group (Fig. 1.6).

Stepper
Motor

Cary Model 15
Monochromator
double-prism, 0.4 meter

Oriel
Lamphouse
Xe, Xe(Hg)

Anode
Cathode

Power
Supply

Holder (cold-finger)

0

Sample

Picoammeter
Keith ley 602

Amplified
Signal

Filter (cut off)

Stepper
Motopr

In

Oriel
1/8 meter
Monochromator

Computer
Signal

Cooling
Ai

Figure 1.6.

IDetector

Power
Supply

Stepper
Motor
Driver

Block diagram of the optical instrumentation used for excitation and emission spectra.
;1
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Abstract

The crystal chemistry of the STACK family of orthoborates having the
formula AeMM'(B03)6 where A = Sr, Ba, Pb, or Ln (Ln = lanthanide), and M, M'

= +2, +3, or +4 metal cation is described. Over 150 individual members of the
family have been synthesized; they crystallize in the trigonal space group R-3- with

unit cell volumes ranging from 1143.8(1) to 1365.6(3) P. In this report, the metal

site preferences, disorder, and solid solubility of these phases are discussed.

Interrelationships between this structure and the layered structure type of
Ba3Sc(BO3)3 are also detailed.
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Introduction

Among the myriad of known solid-state inorganic structure types, there
exist common examples such as rock salt, garnet, spine!, zinc blende, elpasolite,

and perovskite where a common arrangement is retained with a great variety of
atomic constituents. For example, the compounds NaCI, MgO, MgS, CaO, CaS,

TiO, and ScN all adopt the rock salt structure, and the oxides Ca3Al2Si3012,
Y3A15012, Gd3Ga5012, and Ca3Te2Zn3012 all crystallize in the garnet structure. We

derive a sense of order from classifying materials in this way, but the efficacy of

doing so certainly derives from the capacity to control physical properties by
freely substituting selected atoms at specific sites while maintaining structural
integrity. In fact, many of our modern technological advances can be traced to
this ability.
In a recent contribution we reported the existence of an entirely new family

of compounds whose members now comprise one of the larger structural
classes of material reported to date (1). This family, which we designate STACK,

is derived from the structure of the compound Sr3Sc(B03)3 (2,3) by substitution
of a variety of atoms at the Sr and Sc sites. The general formula is A6MM'(B03)6

where A = Sr, Ba, Pb, or selected lanthanides; M = Ca, Sr, Y, Sc, In, Bi, or
selected lanthanides; and M' = Mg, Al, Cr, Mn, Fe, Co, Rh, Zn, Sc, In, Zr, Hf,
Sn, or selected lanthanides.

In developing the physical properties of these new materials, it will be
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necessary to grasp the structural consequences and patterns encountered with

the various chemical substitutions.

In this report, we discuss the crystal

chemistry of this family and establish interrelationships with the layered structure
type of the compound Ba3Sc(B03)3, which we described in the preceding report

of this series.
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Experimental Section

Synthesis
Powders of the Sr compounds were synthesized by using standard high-

temperature solid-state methods.

Stoichiometric quantities of the starting

reagents (nitrates, carbonates, or oxides, typically _99.9%) were mixed with a
5 mol% excess of B2O3, ground under hexane, and heated at 923 K for 1 h to
decompose the reagents and initiate the reactions. The samples were reground
and heated for 6 h at 1028 K, for 12 H at 1123 K, and for 24 h in the range 1173
- 1673 K, depending on the sintering characteristics of the sample. Analysis of

powder X-ray diffraction patterns obtained with a Philips automated
diffractometer confirmed the formation of the desired product. Further synthesis
studies on the derivatives Sr3Sc(B03)3 and Sr6YA1(1303)6 revealed that they could

be synthesized by using a flash-synthesis method. The reagents were ground
under hexane and heated in a Pt crucible directly at 923 K for 20 min and 1023

K for 15 min to initiate the reaction. The powder was then ground and heated

promptly at 1273 K for 3 h. It is likely that most of the Sr derivatives can be
prepared by this method.

In general, a different set of conditions is necessary for synthesis of
crystalline Ba derivatives. The flash-synthesis method can only be used for a few

compounds, and lower heating temperatures (1123 K - 1223 K) are generally

required to avoid melting the sample. Also, smaller incremental increases in
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temperature, 25 75 K after each grinding, and longer heating times are typically

needed to produce homogeneous samples. Each heating period lasted 12 - 24

h but could be as long as several days.

For example, the compound

BaeErFe(B03)6 was prepared by grinding together stoichiometric ratios of the
starting materials with 5 mol% excess B2O3 and heating at 898 K for 1 h, 1008

K for 19 h, 1073 K for 24 h, 1123 K for 21 h, and 1148 K for 14 h. The
compound Ba6GdSc(B03)6, however, is readily prepared by flash heating.

Powder data for the materials were collected on an automated Philips
diffractometer; peak positions were corrected by using NIST Si Standard 640b.
Unit cell parameters were refined by least-squares analysis with eleven peaks in

the range 26

20 5 58°.

The hkl assignments of each reflection were

determined by comparison to powder X-ray patterns of the parent material
Sr3Sc(B03)3 (2) and other selected derivatives.

To establish experimental variation in unit cell parameters, six pairs of
samples were compared to determine the variance of their cell parameters a and
c and unit cell volumes V. The maximum differences found (Aa, Ac and AV) were

used as an estimate of maximum deviation from an average value. Reported
values were found to be within +/- 0.1% for a, +1- 0.2% for c, and +/- 0.5% for
V. Actual statistical deviations from the refinements with X-ray data are included

in parentheses in Table 2.3. In each case inclusion of a larger cation should
result in a larger unit cell but this may not occur if the enlargement is less than

the experimental errors associated with the compound synthesis and cell
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parameter determination. Reported e.s.d.'s in the cell parameter tables have
their origin in the POLSQ program and reflect the uncertainty with which the least

squares fit has settled on a specific value.

Actual variations in unit cell

parameters up to 0.019 A are an order of magnitude larger than e.s.d.'s
indicated by POLSQ. Sources of experimental error include the precision in
weighing the starting reagents which can skew the stoichiometry of the product.

Also, in a few cases, poor sample crystallinity affords broad and asymmetric
diffraction peaks that lead to uncertainties in selecting peak positions.

Crystal Growth
Single

crystals

of

Sr6Y1.07A10.63(B03)6,

Sr6H00.664Sc1.036(B03)6,

Sr6Er1.40Sc0.60(B03)6, Sr6La0.6,4Sc1.16(B03)6, and Ba6Gc11.28Sco.72(B03)6 were grown

by slowly cooling melts. Crystals of Sr6Y1.07A10.93(B03)6 were seized from a melt

with the following mol% composition: 61.5 SrO, 5.1 Y203, 7.9 A1203, 20.5 8203,

and 5.1 Li2O. The melt was cooled from 1273 K to 1073 K at 10 K/h and then

to room temperature at 100 K/h. A crystal was removed from the matrix by
dissolution of the flux in dilute HNO3(aq). Crystals of Sr6HoSc(B03)6 were grown

by melting a stoichiometric sample in a Pt crucible at 1773 K followed by cooling

at 4 K/h to 1273 K and 40 K/h to room temperature.

A crystal of

Sr6Er1A0Sco.60(B03)6 was isolated from a melt corresponding to the stoichiometric

proportions of Sr6ErSc(B03)6. The heating and cooling programs were the same

as those applied to the Ho crystals.

Crystals of Sr6La0.84Sc1.16(B03)6 were
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obtained from a melt of 70 mol% Sr6LaSc(B03)6 : 30 mol% CaF2 that was cooled

from 1648 to 1348 K at 15 K/h followed by cooling to room temperature at 130
Single crystals of Ba6Gc11.28Sco.72(B03)6 were grown by melting the

K/h.

stoichiometric material BaeGdSc(B03)8 in a Pt crucible at 1573 K and then
cooling to 1373 K at 5 K/h and at 40 K/h to room temperature.

Single-crystal Work
Relevant crystal data for each of the structures are presented in Table 2.1.
Srer.07A/a93(B03)6, A 0.2 x 0.2 x 0.2 mm crystal was selected for analysis.

The data were collected on a Rigaku AFC6 rotating anode diffractometer

equipped with a graphite monochromator set for Mo Ka radiation.

2381

reflections were measured by using w -20 scans in covering the range of indices
0

h

17, -17 5 k

17, and -12 5 I 5 12 to 20m = 60°. From these data,

764 unique reflections with

F02

3a(F,2) were available for structure

determination and refinement. Three standard reflections measured after each

block of 200 data exhibited excursions of less than 2.5%. A Digital AVAX-I1
computer, together with programs from the TEXSAN crystallographic software
package (4), were used to solve the structure. The heavy atoms Sr and Y were

located by using the direct methods program SHELXS (5), and the positions of

the other atoms were determined from analysis of difference electron density
maps.

After several cycles of the least-squares refinement, the isotropic

displacement coefficient at the Al site had refined to a negative value, indicating

Table 2.1.

Crystal data for Sr6YAI(B03)6, Sr6ErSc(B03)6, Sr6HoSc(B03)6, LaSr6Sc(B03)6, and Ba6GdSc(B03)6.

Formula Weight, amu

Sr6YAI(B046

Sr6ErSc(B01)4

Sr6HoSc(B01)13

LaSr6Sc(B0,16

Ba6GdSc(B016

994.46

1090.79

1088.45

1102.51

1379.04

Crystal System

Rhombohedral

Space Group

Ra

a, A

12.162(3)

12.322(1)

12.285(3)

12.388(1)

12.960(1)

c, A

9.103(4)

9.293(2)

9.268(2)

9.294(2)

9.538(2)

v,

1166.1(8)

1221.8(3)

1211.2(5)

1235.2(2)

1387.2(3)

Z

3

3

3

3

3

peak, g cm-3

4.248

4.447

4.476

4.446

4.952

F(000)

1362

1473

1470

1500

1785

A3

Diffractometer

Rigaku AFC6R

Radiation

Mo Ka (A-0.71069 A)

Data Collected

+h, ±k, ±1
568

835

693

920

1191

R

0.040

0.034

0.025

0.048

0.055

R

0.042

0.045

0.039

0.068

0.063

No. Observations

(F,23a(F.2))
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the presence of additional electron density. The multiplicity of the site was
subsequently refined to a value greater than unity. It was then modeled with two

disordered atoms (Y and Al) where the population was fixed at unity and the x,
y, z, and B parameters of the Y atom were constrained to those of the Al atom.
-Refinement of the multiplicity indicated that 7.3% of the Al sites were occupied
by Y atoms to give the more exacting formula Sr6Y(A10927Y.073)(B03)6. The data

were corrected for absorption with the program DIFABS (6) and subsequently
averaged (Riot = 0.108). Anisotropic displacement coefficients were applied to

the Sr, Y, B, and 0 sites in refinement to the final residuals R = 0.040 and Rw

= 0.042.

The largest peak in the final difference electron density map

corresponds to 0.96% of an Y atom.
Sr6Hoasts4Sc1.036(B03)6.

A single crystal of approximate dimensions 0.15

x 0.17 x 0.20 mm was selected for structure analysis on the same diffractometer.

From 2456 reflections measured to 20,,, = 60° over the range of indices 0
17, -17 5_ k 5 17, and -13 5 I 5 13, 693 unique reflections with F,2

h

3a(F.2)

were obtained. Three standards measured after every 200 reflections deviated
on average by less than 1.5%. Each of the atoms was positioned by comparison

to the isostructural compound Sr3Sc(B03)3 (2). After several cycles of least-

squares refinement, examination of the isotropic displacement coefficients
indicated a disorder over the Hot and Sc1 sites. They were then modeled with

two atoms at each position with the occupancy constrained to unity. The x, y,

z, parameters were fixed, and the B values of atoms Sc2 and Ho2 were
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constrained to those of atoms Ho1 and Sc1, respectively. The data were
corrected for absorption with the program DIFABS and subsequently averaged

(Rim = 0.045).

Least-squares refinement with anisotropic displacement

coefficients on the Sr, B, and 0 atoms and an extinction parameter = 0.19(3) x
10-6 afforded the final residuals R = 0.027 and Rw = 0.041. The largest peak in

the final difference electron density map corresponds to 0.27% of a Ho atom.
A

descriptive

formula

representing

the

final

result

is

Sre(H00.892(5)SC0.108) (SC0.928(4)1100.070(B03)6.

SreEri.40Sc060(B03)6.

A crystal of approximate dimensions 0.20 x 0.20 x

0.25 mm was mounted on the Rigaku diffractometer for structure analysis. Cell

constants were obtained from least-squares refinement of the setting angles of

15 reflections in the range 36 < 20 < 42°. From 2135 reflections of the type h,

±k, ±I measured to 20,,o, = 65°, 979 unique reflections were obtained. The
positions of the heavy atoms Sr, Er, and Sc were taken from the solution of the

Ho analog. The positions of the B and 0 atoms were subsequently determined

from analyses of difference electron density maps. The occupancies of the M
and M' sites were determined in a manner similar to the Ho derivative. The data

were corrected for absorption and averaged (Riot = 0.067). The Er and Sc
atoms were subsequently refined with isotropic displacement coefficients while
the remaining atoms were refined with anisotropic coefficients. Final refinement
on Fo with data having Fo2

3a(F02) and a secondary extinction coefficient =

0.25(2) x 10-6 afforded the final residuals R = 0.034 and Rw = 0.045. The largest
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peak in the final difference electron density map corresponds to 1.8% of a Sr

atom. The formula that indicates the occupancies of the M and M' sites is
Sre(Er0.915(5)Sc0.085)(Er0.488(5)Sco.512)(B03)6

SreLaa84Sc116(B03)6. A crystal of approximate size 0.2 x 0.2 x 0.3 mm was

mounted for structure analysis. Cell constants were obtained from least-squares

refinement with the setting angles of 17 centered reflections in the range 30.5 5

20 5 36°. Three standard reflections measured throughout the data collection
exhibited no significant variations.

From 3741 reflections measured over the

range of indices -19 5 h s 19 , 0 5 k 5 19, and -15

I 5 15 to 20m

70°,

1205 unique reflections were obtained. The atoms on special positions were

placed by analogy to the previous structures, and the remaining atoms were
found by interpretation of difference electron density maps. Approximate site

occupancies were determined by refining multiplicities with Sr atoms in the
general-position sites and the special position 0, 0, 1/2. These occupancies were

subsequently modeled with partial substitution of La on the general position and

Sc on the special position. The refinement was then constrained to give a total
unit occupancy for the special position and an appropriate La concentration on
the general position to maintain charge neutrality. Following refinement of the
model with isotropic displacement factors, the data were corrected for absorption

and merged (R1

= 0.073).

Final refinement with anisotropic displacement

coefficients on the Sc1, B, and 0 atoms and an extinction correction = 0.8(1) x
10-6 afforded the residuals R = 0.048 and Rw = 0.068. The largest peak in the
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final difference electron density map corresponds to 4% of a Sc atom. The final
results afford the descriptive formula (Sr5.16La0.84)(Sr0.84(2)Sc0.16)Sc(B03)6
Ba6Gd1.28Sca72(B03)6.

A single crystal of approximate dimensions 0.1 x

0.1 x 0.15 mm was selected for structure determination. A total of 1176 unique
reflections having F,,2

3a(F02) were obtained by using the w-20 scan technique

to collect 4197 reflections in the range 2 5 20 5 80°.

Three standards

measured throughout the data collection exhibited an average deviation of
0.23%. The position of the Ba atom was determined from the results of the
direct methods program SHELXS, and the Gd and Sc atoms were located by
analogy to the structure described above. The remaining atoms were located

from examination of difference electron density maps. The magnitude of the
temperature factors after least squares refinement indicated disorder at the Gd

and Sc sites. Refinement of the multiplicities gave 13% Sc on the Gd site and

41% Gd on the Sc site so that the formula is
Gdo.411(4)(B03)6.

Bae(Gdo.869(3), Sc0.131)(Sc0.589,

The data were corrected for absorption with the program

DIFABS and averaged (Rim = 0.080). The Ba, B, and 0 atoms were refined with

anisotropic displacement coefficients, and the remaining atoms were refined
isotropically. The converged refinement affords the final residuals R = 0.055 and

RW = 0.063.

The largest peak in the difference electron density map

corresponds to 3.5% of a Gd atom.

Positional parameters and equivalent

isotropic displacement coefficients for each of the structures are summarized in
Tables 2.2a and 2.2b.
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Positional parameters for Sr6YAI(B03)6, Sr6ErSc(B03)6,

Table 2.2a.

and

Sr6HoSc(B03)6.
Sr6YAI(B0466

A

x
y
z
Beq

M

x
Y

z
Beq

M'

x
Y

z
Beq

B

x
Y

z
Beq

01

x
Y

z
Beq

02

x
Y

z
Beq

03

x
Y

z
Beq

SreErSc(B0,)6b

Sr6HoSc(B0,)6c

0.57169(4)
0.04230(4)
0.69465(6)
0.70(2)

0.57542(5)
0.04144(5)
0.68987(6)
0.60(2)

0.57425(5)
0.04197(5)
0.69082(5)
0.55(2)

0
0
0
0.50(2)

0
0
0
0.35(2)

0
0
0
0.31(2)

0
0

0
0

0
0

1/2

1/2

1/2

0.38(5)

0.46(2)

0.20(5)

0.1906(5)
0.1354(5)
0.7569(8)
0.7(2)

0.1982(6)
0.1427(5)
0.7614(7)
0.6(2)

0.1974(5)
0.1407(5)
0.7597(6)
0.5(2)

0.1717(3)
0.6327(3)
0.8175(5)
1.1(1)

0.1686(4)
0.6254(4)
0.8149(5)
0.9(1)

0.1683(4)
0.6276(4)
0.8154(4)
0.8(1)

0.6234(3)
0.1802(3)
0.9443(4)
0.9(1)

0.6150(4)
0.1643(4)
0.9501(5)
1.0(1)

0.6170(4)
0.1687(4)
0.9483(4)
0.8(1)

0.5954(3)
-0.0762(3)
0.4724(5)
1.0(1)

0.5937(4)
-0.0712(4)
0.4763(5)
1.1(1)

0.5949(4)
-0.0731(4)
0.4756(4)
0.9(1)

A= Sr; M=Y; M'= AI(0.93), Y(0.0 JP
b A= Sr; M=Er(0.915), Sc(0.085); M'=Er(0.488), Sc(0.512)
A= Sr; M= Ho(0.892), Sc(0.108); M'= Sc(0.928), Ho(0.072)
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Positional parameters for LaSr6Sc(B03)6 and Ba6GdSc(B03)6.

Table 2.2b.

LaSr6Sc(B0.416d

A

0.57741(5)
0.04338(5)
0.69168(6)
0.87(2)

0.57506(3)
0.04058(3)
0.69372(4)
1.21(2)

0
0
0
0.76(3)

0
0
0
1.05(2)

Y

0
0

0
0

z

1/2

Beq

0.89(6)

2.80(8)

0.2014(7)
0.1433(7)
0.7572(8)
0.9(2)

0.1936(8)
0.1378(7)
0.7558(9)
1.6(2)

0.1555(4)
0.6228(5)
0.8255(6)
1.2(1)

0.1691(6)
0.6257(6)
0.8217(8)
2.6(2)

0.6217(5)
0.1669(5)
0.9465(5)
1.6(2)

0.6207(5)
0.1734(5)
0.9509(6)
1.9(2)

0.5911(5)
-0.0720(5)
0.4766(6)
1.6(2)

0.5879(5)
-0.0825(5)
0.4726(7)
2.1(2)

x
Y

z
Beg

M

x
y
z
Beq

M'

B

x

x
Y

z
Beq

01

x
Y

z
Beq

02

x
y
z
Beq

03

x
Y

z
Beq
d
e

pa6GdSc(B046

1/2

A= Sr(5.16), La(0.84); M= Sr(.84), Sc(0.16); M'= Sc
A= Ba; M= Gd(0.92), Sc(0.08); M' = Sc(0.66), Gd(0.34)
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Results and Discussion

STACK Structure
A listing of the STACK compounds that we have prepared along with their

unit-cell parameters is given in Table 2.3. The unit-cell volumes range from
1143.8(1) A3 for the compound SreScAl(B03)6 to 1414.0(2) k for the derivative
Ba6SrZr(B03)6. The precision attained in the refinement of the parameters is an

indication of the high crystallinity of most of the samples. They are, in fact, hard,

dense, and stable ceramic materials, much like the members of other oxide

families such as spinel and perovskite.

Melting points of the more stable

derivatives extend to approximately 1673 K.
The nominal formula A6MM'(B03)6 results from structural considerations
of the parent compound Sr3Sc(B03)3 = Sr6ScSc'(B03)6. As reported in the first

paper of this series, the structure is a high symmetry trigonal type forming in a
rhombohedral cell.

It contains two types of Sc-centered 0 octahedra that

alternately stack between planar triangular B03 groups to form chains (Figure
2.1) that extend along the trigonal axis. The 3-dimensional structure (Figure 2.2)

results from linkage of these chains through the 9-coordinate Sr atoms. It is the

specific linkages between the Sc- and Sr-centered sites that afford the
inequivalence of the octahedra. One octahedron is larger, trigonally elongated,

and shares only vertices with the 9-fold site, while the other is trigonally
compressed and shares its triangular faces with the 9-fold site. In the formula
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Table 2.3.

Cell parameters for the family AeM M' (B03)6 (STACK).

Compound

a (A)

c (A)

V (A3)

12.082(1)
12.104(1)
12.141(1)
12.147(1)
12.136(2)

9.047(1)
9.095(2)
9.071(2)
9.077(1)
9.116(3)

1143.8(1)
1154.0(2)
1158.1(2)
1159.9(2)
1162.7(4)

12.160(1)
12.138(2)
12.171(1)
12.143(1)
12.182(1)

9.092(1)
9.136(2)
9.097(2)
9.146(1)
9.095(2)

1164.2(1)
1165.8(3)
1166.9(3)
1167.8(2)
1169.0(2)

SreLuGa(B03)6
SreErGa(B03)6

12.174(1)
12.135(1)
12.190(2)
12.187(2)
12.190(1)

9.120(2)
9.184(1)
9.109(5)
9.130(3)
9.128(1)

1170.4(2)
1171.3(3)
1172.3(5)
1174.5(4)
1174.6(2)

SmSreYNi (B03)6
SreDyAl (B03)6
SreTbAl (B03)6
Pb2Sr4ScSc(B03)6
PrSreYNi (B03)6

12.175(2)
12.218(1)
12.218(1)
12.171(1)
12.182(2)

9.159(3)
9.111(1)
9.115(1)
9.186(1)
9.170(2)

1175.9(3)
1177.9(1)
1178.3(1)
1178.4(2)
1178.4(3)

NdSr5YMg (B03)6
SreGdAl (B03)6
SreYCr(B03)6
SreInSc(B03)6
SreYRh (B03)6

12.185(1)
12.230(1)
12.213(1)
12.184(2)
12.228(2)

9.180(2)
9.114(2)
9.146(1)
9.190(2)
9.126(2)

1180.4(2)
1180.6(3)
1181.5(2)
1181.5(3)
1181.7(3)

Sr61-10Ga(B03)6
NdSreYNi (B03)6
LaSr5ErNi (B03)6

12.220(1)
12.208(2)
12.199(1)
12.205(1)
12.202(1)

9.150(1)
9.169(2)
9.184(1)
9.177(2)
9.187(1)

1183.3(2)
1183.4(3)
1183.6(2)
1183.9(3)
1184.6(1)

SreScAl(B03)e
SreScCr(B03)6
SreLuAl (B03)6
SreYbAl (B 03) e

SreInCr(B03)6
SreTmAl (B03)e
Sreln Mn (B03)6
SreErAl (B03)6

SreScGa(B03)6
SreHoAl (B03)6
SreYbGa(B03)8
SreScSc(B03)6
SreYAI (B03)6

SmSr5YZn (B03)6
LaSr5YNi (B03)6
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Table 2.3. continued.

SreEuAl (B03)6

12.213(1)
12.223(2)
12.209(1)
12.218(1)
12.254(1)

9.171(2)
9.159(2)
9.185(1)
9.179(1)
9.126(2)

1184.6(3)
1185.0(3)
1185.7(1)
1186.7(1)
1186.7(2)

SreSmAl (B03)e
Sr6HoFe(B03)6
PrSreYZn (B03)6
PrSreYMg (B03)6
LaSreCaAl (B03)6

12.258(1)
12.223(1)
12.217(2)
12.227(1)
12.258(2)

9.126(1)
9.188(1)
9.197(3)
9.188(2)
9.141(2)

1187.5(2)
1188.8(2)
1188.8(4)
1189.5(2)
1189.5(3)

SreYFe (B03)6
LaSreYCo (B03)6

Sr6LuSc(B03)6
NdSreErCo (B03)6
Sr6EuGa(B03)6

12.235(2)
12.236(1)
12.225(7)
12.251(1)
12.261(1)

9.192(2)
9.199(1)
9.217(1)
9.180(2)
9.166(1)

1191.7(3)
1192.8(2)
1192.9(2)
1193.1(2)
1193.3(1)

LaSreYZn (B03)6
SreBiAl (B03)6
LaSrel-loCo (B03)6
LaSreTbNi (B03)6
LaSreYMg (B03)6

12.235(1)
12.279(1)
12.241(1)
12.243(1)
12.237(2)

9.206(1)
9.142(2)
9.204(1)
9.202(1)
9.215(3)

1193.5(1)
1193.7(2)
1194.3(2)
1194.5(2)
1194.9(4)

Sr6DyGa(B03)6
LaSr5HoMg (B03)6
NdSreYZn (B03)6
NdSreSoMg (B03)6
LaSreEuNi (B03)6

12.274(2)
12.250(1)
12.257(2)
12.257(2)
12.254(1)

9.158(2)
9.200(2)
9.199(3)
9.210(3)
9.214(1)

1194.9(4)
1195.6(3)
1196.8(3)
1198.2(4)
1198.3(1)

PrSreScMg (B03)6

12.251(1)
12.249(2)
12.269(1)
12.257(1)
12.265(2)

9 222(1)
9.228(3)
9.199(2)
9.220(2)
9.209(3)

1198.7(2)
1199.0(5)
1199.2(2)
1199.6(2)
1199.6(5)

12.272(1)
12.242(3)
12.268(1)
12.297(1)
12.259(1)

9.198(1)
9.246(4)
9.212(1)
9.170(2)
9.233(1)

1199.7(2)
1200.0(6)
1200.5(2)
1200.9(2)
1201.7(1)

SmSreYMg (B03)6
Sr6YGa(B03)6
LaSrelloNi (B03)6

NdSr5HoCo(B03)6

Sreln In (B03)6

NdSreTbCo (B03)6
NdSreSoCo (B03)6
LaSrel-loZn (B03)6
NdSreErZn (BO3)6
Sr6YbSc(B03)6
Nd2Sr4SrMg (B03)6
Sr6SmGa(B03)6

La2Sr4CaZn(B03)6
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Table 2.3. continued.

Sr6ErSc(B03)6
LaSr5TbMg (B03)6
LaSr5TbZn(B 03) 6

12.273(1)
12.274(1)
12.258(1)
12.273(1)
12.273(1)

9.212(1)
9.212(3)
9.236(1)
9.216(2)
9.221(2)

1201.7(2)
1201.9(3)
1202.0(2)
1202.1(2)
1203.0(3)

LaSr5ScMg (B03)6
Pr2Sr4SrMg (B03)6
Sr6TbGa(B03)6
Sr6PrGa(B03)6
Sr6TmSc(B03)6

12.273(1)
12.279(1)
12.324(1)
12.315(1)
12.271(2)

9.229(1)
9.223(2)
9.167(2)
9.190(1)
9.256(3)

1203.9(1)
1204.4(2)
1205.8(3)
1207.0(2)
1207.0(4)

Sr6GdGa(B03)6
NdSr5ScZn (B03)6
Sr6YMn(B03)6
Sr6NdGa(B03)6

12.333(1)
12.289(1)
12.320(2)
12.310(2)
12.330(1)

9.165(2)
9.245(1)
9.198(3)
9.215(2)
9.189(1)

1207.2(2)
1209.0(1)
1209.0(4)
1209.4(3)
1209.9(2)

LaSr5ScCo(B03)6
Sr6DySc(B03)6
LaSr5ScNi (B03)6
Sr5BaHoFe(B03)6
Sr6YSc(B03) 6

12.290(1)
12.288(1)
12.295(1)
12.316(2)
12.284(1)

9.251(2)
9.257(1)
9.250(1)
9.219(2)
9.268(2)

1210.1(2)
1210.6(1)
1210.9(1)
1211.0(3)
1211.2(4)

Sr6HoSc(B03)6
Sr6GdMn (B03)6
LaSr5MgAl (B03)6
Sr6TbIn(B03)6
PrSr5ScZn (B03) 6

12.285(3)
12.330(4)
12.314(1)
12.329(1)
12.307(1)

9.268(2)
9.206(4)
9.232(1)
9.219(1)
9.252(1)

1211.2(5)
1212.0(7)
1212.3(2)
1213.5(3)
1213.6(1)

Sr6LaGa(B03)6
Sr6TbSc(B03)6
La2Sr4SrZn (B03)6
La2Sr4SrMg (B03)6
Sr6EuSc(B03)6

12.339(1)
12.306(2)
12.319(2)
12.318(1)
12.327(1)

9.209(1)
9.263(3)
9.264(2)
9.254(2)
9.262(1)

1214.3(1)
1214.9(4)
1217.4(3)
1216.1(2)
1219.0(2)

LaSr5ScZn (B03) 6
Sr6Euln(B03)6
Sr6CaSn (B03)6
Sr6SmSc (B03)6
La2Sr4CdCd (B03)6

12.327(1)
12.361(1)
12.381(1)
12.350(1)
12.364(1)

9.266(2)
9.234(1)
9.206(1)
9.276(2)
9.273(2)

1219.3(2)
1221.9(2)
1222 0(1)
1225.2(2)
1227.6(2)

NdSr5EuZn (B03)6
Sr6Gd Fe (BO3)6

Sr6BiFe (B03)6
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Table 2.3. continued.

Sr613rSc(B03)6
Sr6CdSn (B03)6

12.378(1)
12.373(1)
12.395(3)
12.384(1)
12.434(2)

9.273(2)
9.286(1)
9.262(4)
9.293(1)
9.236(2)

1230.4(3)
1231.0(2)
1232.3(6)
1234.2(1)
1236.5(3)

LaSr5SrSc(B03)6
Sr6LuLu (B03)6
Sr6SrSn (B03)6
Sr6ErEr(B03)6
LaSr5SrCd (B03)6

12.398(1)
12.433(1)
12.464(1)
12.478(1)
12.425(1)

9.302(1)
9.262(2)
9.241(1)
9.240(1)
9.324(1)

1238.1(2)
1239.9(3)
1243.2(1)
1246.0(2)
1246.5(1)

Sr6CdHf(B03)6
Sr6YY(B03)6
Sr6HoHo(B03)6
Sr6TbTb(B03)6

12.412(1)
12.503(2)
12.487(3)
12.509(1)
12.521(1)

9.346(2)
9.248(2)
9.234(3)
9.254(1)
9.247(1)

1246.8(3)
1252.1(4)
1246.9(4)
1254.0(2)
1255.4(2)

Sr6GdGd(B03)6
Sr6CaZr(B03)6
Sr6CaHf(B03)6
Sr6CdZr(B03)6
Sr6SrHf(B03)6

12.534(2)
12.453(1)
12.460(2)
12.469(2)
12.493(1)

9.251(3)
9.367(1)
9.358(3)
9.371(2)
9.373(1)

1258.7(4)
1258.0(2)
1258.3(4)
1261.7(4)
1266.9(1)

Sr6SrZr(B03)6
LaSr5SrY(B03)6
Sr3Ba3HoFe (B03)6

12.512(1)
12.578(3)
12.663(3)

9.392(1)
9.317(3)
9.301(3)

1273.5(1)
1276.5(5)
1291.6(5)

BaelnIn(B03)6

Ba6Luln(B03)6

12.769(1)
12.797(1)
12.796(0)
12.796(2)
12.809(2)

9.737(1)
9.372(2)
9.364(0)
9.383(4)
9.395(2)

1323.4(2)
1329.1(2)
1327.9(1)
1330.4(6)
1334.8(3)

Ba6DyFe (B03)6
BatTbFe (B03)6
Ba6YbIn(B03)6
BaeGd Fe (B03)6
Ba6Tmln (B03)6

12.815(1)
12.818(1)
12.818(1)
12.830(1)
12.821(1)

9.387(2)
9.398(1)
9.414(1)
9.408(1)
9.421(3)

1335.1(3)
1337.2(1)
1339.6(1)
1341.1(1)
1341.2(5)

LaSr5CaSc(B03)6
SreNdSc(B03)6
Sr6GdSc(B03)6

Sr6DyDy (B03)6

Ba6YFe (B03)6
Ba6ErFe (B03)6
Ba6HoFe (B03)6
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Table 2.3. continued.

Ba6EuFe (B03)6
Ba6SmFe (B03)6
Ba6ErIn (B03)6
Ba6DySc(B 03) 6
Ba6Holn (B03)6

12.835(1)
12.835(1)
12.842(1)
12.832(1)
12.853(1)

9.415(1)
9.416(2)
9.427(1)
9.446(1)
9.424(2)

1343.2(2)
1343.4(2)
1346.5(2)
1347.0(2)
1348.4(3)

Ba6Y1n(B03)6

Ba6Dyln(B03)6
Ba6Tbln(B03)6
BaeTbSc (B03) 6
Ba6GdIn (B03)6

12.849(1)
12.852(2)
12.851(1)
12.849(1)
12.865(2)

9.433(2)
9.451(2)
9.456(2)
9.462(1)
9.459(3)

1348.7(2)
1352.1(4)
1352.6(3)
1352.8(2)
1355.9(4)

BasSmIn (B03)6
Ba6Euln (B03)6
Ba6GdSc(B03)6
Ba6SmSc(B03)6
Ba6EuSc(B03)6

12.878(2)
12.886(1)
12.880(1)
12.887(1)
12.888(1)

9.462(3)
9.475(1)
9.485(2)
9.491(1)
9.493(2)

1359.1(4)
1362.5(1)
1362.7(3)
1365.0(2)
1365.6(3)

Ba6Ndln(B03)6

Ba6SrSn (B03)6

12.903(1)
12.918(1)
12.950(1)
12.946(1)
12.971(1)

9.491(2)
9.504(1)
9.530(1)
9.540(3)
9.517(1)

1368.4(3)
1373.5(2)
1384.2(1)
1384.8(3)
1386.6(1)

Ba6Laln (B03)6
Ba6LaSc(B03)6
Ba6SrHf(B03)6
Ba6SrZr(B03)6

12.965(1)
12.981(1)
13.032(1)
13.035(1)

9.548(1)
9.557(1)
9.602(2)
9.609(2)

1389.8(2)
1394.7(2)
1412.2(2)
1414.0(2)

Ba6PrIn (B03)6

Ba6NdSc(B03)6
Ba6PrSc(B03)6
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Figure 2.1.

Chain of alternately stacked metal-centered octahedra linked by
B03 groups.
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0

0

0

0

Figure 2.2.

Sketch of the 3-dimensional structure of STACK viewed along the
trigonal axis; the one-dimensional chains (Figure 2.1) are linked by
Sr atoms.
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A6MM'(B03)6, A then represents an atom on the 9-coordinate site, M is an atom

on the larger octahedral site, and M' is an atom on the smaller octahedral site.
For example, the formula Sr6YSc(B03)6 contains A = Sr, M = Y, and M' = Sc.
We describe below in more detail the microscopic characteristics of these

materials. -In particular, we examine the distribution of cations among the A, M,

and M' sites, establish regions of stability within various subclasses, and
illustrate the types of chemical substitutions that will allow incorporation of - 50%

of the elements from the periodic table into this structure type. The crystalchemical results are certainly not exhaustive at the present time, but we can
proceed in identifying important properties and trends in the family.

One subclass of the family contains the elements A = Sr and M and M'
atoms of the same type (M = M' = Sc, In, Lu, Er, Y, Dy, Ho, Tb, and Gd). The
derivative Sr3Sc(B03)3 (r(Sc3+) = 0.885 A) (7) contains the smallest M and M'
atoms while the derivative Sr3Gd(BO3)3 (r(Gd3+) = 1.078 A) contains the largest.

By interpolation, the structure should exist for all +3 cations of intermediate size.

Hypothetical compounds such as "Sr3A1(B03)3" and "Sr3Cr(B03)3' do not exist
because the +3 ions (r(A13+) = 0.675 A and r(Cr3+) = 0.755 A) are too small to

support the large M site. We note that no attempts have been made to employ

reducing conditions for the production of Ti3+ (r = 0.810 A) derivatives. In a
similar manner, the derivative Sr3Eu(B03)3 does not exist because the Eu3+ ion

is likely too large to fully occupy the small M' site.

A larger subclass contains A = Sr and two different ions M

M' having
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formal charges of +3; examples include Sr6ScAl(B03)6, Sr6YFe(B03)6, and
Sr6TbIn(B03)6. Compounds form with M and M' cations ranging from the small
A134- ion to the large lanthanide La3+ (r = 1.172 A). To establish the approximate

limits of the structure field within this subclass, we will first examine the
distribution of cations over the A, M, and M' sites.

The compounds

Sr6LnSc(B03)6 (Ln = lanthanide or Y) are convenient for this purpose because
the atom M may be any of those falling in the size range between Al3+ and La3+.

To probe the characteristics of Al substitution in these Sc analogs, we
examined the solid solution series Sr6Sc2.Al.(B03)6 over the range 0 < x 5 2;
results from powder X-ray diffraction measurements are summarized in Figure

2.3. As seen from the steady decrease in unit-cell volume for x = 0 to -1, a
complete solid solubility exists in this range. For x > 1, the volume remains
constant and additional phases are observed in the powder patterns. We infer

from this result that the Al atom has a preference for the smaller M' site. This
supposition is consistent with the nonexistence of the phase "Sr3A1(B03)3.
The results of a solid solubility study in the series Sr6Y2.,A1,(B03)6 are also

summarized in Figure 2.3.

The behavior here differs markedly from the Sc

series. Because of the size disparity of the Y and Al atoms, solubility exists only

in the range 0 < x < -0.2. In the range 0.2 < x < 1 simple equilibrium mixtures
of the two end members, x = -0.2 and x = 1, were found to exist. Again, these
results are consistent with preference of Al atoms for the smaller M' site and the
single-crystal structure analysis of the compound Sr6Y1.07A10.63(B03)6. Here, the
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Figure 2.3.

Cell volumes for the series Sr6Sc2_,,A1.(B03)6 (top) and
1.2.
x
Sr6Y2_,A1),(B03)6 (bottom) for 0

1.2
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refinement clearly verifies the preference of the Al atom for the M' site (Table

2.2). We have attempted to reproduce the stoichiometry observed from the
single-crystal study; the unit-cell volumes of all the nonstoichiometric samples of
Sr6Y1+All_.(B03)6

with x

0.1

exhibited statistically equivalent unit-cell

parameters. This discrepancy between the powder and single-crystal data may

be a result of the presence of the flux in the melt growth of the single crystal.

An example of substituting a larger atom for Sc is given by the solid
solution series Srello,Sc2.,(B03)6 ( 0 < x < 2). As seen in Figure 2.4, powder X-

ray diffraction results reveal a steadily increasing cell volume with increasing
content of the larger Ho atom and a complete solid solution over the entire range

of x.

The materials crystallize in a rhombohedral cell characterized by two

parameters a and c. The c axis is coincident with the trigonal rotation element
and the extension of the chains depicted in Figure 2.1; the a axis is orthogonal

to c. The change in the c parameter with variation in x exhibits a peculiar
behavior. The parameter increases with Ho content up to x .--- 1, but beyond this

value the parameter decreases even though the larger Ho atom is being
substituted into the structure. Of course, the volume still increases in this regime

because of the more steeply increasing a parameter. Our interpretation of these

results is that in the region 0 < x

1 the Ho atoms exhibits a preference for the

larger octahedral M site. Beyond x .----- 1 the Ho atom begins to occupy the

smaller octahedral M' site.

The c parameter decreases because of a

compression of the M' site along the trigonal axis. This compression is coupled
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with a more significant expansion in directions orthogonal to the c axis. This
expansion is seen in the larger slope of the line representing the change in the

a parameter for x > 1.

This interpretation is supported by results of single-crystal structural
studies of the compounds Sr6Ho0.964Sc1.036(B03)6 and SreEr1.4Sc0.6(B03)8.

In the

Ho compound, the Ho:Sc ratio is approximately 1:1, and the larger Ho atom was

found to prefer occupancy of the larger M site; the occupancy of the M site is
89% Ho and 11% Sc atoms while the occupancy of the M' site is 93% Sc and
7% Ho atoms. In the Er derivative, the larger Er atoms again exhibit a preference

for the larger site with occupancies of 91% Er and 9% Sc atoms on the M site
and 49% Er and 51% Sc atoms on the smaller M' site. In this derivative the M'

- 0 distance, 2.144(4) A, is larger than the corresponding Sc2-0 distance,
2.077(2) A, in the compound Sr3Sc(B03)3. Also, the 02-M'-02 angle, 83.3(2)°,
represents a larger trigonal compression in comparison with the angle 02-Sc2

02, 85.20(7)°, in the simple Sc derivative, a result that is consistent with the
contraction of the c axis for x > 1 (Figure 2.4).
The results of substituting larger lanthanides into the structure are partially
revealed by the solid-solution series SreSc2..Lax(B03)6. Because of the absence
of the phase "Sr3La(B03)3", incomplete solid solubility exists in this series and xr,,,,

0.8. This result, determined from powder X-ray measurements (Figure 2.5),

is consistent with the stoichiometry found in a single-crystal study on the
compound Sr6La0.84Sci.16(B03)6. We also found that the La atom occupies the
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Unit cell volumes (As) for the solid solution series SreLa2,Scx(B03)6.
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9-coordinate A site. As x increases in this series, the Sr atoms likely slip off the

A site and substitute for the Sc atoms on the M site, being replaced in the
process by La atoms on the A site.
For the nominal stoichiometries Sr6LnGa(B03)6 containing the smaller Ga

atom (r = -0.76 A), STACK derivatives have also been found to exist for the
complete lanthanide series. For the Al compounds Sr6LnAl(B03)6 (r(A13+) = 0.675

A), however, the structure is formed only with those lanthanides up to the size
of Sm.

Because the larger lanthanides exhibit a preference for the large A site,
a means is provided for the introduction of smaller dipositive cations. Examples
of these materials include the nominal formulations LaSr5ScZn(B03)6 (A= La and

Sr, M= Sc, and M'= Zn) and LaSr5HoCo(B03)e (A= La and Sr, M= Ho, and M'=

Co). From consideration of all the previous results, we anticipate that the small

Zn2+ (r = 0.88 A) and Co2+ (r = 0.79 A) ions occupy the M' sites. By charge
compensating in this way, it is likely that any dipositive transition-metal ion that

will occupy an octahedral site can be stoichiometrically incorporated into the
structure. By substituting two large lanthanides onto the A site it is possible to

place dipositive ions on both the M and M' sites as exemplified by the
derivatives (La2Sr4)CaZn (B03)6 and (La2Sr4)CdCd (B03)6 = LaSr2Cd (B03)3.

Results on these derivatives are similar to those found for the simpler
compounds A6MM'(B03)6 where A = Sr and M and M' are +3 cations. The
compound "(La2Sr4)MgMg(B03)6" does not exist. The Mg2+ ion (r = 0.86 A) is
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slightly smaller than the Sc3+ ion so the absence of this compound is consistent
with the result that an ion at least as large as Sc3+ must be present at the M site
for stabilization and existence of the phase. The presence of La2Sr4CdCd(B03)6

and nonexistence of "La2Sr4CaCa(B03)6"

is

consistent with the series

Sr6LnLn(B03)6 where the largest lanthanide incorporated is Gd. The crystal
radius of Cd2+ (r = 1.09 A) is intermediate to those of the ion Gd3+ and Eu3+,
while the radius of Ca2+ (r = 1.14 A) is much larger.
A small class of compounds with M = cation of formal charge +2 and M'

= cation of formal charge +4 has also been prepared. In this family M = Ca,

Sr, or Cd and M' = Zr, Hf, or Sn. Attempts to prepare derivatives containing
Ti4+ and Th4+ did not afford the STACK structure. The sizes of ions Zr4+ (r =
0.86 A), Hf4+ (r = 0.85 A), and Sn4+ (r = A) indicate they are likely to occupy the

M' site. The distribution of X-ray intensities in the powder patterns verifies this
supposition.

Existence of the compound Sr7Zr(B03)6 a- Sr6SrZr(B03)6 clearly

demonstrates that the Sr atom will occupy the M site. Because we have found
very limited solubilities of Ca on the A site (vide infra) we anticipate that the Ca
atom will reside on the larger M site in this subclass.

Before considering the characteristics of the Ba analogs, it is useful to

analyze the results of the single-crystal studies in more detail.

Interatomic

distances for each of the structure refinements is listed in Table 2.4. For the Sr
derivatives, the average A-0 and B-0 distances are statistically equivalent. The
M-01 and M'-02 distances associated with the disordered M and M' sites agree

Table 2.4.

Interatomic distances (A) for Sr6YAI(B03)6, Sr6ErSc(B03)6, Sr6I-loSc(B03)6, LaSr6Sc(B03)6, and
Ba6GdSc(B03)6.
Sr6YAI(B0,16

Sr6ErSc(I3C31)6

Sr6HoSc(B0

LaSr6Sc(B0316

Ba6GdSc(B0,)
8

A -01
-01

2.523(8)

-02
-02
-02
-03
-03
-03
-03

2.520(4)

2.473(5)

2.657(7)

2.683(4)
2.728(4)

2.589(5)
2.709(6)

2.799(7)

2.632(8)

2.530(4)
2.707(5)
2.768(4)

2.810(8)

2.798(4)

2.799(4)

2.975(6)

2.706(8)
2.886(9)

2.763(5)

2.752(4)

3.033(5)
2.495(5)

2.983(5)
2.529(4)

2.858(6)
2.723(6)
3.069(6)
2.512(5)

2.569(5)

A -O (avg.)

2.763(4)
2.70(15)

2.589(6)
2.769(6)
2.70(18)

2.746(6)

2.727(9)
2.67(12)

2.569(4)
2.761(5)
2.71(16)

M -01

2.250(8)

2.291(4)

2.295(4)

2.477(5)

2.423(7)

M'-02

1.931(8)

2.144(4)

2.090(4)

2.125(5)

2.162(5)

B -01

1.37(1)

1.386(7)

1.393(7)

1.361(9)

1.40(1)

-02
-03

1.41(1)

1.386(7)

1.390(7)

1.390(9)

1.374(9)

1.37(1)

1.352(8)

1.353(7)

1.359(9)

1.36(1)

1.38(2)

1.37(2)

1.38(2)

1.37(2)

1.38(2)

B -0 (avg.)

2.643(8)

2.578(8)
2.561(8)

2.872(6)
2.883(6)
3.110(6)
2.700(6)
2.902(6)

2.85(14)
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favorably with averages of crystal radii that were determined by weighting the
radii according to the site occupancies. For example, the distance 2.477(5) A

for the M-01 interaction compares to the length 2.49 A computed for a 6
coordinate site comprised of 0.84 La and 0.16 Sc atoms bound by 4-coordinate

0 atoms. For each derivative, the average A-0 distances increase in the order

A-02 > A-03 > A-01. The short A-01 distances are consistent with the 4
coordination of atom 01 and the 5-coordination of atoms 02 and 03. The
lengthened A-02 interaction is associated with the shared triangular face of the

M'-centered octahedron. There is a trend of increasing A-02 distances with
increasing sizes of the M' atoms. In the Y-Al compound the M'-02 distance is
1.931(8) A and the average A-02 distance 2.72 A. In the Er-Sc analog the M'-02
distance is 2.144(4) A and the average A-02 distance is 2.78 A. Evidence for La

atoms on the A site in the La-Sc derivative is seen from the shortened A-01
distances (r(La3+) =1.36 A and r(Sr2+) =1.45 A) and a general lengthening of the

A-03 distances.
Interatomic angles are listed in Table 2.5. A rather notable consistency is

observed in these data, as angular values deviate by no more than 3° among
the various structures. The La derivative affords a curious result in affording the

most regular M site with the 01-M-01 angle of 91.9(2) ° most closely
approaching orthogonality, while at the same time producing the most trigonally

compressed M' site with 02-M'-02 = 82.4(2) °.

Adjacent MO6 and M'06

octahedra are rotated by approximately 30°, one relative to the other, along the

Table 2.5.

Interatomic

angles

(0)

for

Sr6YAI(B03)6,

Sr6ErSc(B03)6,

Sr6HoSc(B03)6,

LaSr6Sc(B03)6,

and

BaeGdSc(B03)6.

SreYAI(Ba,)6

Sr6ErSc(BO

Sr6HoSc(B046

LaSreSca313 ).1

BaeGdSc(B0.4)
6

01- A -01
01- A -02

155.5(3)
96.6(2)
75.3(2)
105.7(2)
51.9(2)
85.2(3)
72.6(3)
70.4(2)
63.3(3)
58.2(3)
75.1(2)
78.0(2)
74.4(2)
83.26(9)
86.9(3)

158.6(2)
90.7(1)
77.3(1)
109.4(1)
50.0(1)
87.9(1)
72.5(1)
70.7(1)
62.1(6)
61.7(2)
70.6(1)
78.0(1)
70.7(1)
85.0(2)
86.2(1)

157.4(1)
91.9(1)
77.2(1)
108.9(1)
50.7(1)
87.1(1)
72.4(1)
70.4(1)
61.2(1)
60.3(1)
71.4(1)
78.1(1)
71.8(1)
85.3(1)
86.0(1)

158.7(2)
88.7(2)
80.4(2)
109.2(2)
49.4(1)
89.7(2)
74.9(1)
70.4(2)
62.1(2)
60.2(2)
78.6(2)
78.2(2)
73.0(2)
83.8(2)
86.0(1)

159.7(2)
93.5(2)
74.6(2)
105.3(2)
48.2(2)
86.0(2)
73.9(2)
71.9(2)
66.4(2)
59.5(2)
77.7(2)
80.3(2)
73.6(2)
84.43(6)
87.1(2)

01- M -01

93.1(3)

92.5(2)

92.3(1)

91.9(2)

93.4(2)

02- M'-02

84.5(3)

83.3(2)

83.7(2)

82.4(2)

84.5(2)

01- B -02
01- B -03
02- B -03

119(1)
121(1)
120(1)

117.3(5)
122.2(5)
120.5(5)

117.8(5)
121.2(5)
121.0(5)

118.1(6)
122.0(5)
119.9(6)

117.9(7)
120.2(7)
121.9(7)

01- A -03

02- A -02

02- A -03

03- A 03

01
41.
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C3, c axis. The largest deviation, 2.7°, from this angle is observed in the Y -AI
derivative.

The structure fields of the Ba derivatives are much more restricted than

those of the Sr analogs. The compound Ba3In(B03)3 is the only Ba derivative

containing M = M'. We have prepared several examples with M and M' being
different cations of formal charge +3. No Al or Ga derivatives, however, could
be crystallized. In the series BaeLnIn(B03)6, incorporation of each lanthanide

afforded the STACK structure.

In the series Ba6LnFe(B03)6 only those

compounds containing Ln = Sm, Eu, Gd, Tb, Dy, Ho, Y, and Er were found to

form the structure, while in the series BaeLnSc(B03)6 only those compounds
containing Ln = La, Pr, Nd, Sm, Eu, Gd, Tb, and Dy could be formed. In the Fe
and Sc series a sufficient size differential between these atoms and the Ln atoms

must be present for the STACK structure to form. For the Fe series the minimum

differential occurs at M = Er while for the Sc series it occurs at M = Dy. These
limits are dictated by the formation of the layered-type phases Ba3Ln(B03)3 that

were discussed in the previous report of this series. For the Fe compounds, the
phases Ba3LnFe(B03)3 form when the radius of the Ln atoms is smaller than that

of Er. For the Sc compounds, solid solutions Ba3(Ln,Sc)(B03)3 form in the
layered structure type when Ln is smaller than Dy. The structures of STACK and

the layered-type Ba phases are rather complex and the energetic difference
between them can be quite small. An example of this behavior is given by the
solid-solution series Ba6Sc2_,Dy,(B03)6. This series represents equilibria between
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the two end members Ba3Dy(B03)3 and Ba3Sc(B03)3 which both adopt the
layered-type structure. As seen in Figure 2.6, an extensive solid solution exists
in this series with retention of the layered structure except, at the stoichiometry
BaeDySc(B03)6 where a considerable expansion of the unit cell is observed with

formation of the STACK structure.

We also probed the relationship between the STACK and layered-type
structures by examining the solid-solution series Ba3,Sr.Sc(B03)3. In this series,

the compound Ba3Sc(B03)3 forms the layered structure and Sr3Sc(B03)3 is a
STACK derivative. As seen in Figure 2.7, a steady decrease in unit-cell volume

in the range 0 < x < 2.25 indicates a range of solubility of Sr atoms in the Ba
layered structure. The zero slope in the range 2.25 < x < 2.6 defines a region

of immiscibility, i.e., the layered-type and STACK structures are present in
equilibrium mixtures. In the range 2.6 < x < 3, only the STACK structure is

observed with a steadily decreasing unit-cell volume with increasing x.

This

region represents the solid solubility of Ba2+ in the STACK derivative. These
results were extended with examination of the series Sr3.CaSc(B03)3. As seen

from Figure 2.7, only small amounts of Ca may be incorporated (x,,, = 1.5) into

the structure in this way. The Ca atom is too small to occupy the large 9

coordinate A site where, for this derivative, the size of this site is largely
determined by the integrity of the one-dimensional Sc borate chains. This result
contrasts to the isostructural compounds Ca3(B03)2 and Sr3(B03)2 where the B03

groups are free to move in response to the size demands of the alkaline-earth
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atoms, maintaining in each case a 9-coordinate site in each structure.

We also synthesized compounds with M = +2 cation and M' = +4
cation. Highly crystalline samples were only realized with M = Sr.
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Summary

The borates of composition A6MM'(B03)6 represent a broad new class of

oxide. By utilizing appropriate charge-compensation techniques, nearly all +2,
+3, or +4 ions of the elements in the periodic table can be incorporated into the

structure. Analysis of the metrical details from single-crystal studies indicates
little variation in nearest-neighbor interatomic angles. This feature, coupled with

the centrosymmetric S6 symmetry of the M and M' sites, indicates that physical

properties will be primarily controlled by interatomic distances, the electronic
nature of the A, M, and M' atoms, and stoichiometry.
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Abstract

The structure of the compounds Sr3In(B03)3 and Ba3In(B03)3 has been

characterized by single-crystal X-ray diffraction.

They crystallize in the

rhombohedral space group R(h) in a cell of dimensions a= 12.182(2), c=
9.186(2) A, and V=1180.5(4) A3 for Sr3In(B03)3 and a= 12.810(2), c= 9.429(3)

A, and V= 1340.0(6) A3 for Ba3In(B03)3, with Z=6. The structure consists of

distorted In-centered octahedra bridged by B03 groups to form chains that
extend along the c axis. The chains are connected by A atoms occupying an
irregular nine-coordinate site.

Results from luminescence measurements on

compounds doped with the ions Cr3+ and Eu3+ are also reported.
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Introduction

Recently, we reported the existence of a new structural class of solid-state
oxide (1) known as STACK.

The class is represented by the formula

AeMM'(B03)6 where A= Sr or Ba; M= Sc, Y, In, Bi, Ca, Cd, or a lanthanide; M'=

Sc, Y, In, Mg, Al, Ga, Co, Ni, Zr, Cr, Mn, Hf, Rh, Fe, or a small lanthanide. The

structure is characterized by the presence of chains formed by M- and M'
centered octahedra connected by B03 groups that propagate down the c axis

of the trigonal cell. We have prepared several compounds with A = Sr and M

= M'.

In this report we describe the structural and optical features of the

materials Sr3In(B03)3 and Ba3In(B03)3, having M = M' = In. Ba3In(B03)3 is unique

in that it is the only STACK derivative where A = Ba and M = M' synthesized to
date.
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Experimental

Synthesis
A powder sample of Sr3In(B03)3 was prepared by grinding together a
stoichiometric ratio of Sr(NO3)2 (AESAR, 99.99%), In203 (AESAR, 99.99%), and
B203 (ALFA, 99.99%) and heating in an alumina crucible at 923 K for 0.25 h, 1023

K for 0.33 h, and 1323 K for 24 h with intermediate grindings. The powder
yielded an X-ray diffraction pattern that compares well to a pattern calculated
with the computer program LAZY-PULVERIX (2) and the data from the singlecrystal refinement that are presented below.
Powder synthesis for the compound Ba3In(B03)3 was accomplished in a
similar manner. Stoichiometric ratios of Ba(NO3)2 (AESAR 99.9%), In203 (AESAR

99.99%), and 8203 (ALFA 99.99%) were ground together and heated in an
alumina crucible at 873 K for 1 h to decompose the nitrate. The sample was
then ground and heated for 1 h at 1023 K, 0.75 h at 1098 K, and 17 h at 1173
K with grindings between each heating period. X-ray powder data revealed that
the samples were isostructural to the compound Sr3In(B03)3.

The series Sr3.BaxIn(B03)3 (0 5 x 5 3) was also studied by using X-ray

powder techniques. The powder samples were prepared in Pt crucibles by
varying the methods described above to optimize the crystallinity of the products.

Unit cell parameters were refined from powder data by least-squares refinement

with the computer program POLSQ. Twelve peaks from each sample in the
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range 26 5 20 5 60° were selected and their positions corrected with NIST Si
standard 640b.

X-ray Work for Sr3In(B03)3
Crystals of Sr3In(B03)3 were grown in a Pt crucible from a melt containing

25 mol% SrB2O4 as a flux. The sample was melted at 1548 K, slowly cooled to

1248 K at 6 K/h, then rapidly cooled to room temperature. A clear, colorless
crystal of approximate dimensions 0.10 x 0.07 x 0.30 mm was physically isolated

from the melt and mounted on a glass fiber with epoxy for structure
determination. X-ray data were collected with a Rigaku AFC6R diffractometer
equipped with Mo Ka radiation. Unit cell parameters were obtained by automatic

centering and least-squares refinement with 16 peaks in the range 30 < 20 <
42 °. Intensity data covering the range of indices 0 5 h 5 18, -18 5 k 5 18, and
-13 5 I 5 13 were collected by using w-20 scans and a scan speed of 1 6°/min.
in co. Three standard reflections measured after every block of 200 reflections
exhibited no significant fluctuations in intensity throughout the collection. From

2987 data collected in the range 2 5 20 5 65°, 758 unique observations were
found to have F.2 > 3a(F,,2)

.

The systematic absences -h + k + I

3n are

consistent with the laue group -S.

The structure was determined by using computer programs from the
TEXSAN crystallographic software package (3). The Sr atom was located by
using the direct methods program MITHRIL (4), and the positions of the In atoms
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were determined by comparison with the isostructural compound Sr3Sc(B03)3
(5).

The remaining atomic positions were located by examining subsequent

difference electron density maps. The data were corrected for absorption with
the program DIFABS (6) and then averaged (Rim = 0.0887). Final least-squares

refinement on F, for those data having F02 > 3a(F.2) and anisotropic thermal
displacement coefficients on each atom resulted in the residuals R=0.041 and
Rw=0.051. Analysis of the final difference electron density map revealed no peak

greater than 0.5% of a Sr atom.

X-ray Work for Ba3In(B03)3

Crystals of Ba3In(B03)3 were grown from a stoichiometric melt. A 2-g
sample was heated above the melting point in a Pt crucible followed by cooling

at 10 K/h from 1348 K to 1148 K. A colorless, prismatic crystal of approximate

dimensions 0.10 x 0.10 x 0.25 mm was removed from the resulting solid and
mounted on a glass fiber preparatory to single crystal X-ray data collection. All

measurements were made on the same diffractometer described above. Cell
constants and an orientation matrix were obtained from least-squares refinement

with the setting angles of 21 automatically centered reflections in the range 29

< 20 < 44°. Data of indices 0 s h 5 23, -23 5 k

23, and -17 5 I 5 17 were

subsequently collected at a temperature of 296 K by using the w scan technique

to a maximum 20 value of 85°. Scans of (1.50 + 0.30 tan0) ° were made at a
speed of 16.0 °/min in w. Of the 6582 reflections collected 2147 were unique.
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The intensities of three representative reflections that were measured after every

200 reflections remained constant throughout data collection indicating crystal
and electronic stability.
The Ba atom was located by using the direct methods program SHELXS

(7) and positions of the In atoms were assigned from consideration of the
isostructural compound Sr3Sc(B03)3. The remaining atoms were located by

inspection of difference electron density maps.

An empirical absorption

correction, using the program DIFABS (6), was applied and the data were
averaged (Rim = 0.103). The final full-matrix least-squares refinement, based on
the 1137 reflections having F02 > 3a(F.2), converged to the agreement factors R

= 0.049 and R., = 0.063. The final electron density map exposed no peak
greater than 1.46% of a Ba atom. Crystal data and final atomic parameters are
listed in Tables 3.1 and 3.2, respectively.

Optical Studies
Powder samples of Sr3In(B03)3 and Ba3ln(B03)3 doped with ce÷ (Cr203,

AESAR, 99.99%) and Eu3+ (Eu203, Johnson Matthey, 99.99%) were prepared
according to the nominal formulas A31n0.99Cr0.01(B03)3, A31n0.99Eu0.01(B03)3 by way

of the methods previously described.

Steady-state

room-temperature

luminescence spectra were obtained on a computer-controlled right-angle
spectrometer. Excitation for the Eu3+ doped samples was provided by an Oriel

300 W Xe lamp was passed through a 5.0 cm water filter and focused onto the
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Table 3.1. Crystallographic Data for Sr3In(B03)3 and Ba3In(B03)3

Formula Weight, amu

Sr3In(B03)3

Ba3In(B03)3

554.10

703.23

Crystal System

Rhombohedral

Space Group

R$(h) [#148]

a, A

12.182(2)

12.810(2)

c, A

9.186(2)

9.429(3)

v,

1180.5(4)

1340.0(6)

Z

6

6

1%d,, g cm-3

4.676

5.228

F(000)

1500

1824

A3

Diffractometer

Rigaku AFC6R

Radiation

Mo Ka (A= 0.71069 A)
graphite-monochromated

0 5 h 5 18
-18 5 k 5 18
- 1351513

0 5 h 5 23
-23 5 k 5. 23

758

1137

R

0.041

0.049

FL

0.051

0.061

Maximum Shift in Final Cycle

0.02

0.02

Data Collection

No. of Unique Observations

- 1751517

[F02-30-(F02)]
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Table 3.2. Positional parameters and Beg for Sr3In(B03)3 and Ba3In(B03)3.

Sr3In(B03)3

Sr

x
0.86477(5)

Y

0.62713(5)

z
0.47366(6)

fi.a*

0.22(2)

Inl

0

0

1/2

0.11(2)

In2

0

0

0

0.04(2)

B

0.6105(6)

0.4709(7)

0.5972(7)

0.3(2)

01

0.1230(4)

0.9675(4)

0.6454(5)

0.4(1)

02

0.8368(4)

0.3854(4)

0.4497(5)

0.3(1)

03

0.0043(5)

0.7416(4)

0.6836(5)

0.4(1)

x

Y

z

fieq*

Ba3In(B03)3

Ba

0.86398(4)

0.62766(4)

0.47159(5)

1.24(1)

Inl

0

0

1/2

1.09(3)

In2

0

0

0

1.02(3)

B

0.6114(8)

0.4660(8)

0.595(1)

1.2(2)

01

0.1167(5)

0.9673(6)

0.6455(7)

1.8(2)

02

0.8270(6)

0.3800(6)

0.4518(8)

1.4(2)

03

0.0104(6)

0.7534(6)

0.6874(7)

1.6(2)

8n
3

2

)EE
Ujiaiaiaia
i j

_7 .

72

slits of a Cary model-15 prism monochromator. The Cr3+ samples were excited
with a 150 W W-lamp. A band-pass filter allowed excitation wavelengths of 300
to 600 nm to impinge the samples while a cutoff filter truncated any light from the

source. Selected excitation was focused onto the sample mounted on a copper

sample holder within a quartz emission dewar.

Luminescence data were

collected at a near-right angle to excitation, dispersed through an Oriel 22500 1/8

m monochromator, and detected with a Hamamatsu R636 photomultiplier tube.
The signal was collected and amplified with a Keith ley model 602 picoammeter
then converted to a digital signal for computer acquisition. Spectrometer control

and data acquisition were achieved with programs written in this laboratory.

Results and Discussion

A sketch of the unit cell of A3In(B03)3 is shown in Fig. 3.1; it is isostructural

to the previously reported compound Sr3Sc(B03)3

(5).

The structure is

characterized by chains of octahedra that propagate down the c axis where each

of the chains is composed of alternating octahedra of different size isolated by
B03 groups as seen in Fig. 3.2. Selected bond distances and angles are listed
in Table 3.3.
The A atom occupies an irregular nine-coordinate site bridging the octahedral

chains, Fig. 3.1. The Sr-0 bond distances in Sr3In(B03)3 range from 2.487(5)
2.856(5) A and compare to the distances 2.500(2)-2.857(2) A for Sr3Sc(B03)3.

C

Figure. 3.1. Sketch of the unit cell of A3In(B03)3 as viewed orthogonal to the c axis. The large open circles
represent 0 atoms, the small open circles with open bonds represent Sr atoms, the open circles
with filled bonds represent In atoms, and the filled circles with open bonds represent B atoms.
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Figure. 3.2.

Polyhedra sketch of a chain of In06 octahedra connected by B03
triangular planar units as viewed orthogonal to the c axis.
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Table 3.3.

Selected Bond Distances (A) and Angles (0) for Sr3In(B03)3 and

Ba3In(B03)3.

Sr3In(B03)3 (A=Sr)

Ba3In(B03)3 (A=Ba)

In1-01
1n2-02

2.186(4)

2.218(7)

2.127(4)

2.144(6)

A -01

2.542(5)

2.710(7)

-01

2.719(5)

2.884(7)

-02
-02
-02
-03
-03
-03
-03
B -01
-02
-03

2.798(5)

2.849(7)

2.704(5)

2.816(6)

2.720(4)

2.969(6)

2.487(5)

2.689(6)

2.856(5)

2.921(7)

2.796(5)

2.920(6)

2.585(4)

2.787(7)

1.398(8)

1.42(1)

1 .381 (8)

1.39(1)

1.366(8)

1.36(1)

01-In1-01
02-1n2-02
01 -A-02
01 -A-02
01 -A-03
01 -A-03
01 -A-03
01 -A-03

93.4(2)

94.2(3)

83.0(2)

84.7(2)

93.3(1)

97.3(2)

1 09.1 (1)

1 04.9(2)

84.7(1)

81.4(2)

73.0(1)

76.6(2)

52.6(1)

50.4(2)

69.3(1)

68.0(2)

61.6(2)

61.3(2)

74.8(1)

74.7(2)

51.0(1)

49.0(2)

113.22(3)

1 1 4.70(4)

86.6(2)

76.9(2)

121 .4(5)

11 9.9(7)

01 -B-03

118.8(6)

1 1 9.7(8)

02-B-03

1 1 9.7(6)

120.3(8)

02-A-02
02-A-03
02-A-03
03-A-03
03-A-03
01-B-02
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In Ba3In(B03)3, Ba-O bond distances range from 2.689(6)-2.921(7) A comparing

to 2.65(2)-3.15(1) A for Ba3Sc(B03)3 (8) and 2.644(2)-3.020(2) A for Ba2LiB50,0
(9).

The B atoms reside in planar triangular sites having slight deviations from D3h
symmetry as evidenced by O -B -O angles of 118.8(6), 119.7(6), and 121.4(5) ° for

Sr31n(B03)3 and 119.9(7), 119.7(8), and 120.3(8) ° for Ba3In(B03)3 and the

respective average B-0 distances of 1.38(2) A and 1.39(5) A. These distances

are typical when compared with an average length of 1.380(1) for InB03 (10),
1.37(1) A for SrBe2(B03)2 (11), and a length of 1.40 A calculated using crystal

radii (12). The B03 triangles share vertices with each of the two different types
of In-centered octahedra present in the structure and are related by C3 symmetry

to form a pinwheel arrangement about each octahedron down the c axis.
The oxygen atoms occupy irregular 4- and 5-coordinate sites. 01 and 02

are 4- and 5-coordinate, respectively, with bonds to A, In, and B. 03 has five

bonds to A and B forming an irregular square pyramid. Specific bonding
interactions are available in Table 3.3.

Two crystallographically independent In atoms are present in the structure.
Each occupies an octahedron that is either trigonally elongated or compressed

along the c axis.

The elongated octahedron in Sr31n(B03)3 has In1-01

interatomic distances of 2.186(4) A and an 01-In1-01 angle of 93.4(2) 0 while the

compressed octahedron has an In2-02 interatomic distance of 2.127(4) A and

an 02-In2-02 angle of 83.0(2) °. These values compare to an In1-01 distance
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of 2.218(7) A and an 01-In1-01 angle of 94.2(3)0 for the elongated octahedron
and an In2-02 distance of 2.144(6) A and an 02-In2-02 angle of 84.7(2) 0 for the
compressed octahedron in Ba3In(B03)3. The difference in size of each of the In

sites in the Sr and Ba analogs can best be appreciated by comparison of their
respective volumes. As calculated, considering the volume of the octahedron to

be estimated by a sphere, the elongated and compressed octahedra are
approximately 4.5 and 2.4% larger in Ba3In(B03)3 than in Sr3In(B03)3. The In-0

distances are similar to a distance of 2.17 A, calculated from crystal radii for an
In atom in an octahedral site, 2.1575(7) for InB03 (10) and 2.172 A for In203 (13).

The distortions of the octahedral sites derive from the constraints imposed
by their interactions with the neighboring A atoms. The elongation of the In1 site

originates from its interaction with two A atoms that share the edge 033.
The span A-03-A and the hinging about the edge 0303 dictates the degree
of 01-In1-01 angle opening, (Fig. 3.3). There is virtually no bending of the two

A atoms about the 033 edge as evidenced by the inter-planar angles
between the planes described by atoms 03A-03, (cf. Fig. 3.3) 0.009° for
Sr3In(B03)3 and 0.002° for Ba3In(B03)3. The compressed site shares a face with

the A polyhedra so that the 0-1n2-02 angle, 83.0(2) ° in the Sr analog and
84.7(3)0 in the Ba analog, is constrained by the area of the A-01 face. These
two trigonally distorted In-centered octahedral sites are rotated relative to one
another about the C3 axis centered at the In site. The angle of rotation between

the Inl 01 trigonal face and the nearest In202 trigonal face is 31.2(1) and

Figure. 3.3. Sketch illustrating the interaction between the two unique In09 sites and the A09 groups.

The large open circles represent 0 atoms, and the A atoms represent Ba or Sr.
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31.5(1) 0 for the Sr and Ba derivatives, respectively. These interactions afford two

chemically

and

crystallographically

distinct

octahedral

sites

that

can

accommodate metals with varying degrees of order depending on their relative
sizes. Also, for materials where a substitution of a larger of smaller atom is made
for the A atom, there will only be small angular variations in the structure, but an
increase of decrease in the inter-atomic distances (cf. Table 3.3) coincident with

the substituted cation. Consequently, as we have predicted, these materials
have rigid lattices so that the volume of the unit-cell steadily increases as larger

cations are incorporated into the structure. This is consistent with results from
a study of the solid-solution series Ba3.,,Sr.ln(B03)3.
The system Ba3In(B03)3 - Sr3In(B03)3 allows direct comparison of the two

analogs where the only variable is the A atom. Inspection of the metrical details
within the structures indicate that the unit cell expands in a very uniform manner.

The phase line Sr3_,BaxIn(B03)3 for x = 0 to 3, resulted in a linear plot of the

volume of the unit cell versus the mole fraction of Ba, x, with a correlation
coefficient of R2 = 0.999, Fig. 3.4. Plots of the a and c axes length versus mole
fraction of Ba, x, yielded similar results. These data indicate that the compounds
Sr3ln(B03)3 and Ba3In(B03)3 form a complete solid solution with respect to the A
cation.

Part of the motivation for this paper comes from the existence of
Ba3In(B03)3; it is unique in that it is the only member of the STACK family where

A = Ba and M = M' that exists thus far. Other derivatives with this general
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°)<
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E
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1290 
1270 

O
1250 
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0

1230 
1210 

1190 

.....IIIIIIIII.

0.2

0.6

1.0

1.4

1.8

2.2

2.6

3.0

Mole fraction Ba (X)
Figure. 3.4.

Graph of the unit cell volume versus mole fraction of Ba for the phase study Sr3BaxIn(B03)3

for x = 0 to 3.
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stoichiometry form a unique family of compounds with a layered orthoborate

structure (8). A possible explanation for this anomaly can be derived from a
consideration of the large octahedral sites as constrained by the Ba atom and

the greater basicity of the barium-borate matrix. A combination of these two
characteristics reduces the number of Ba3M(B03)3 derivatives to M = M' = In.
To form a stable STACK compound, the M and M' cations must have appropriate

size and acidity combinations to aid in stabilizing the host matrix. The large
octahedral holes in Ba3M(B03)3 require equally large cations to fill them and the

basicity of the barium-borate matrix requires an acidic cation to form a stable
lattice. Samples where the octahedral cations are not as acidic as In require M
M' to better fit the different octahedral sites so that stable STACK compounds
form. When compared to other cations having greater or equivalent radii, In has

a more suitable degree of acidity for the basic barium-borate matrix which
provides structural integrity and somewhat relaxes the octahedral cation size
constraint.

Room-temperature luminescence studies were performed for samples of
nominal compositions A3Ino.99Cro.01(B03)3, A31n0.99Eu0.01(B03)3, and the series Sri.
,Bajno.99Cro.01(B03)3.

The Cr + spectra of the stoichiometric compounds

Sr3In(B03)3 and Ba3In(B03)3 contained broad emission bands centered at
approximately 740 nm and 770 nm, respectively. These emission bands are
similar to those seen for Cr' doped samples of Sr2ScB4010 (14), Sr3Sc(B03)3 (5),

and LiCaAlF6 (15).

The broad band signifies a d->d transition that

is
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predominantly 4T29-04A29 in character and is an essential characteristic for a
tunable solid state laser.
The wavelength position of peak maxima for Cr3+ emission is sensitive to

the crystal field of the host lattice. Two factors can have a major effect on
varying the crystal field that the Cr + ion experiences: The electropositive nature

of the ions comprising the host lattice and the size of the crystallographic site
that it occupies.
Spectra of the Cr + doped solid solution samples, Fig. 3.5, also contained

broad emission bands where the wavelength of peak intensity is gradually red-

shifted from x = 0.0 to 2.0. This result appears to be contradictory to what one

might initially expect since Ba is a more electropositive atom than Sr and
accordingly is more likely to donate its electron density to the nearby 0 atoms

creating a stronger crystal field at the neighboring octahedral site.

We

extrapolate that the red-shift can be attributed to a decrease in the crystal field
at the Cr sites associated with the increasing volume of the octahedral sites as
large Ba atoms are incorporated into the strontium-borate matrix. Therefore, the
influence of the relative size of the octahedral site appears to overcome the effect

of the more electropositive Ba and a red-shift in the wavelength of maximum
intensity is observed up to x = 2.0. For the compounds where x = 2.5 and 3.0,

peak maxima are slightly blue-shifted relative to the x = 2.0 compound. For
these samples the increased concentration of the electropositive Ba atom in the

matrix is enough to strengthen the crystal field experienced by the Cr + ion in
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Figure. 3.5.

Luminescence spectra of the CO+ doped series Sr3..13aIn(B03)3
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spite of the larger octahedral site. Therefore, the peak maxima for these latter
two compounds are slightly blue-shifted.

Blasse and coworkers have concluded that the ion Eu3+ is an effective

probe for determining if the crystallographic site it occupies is centric or noncentric (16). If the site is centric, magnetic-dipole transitions are allowed while

electric-dipole transitions are forbidden. If the site is non-centric, electric- and
magnetic-dipole transitions are both allowed but the magnetic-dipole transitions

are much weaker and may appear to be absent. By inspecting the peaks in
Eu3+ emission spectra that represent these transitions, site preference for the ion

Eu3+ can be determined.
Spectra of Ba3In(B03)3:Eu3+ samples indicate that the ion Eu3+ occupies

a centric site because the 31D0.-7F1 magnetic-dipole transition is present and
intense compared to the electric-dipole transitions, 5D0->7F2 and 3D,- *7F4, Fig.

3.6a. The assignments of the transitions were made by comparison with the
spectra of previously reported Eu3+ doped materials (16-17). Since M in the

formula A6MM'(B03)6 is the larger of the two centric sites it is likely that Eu3+

resides there.

In

the compound Sr3ln(B03)3, emission spectra peaks

representing both magnetic- [51),->7F1] and electric- [5130->7F2] dipole transitions

are present with roughly the same intensity, Fig. 3.6b. These results indicate that

Eu3+ populates the A site as well as the M site. This is consistent with the fact
that Ba being larger than Sr, expands the M site allowing more room for Eu3+ to
occupy a centric position while the smaller M site in the Sr analogue drives Eu3+
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Figure. 3.6. Luminescence spectra of Eu3+ doped samples of (a) Ba3In(B03)3
and (b) Sr3In(B03)3.
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to occupy the electronically unstable A position as well as the centric M site. An
additional feature in these spectra is the splitting of the 4f levels associated with

crystal-field effects at a center of symmetry. The Eu3+ atoms residing on the M

sites experience a trigonal field resulting in splitting of the 3D.-7F1 (magnetic
dipole) transition into two peaks as seen in Fig. 3.6.
Results from ongoing investigations of the STACK compounds will be given

in future papers.
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Abstract

A new family of borates Ba3M(B03)3 where M = Dy, Ho, Y, Er, Tm, Yb, Lu,

and Sc has been synthesized. The structure of the Sc derivative has been
determined by single-crystal X-ray methods. It crystallizes in space group P63cm

in a cell of dimensions a = 9.227(2), c = 17.135(3) A, and V = 1227.2(5) A3. The

structure contains layers of triangular planar B03 groups that are interleaved by

9-coordinate Ba atoms and 6-coordinate Sc atoms. Analysis of powder X-ray
diffraction data indicates that the analogues containing the M atoms listed above
are isostructural to the Sc derivative. Photoluminescence and powder X-ray data
for Eu3+-doped Ba3Y(B03)3 reveal the maximum crystal radius of the M atom that

can be incorporated into the structure.
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Introduction

This paper is the second in a series of reports on new borates having the
formula A3M(B03)3. In this contribution we present results on the compounds

having A = Ba and M = Dy, Ho, Y, Er, Tm, Yb, Lu, and Sc. These materials
adopt a layered-type structure that is different from the atomic arrangement
found for the compound Sr3Sc(B03)3 described in the prevenient report (1). The

structure is examined in detail by considering the compound Ba3Sc(B03)3. The

crystal chemistry of the family has been partially developed by establishing its
structure field of existence and examining the solid solution Ba3Y1.,Eux(B03)3

Much of this work is an outgrowth of our study of phase equilibria in the
system BaO- Sc203 -B203 (2) and our search for new materials that will exhibit
efficient CO+ luminescence and lasing.
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Experimental

Synthesis, Crystal Growth, and X-Ray Work

Powder samples were prepared by high-temperature solid-state
techniques. Stoichiometric mixtures of nitrate and oxide reagents [Ba(NO3)2
(EESAR 99.9); B2O3 (/ESAR 99.98%); Sc203 (Boulder Scientific 99.9%); Dy203,
Y203, Yb203, and Tm203 (/ESAR 99.9%); Ho203 (Cerac 99.9%); Lu203 (Rare Earth

Products 99.9%)] were ground together under hexane. They were then heated

in alumina crucibles for 1 hr at 600°C to decompose the nitrate. The mixtures
were again ground, placed in Pt crucibles, and heated for 30 minutes at 700°C,

for 30 minutes at 800°C, and for 12 to 24 hours at an appropriate temperature
to achieve sintering; these temperatures ranged from 850 to 1025°C.

X-Ray powder data were collected by using an automated Phillips
diffractometer interfaced to a PC via a MetraByte DASH 8 data acquisition board.

Each derivative was found to be isostructural to the compound Ba3Sc(B03)3. As

a result, reflection indices were assigned by comparison to the cell of the Sc
compound. Peak positions of 10 to 13 reflections in the region 28 < 20 < 60°

were corrected by using NIST Si standard 640b. Unit-cell parameters were
optimized by least-squares refinement with the computer program POLSQ.

Single crystals of Ba3Sc(B03)3 were grown by heating the compound
above its melting point in a Pt crucible followed by cooling the melt at 6 °C/hr
from 1300 to 1000°C then to room temperature over a period of eight hours. A
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clear, crystalline block of approximate dimensions 0.3 X 0.2 X 0.2 mm was

obtained from the resulting solid and mounted on a glass fiber for data
collection. Unit-cell parameters were refined from 17 reflections in the range 30

< 20 < 43° that were automatically centered on a Rigaku AFC6R X-Ray
diffractometer.

The Laue symmetry was found to be 6/mmm.

Data were

collected at a temperature of 23°C for indices 0 < h < 14, 0 < k < 14, and 0
< I < 27 by using the w scan technique to a maximum 20 value of 80.0°. Scans

of (1.55 + 0.30 tan0) were made at a speed of 16.0 °/min in w. The intensities

of three representative reflections that were measured after every 250 data
remained constant throughout the collection, indicating crystal and electronic
stability. A total of 1648 reflections were collected with 1236 observations having
F.2> 3o-(F.2).

Calculations were performed on a pVAX II computer by using programs

from the TEXSAN crystallographic software package (3).

The systematically

absent reflections 001, I = 2n + 1, and the successful refinement of the structure

indicate the correct space group is P63cm. The positions of the Ba atoms were

determined with the direct methods program SHELXS (4), and the remaining
atoms were located from analysis of difference electron density maps. Following

refinement of the model with isotropic displacement coefficients on each atom,
the data were corrected for absorption with the program DIFABS (5). The heavy

atoms (Ba and Sc) were refined with anisotropic displacement coefficients, the
0 atoms were refined with isotropic coefficients, and the B2 and B3 atoms were
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refined with isotropic coefficients constrained to that of the atom B1. The final
cycle of full-matrix least-squares refinement with 1236 observed reflections having

F02 > 3a(F02), 53 parameters, and a secondary extinction coefficient = 1.20(8)

X 10-6 converged to unweighted and weighted agreement factors of R = 0.057
and R., = 0.079, respectively. The final electron density map revealed no peak

greater than 2.4% of a Ba atom. Crystal data and final atomic parameters are
listed in Tables 4.1 and 4.2, respectively.

Spectroscopy

Spectral data were obtained on a spectrometer assembled in this
laboratory. For excitation of the Eu3+ samples, 392-nm light was selected with

a Cary model 15 prism monochromator from an Oriel 300 W Xe lamp.

The

emission wavelengths for all samples were scanned with an Oriel model 22500

1/8-m monochromator.

The signal was detected with a Hamamatsu R636

photomultiplier tube, amplified with a Keith ley model 602 picoammeter, and
digitized for computer acquisition and analysis. Spectrometer control software
has been written in this laboratory.

Thermal Analysis
DTA scans were performed by using a Harrop model DT-724 differential

thermal analyzer and a Eurotherm model 808 programmable temperature
controller. This instrument is interfaced to an IBM PC/XT via a Real Time Device
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Table 4.1. Crystallographic Data and Experimental Conditions for Ba3Sc(B03)3.

Formula

Ba3Sc(B03)3

FW, amu

633.37

Space Group

P63cm (185)

a, A

9.227(2)

c, A

17.135(3)

v,

1277.2(5)

A3

Z

6

T of data collection, K

293

Peakd, 9 cm3

4.940

Radiation

Graphite monochromated
Mo Ka (A = 0.71069 A)

p, cm-1

144.9

Transmission Factors

0.83 - 1.09

F(000)

1656

Rw(F0)

0.079

R(F0) for F20 > 3a(F20)

0.057
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Table 4.2. Atomic Parameters for Ba3Sc(B03)3.

Z

X

Y

Ba1

0

0

0

0.70(3)

Ba2

0.6774(1)

0

0.1535(2)

0.61(4)

Ba3

0.6571(1)

0

0.9041(2)

0.55(4)

Ba4

1/3

2/3

0.0515(1)

0.94(3)

Sc1

2/3

1/3

0.2795(4)

0.53(6)

Sc2

0

0

0.2843(4)

0.21(8)

01

0.520(1)

0.662(1)

0.2045(6)

0.5(1)

02

0.485(3)

0

0.0272(8)

1.0(3)

03

0.196(1)

0

0.2149(8)

0.4(1)

04

0.175(1)

0

-0.1391(8)

0.6(2)

05

0.333(2)

0.148(2)

0.0280(6)

0.6(1)

06

0.329(1)

-0.155(1)

-0.1515(8)

1.1(2)

B1

0.327(3)

0

0.034(2)

0.6(1)

B2

0.329(2)

0

-0.154(1)

0.6

B3

0.338(2)

0

0.202(1)

0.6

Atom

B=8-3-112EU4p:ajczi.ai

Beg
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AD100A A/D converter and a Metrabyte M1351 signal conditioning module. Data

acquisition software has been written in this laboratory.

Samples and the

alumina reference were enclosed in Pt cups and heated at 15°C/min. Melting
and decomposition temperatures were corrected by using the melting point of
Au as a standard.

SHG Measurements

Optical Second Harmonic Generation (SHG) measurements were
performed on crystalline samples having particle sizes in the range of 100 - 200

pm selected by using NIST standard sieves. A beam from a Molectron MY-34
series Q- switched Nd:YAG laser configured to operate at

= 1064 nm was

passed through a Corning 7-59 filter, to exclude 532 nm light, and onto the
sample.

A dichroic mirror was used to discriminate between the second

harmonic (passed to detector) and the fundamental (reflected to a beam stop).

The second harmonic was passed through a Corning 7-60 filter and detected
with a RCA IP28A PMT.

Results and Discussion

Structure Description
The structure of Ba3Sc(B03)3 is a new type (Fig. 4.1) containing discrete
layers of triangular, planar B03 groups that stack orthogonal to the c axis. These
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Figure 4.1. Drawing of the Unit Cell of Ba3Sc(B03)3 viewed along c with [110]
orientation. The large open circles represent 0 atoms, the small
light shaded circles with dark bonds represent Sc atoms, the small
dark shaded circles with open bonds represent Ba atoms, the dark-

solid circles represent B atoms. Lettering along the left side
corresponds to the layering sequence. Ba1 and Ba4 atoms are
located in layers d and a respectively. 0 atoms are labeled with
numbers only.
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layers are interleaved by planes of Ba and Sc atoms to give the overall stacking

sequence AabBa'CcdDacCa'BbdA where the capital letters represent layers of
B03 groups, the lower case letters represent layers of Ba atoms, and the lower

case primed letters represent layers of Sc atoms. The two crystallographically
independent types of Sc atoms occupy distorted octahedral sites having C3 and

C3,, point symmetries, and each of the four types of Ba atoms occupies a
nine-coordinate site that is best described as a distorted hexagonal base-trigonal

base. In this environment, each Ba atom binds six 0 atoms at the vertices of a

distorted hexagon in one plane and three additional 0 atoms in a subjacent
plane (Fig. 4.2).

The Sc (a') layers contain both types of atoms sandwiched between
arrays of B03 groups (AB). The distorted Sc06 octahedra within each layer are

isolated by the bridging B03 groups. These scandium borate sandwiches are
completely separated by chemically distinct layers of B03 groups (A and D) and

two sets of Ba double layers (ab and cd) (cf. Fig. 4.1). The Sc06 groups
connect to the Ba atoms in two ways. Each O -0 edge in the trigonal faces
of the distorted octahedron is common to a distorted hexagonal base of a Ba209

or Ba309 unit, and one trigonal face from each octahedron is common to a Ba1

or Ba4 atom.

The four crystallographically dissimilar Ba atoms occupy sites with the
following symmetries: Ba1 - C3,,, Ba2 - Cs, Ba3 - Cs, and Ba4 - C3.

Each Ba

layer contains only one type of Ba atom, and within a layer the Ba09 polyhedra

Figure 4.2. Sketch of the Ba09 coordination environment with both ball and stick, and polyhedra models.
All rotations are 90 °.
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have similar dispositions of their hexagonal and trigonal bases relative to the c

axis (cf. Fig. 4.1).
between

adjacent

This disposition reverses - the polyhedra are inverted 
planes

within

the

4-layer

Ba sequence (cdac

Ba3 -Ba1 -Ba4 .Ba2).

Selected interatomic distances and angles are listed in Table 4.3. The

range of Sc - 0 distances 2.06(1) to 2.17(1) A is similar to that found in
Sr3Sc(B03)3 - 2.077(2) and 2.142(2) A (1). Additional distortions of the Sc06

environments from Oh symmetry are indicated by the 0 - Sc - 0 angles that
extend from 84.7(6) to 92.8(5) ° (Fig. 4.3). These distortions are related to the
displacement of the Sc atom from the medial plane between the trigonal faces

of the octahedra.

The displacements arise in part from the anisotropic

connectivity of the trigonal faces to the Ba atoms; only one trigonal face of each

octahedron is shared with a Ba atom.

The environments of atoms Ba3 and Ba1, and Ba4 and Ba2 share
rectangular faces defined by two 0 atoms from the six-fold base and two 0
atoms from the triangular base (Fig. 4.4).

Face sharing also occurs via the

triangular bases of the polyhedra centered by atoms Ba2 and Ba3. All face
sharing occurs between two different Ba layers.

Distances for all Ba - 0 bonds range from 2.65(2) to 3.15(1) A with the
average being 2.8(1) A. Several 0 - Ba - 0 angles are of interest - those in the
six-fold base, those in the triangular base, and those between the two bases.
In general, the distortion in the six-fold base is the result of two different angles
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Table 4.3. Interatomic Distances (A) and Angles (°) for Ba3Sc(B03)3.

Bat - 04 x 3

2.88(1)

05 - Ba1 - 05

66.1(5)
51.8(5)
158.4(4)

Bat - 05 x 6

2.72(2)

Bat - Oavg.

2.77(8)

Ba2 - 01 x 2

2.85(1)

05 - Ba1 - 04

69.5(3)

04 - Ba1 - 04

58.3(4)

01 - Ba2 - 01

64.0(3)
144.0(4)

Ba2 - 01 x 2

2.88(1)

01 - Ba2 - 03

47.7(3)

Ba2 - 03 x 2

2.816(5)

03 - Ba2 - 05

77.5(4)

Ba2 - 05 x 2

2.72(1)

05 - Ba2 - 05

66.1(6)

Ba2 - 02

2.81(2)

Ba2 - 0,,,g.

2.82(6)

Ba3 - 04 x 2

2.852(4)

06 - Ba2 - 06

62.2(4)

Ba3 - 06 x 2

2.80(1)

04 - Ba3 - 06

52.1(3)
145.0(4)

Ba3 - 06 x 2

2.82(2)

06 - Ba3 - 02

76.7(5)

Ba3 - 04 x 2

2.853(4)

04 - Ba3 05

69.4(4)

Ba3 - 02

2.65(2)

02 - Ba3 - 05

66.1(4)

Ba3 - Oavg.

2.81(6)

104

Table 4.3 Cont.

Ba4 - 01 x 3

3.15(1)

02 - Ba4 - 05

65.8(4)
52.7(4)

161.4(4)

Ba4 - 02 x 3

2.714(2)

01 - Ba4 -

05

68.6(3)

Ba4 - 05 x 3

2.72(2)

01  Ba4 - 01

57.6(3)

Ba4 - Oavg.

2.86(22)

Sc1 - 01 x 3

2.17(1)

06 -

06

90.1(5)

Sc1 - 06 x 3

2.06(1)

06

- Sc1 - 01

90.7(5)

Sc1  0.g.

2.12(6)

01  Sc1  01

88.7(4)

Sc2 - 03 x 3

2.17(1)

04 - Sc2 - 04

84.7(6)

Sc2 - 04 x 3

2.09(1)

04

- Sc2 -

03

91 .1 (3)

Sc2 - 0,g.

2.13(4)

03

- Sc2 -

03

92.8(5)

1.47(3)

05 B1

B1 

02

Sc1

05

1232(2.7)

06 - B2 - 06

119.9(1.6)

119.2(8)

-

B1  05 x 2

1.35(2)

B1 - Oavg.

1.39(7)

B2 - 04

1.45(2)

B2 - 06 x 2

1.44(1)

B2

- Oavg.

1.44(1)

B3 - 01 x2

1.32(1)

01  B3 - 03

B3 - 03

1.33(2)

02 -

B3 - Oavg.

1.32(1)

B1 

05

117.6(12)

c axis

SC1 06

03

Sc206

C3,,

06 Sc1

06

90.1(1)°

04 Sc2 04

84.7(5)

06 Sc1

01

90.7(5)

04 Sc2 03

91 .1 (3)

01

01

88.7(4)

03 Sc2 03

92.8(5)

Sc1

Figure 4.3. Sketch of ScOe coordination environment with tables of interatomic angles to compare and
contrast the octahedral site distortion within the Ba3Sc(B03)3 structure to that of Oh symmetry.

8
0

C

i

CP

A

Figure 4.4. Illustration of rectangular face sharing between Ba09 coordination environments. Both ball and

stick, and polyhedra representations are shown. A) Environments oriented to easily view
rectangular faces. B) Rotation by 90° to align rectangular faces (as in structure). C) Ba09
coordination environments sharing rectangular faces. D) Rotation of 90° to view face sharing
down c axis [001 J. Note: A, B, and C are views perpendicular to c and D is coaxial with c.
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that alternate around the hexagon. There is a small angle in the range 46.8(3)

< 9 < 52.7(4) 0 and a larger one in the range 59.0(5) < 9 < 69.4(4)0. The
smaller angles are constrained by edge sharing with B03 groups, and the larger

angles are associated by edge sharing with the ScOs groups. The average 0
Ba - 0 angle in the triangular bases is 63(4) 0 and the average 0 - Ba - 0 angle

between the two bases is 72(4)0.
The Ba09 polyhedron is nearly identical to that of KO9 in the compound
Buetcheliite, K2Ca(CO3)2 (6). Similar small 0 - K - 0 angles in the six-fold base
for the Buetcheliite compound are constrained by CO3 groups. Atoms Ba1 in the

title compounds and K in Buetcheliite both have C3,, point symmetry. Bonds to

0 atoms in the six-fold base are 2.72(2) A for Ba1 - 0 and 2.80 A for K - 0.
Bonds to 0 atoms in the trigonal base are 2.88 A for Bat - 0 and 3.01 A for K 
O. As viewed along the c axis, atom Bat is displaced 0.36 A from the six-fold
base and 2.38 A from the trigonal base. In Buetcheliite, the K atom is displaced
0.72 A from the six-fold base and 2.45 A from the trigonal base. Distances from

the central atom to the three-fold and six-fold planes of atoms for the Ba09
coordination environments in Ba3Sc(B03)3 and KO9 in Buetcheliite are listed in
Table 4.4.

Each layer of 0 atoms extending orthogonal to the c axis may be
described as a semiregular net consisting of triangles and hexagons. A similar
network has been described by Wells (7). The net characterized by Wells has
uniform triangles and hexagons while the nets formed in Ba3Sc(B03)3 consist of
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Table 4.4. Distances (A) from central atom to six- and three-fold planes of 0
atoms in B09 type coordination environments. Site symmetry of central atom is
also listed.

Distance To

Central Atom

Six-Fold Base

Three-Fold Base

Site Symmetry

K

0.72

2.45

C3,,i3m

Bat

0.38

2.38

C3,/3m

Ba2

0.938,g.

2.24g,

Cs/m

Ba3

0.89,,,9.

2.04,9.

Cs/m

Ba4

0.479.

2.62

C3/3

109

distorted hexagons and two different sizes of triangles (Fig. 4.5). The smaller
triangles are occupied by B atoms to form the B03 units and the larger triangles

are defined as trigonal faces of the Sc06 octahedra or triangular faces of the
Ba06 polyhedra or both. Examination of the polygons discloses the identity of

the net as being four connected (each polygon comes to an intersection with
three others). The general equation for a four connected net is 303 + 404 + 505

+ 608 + 707 + 808 +

+ ncb, = 4 where 0, = fraction of polygons in the

net and n = the number of sides on a polygon. Since the net in Ba3Sc(BO3)3

consist of triangles and hexagons, the equation reduces to 303 + 606 = 4.
Therefore, two-thirds of the polygons in the net are triangles, Os, and one-third
are hexagons, 06.

The B03 units have Cs symmetry. The average B - 0 bond distance of

1.39(6) A compares well to the average distance of 1.38(1) A found in
Sr3Sc(B03)3 (1). 0 - B - 0 angles range from 117.6(1.2) to 123.2(2.7)0 with the
average being 119.4(1.6)°.

Six 0 atoms are distributed through two types of symmetry sites. 0
atoms 1, 5, and 6 occupy general positions, while 0 atoms 2, 3, and 4 reside in

sites having Cs point symmetry. Each 0 atom is bound to only one B atom. 0

atoms 3 and 6 have a coordination number of 4 and occupy highly distorted

tetrahedra. 0 atoms 1, 2, 4, and 5 have a coordination number of five. The
connectivities between the 0 atoms and the metal atoms may be discerned by
inspection of Table 4.3.

110

Figure 4.5. Layer of 0 atoms orthogonal to the c axis forming a semiregular
four-connected net consisting of distorted hexagons and two
different sizes of triangles.
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Structure Field
To aid in establishing the limits of the structure field, the existence of the

compounds Ba3Ln(B03)3 was determined, and the solid-solution series
Ba3[Yi.,Eux](B03)3, (0

x

0.5) was examined.

In the series Ba3Ln(B03)3, the Ba3Sc(B03)3 structure type forms for Ln =

Dy, Ho, Y, Er, Tm, Yb, Lu, and Sc. Formulations containing an Ln atom with a
crystal radius larger than Dy or smaller than Sc do not produce the title structure

under the high-temperature synthetic conditions described in the experimental

section. A plot of unit cell volume vs. the radius of the M3+ cation (Fig. 4.6)
exhibits the expected trend of increasing unit-cell volume with increasing crystal
radius of the Ln3+ cation.

One anomalous result is the compound Ba3In(B03)3. The radius of ln3+
is 0.940 A, between the radii of Lu3+, 1.001 A, and Sc3+, 0.885 A, easily placing

the In compound within the structure field. We have found, however, that this

compound crystallizes only in the STACK (8, 9) structure. This behavior is
discussed in more depth in another report (10).
An additional method for determining the maximum crystal radius for a Ln

atom in this structure field is provided by the series Ba3[Y1.,,Eux] (B03)3. By
plotting unit cell volume vs. the mole fraction of Eu3+ (Fig. 4.7), the solubility of
Eu3+ in the structure was determined. The hypothetical compound Ba3Eu(B03)3

is outside the structure field and does not form. By substituting Eu3+ for r+, a
steady increase in unit cell volume occurs up to x = 0.2. For larger values of x,
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Figure 4.6. Plot of Unit Cell Volume of Ba3M(B03)3 compounds versus M3+ cation radius for compounds in
the current structure field.
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the unit-cell volume remains constant. The volume change over the entire range

of x is less than 5 A3. Such a small change in unit-cell volume makes it difficult

to choose with precision the limit of Eu3+ solubility from the X-ray data alone.
The value x = 0.2, however, is supported by the spectral data that is discussed

below. This value of x corresponds to an effective radius for the M cation of
1.050 A, and it compares well to the radius of Dy3+ = 1.052 A (11), the largest

cation that has successfully been incorporated on the M site. (The effective M
radius was calculated as the weighted average of the Eu3+ and r+ crystal radii:
Ruff. = (0.2) (REU) + (0.8) (Ry) = (0.2) (1.087 A) + (0.8) (1.040 A) = 1.050 A.)

Emission spectra were also recorded on this series of Y-Eu samples.
These data yield information concerning the site preference of the dopant Eu3+
ion within the crystal structure as a function of concentration. Elucidation of this

preference was accomplished by examination of the peaks in the emission
spectrum associated with the electric-, 5D,-7F2, 5D,,->7F4, and magnetic-dipole,
513,-.7F1, allowed transitions (12). If the Eu3+ ion occupies a site having a center

of symmetry, electric-dipole transitions are forbidden while magnetic-dipole
transitions are weakly allowed through spin-orbit coupling. If the ion inhabits a

site without a center of symmetry, odd crystal field terms contribute to the
allowed nature of the electric- and magnetic-dipole transitions. In this case,

however, the magnetic-dipole transitions are much less intense than the
electric-dipole transitions and may appear to be absent.
In

the

compounds

Ba3[Y1.,,Euj (B03)3,

the

Ba

atoms

occupy
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noncentrosymmetric sites and the Y atoms nearly centrosymmetric sites. The
spectrum for x = 0.02 indicates that Eu3+ substituted onto the Y site since the
peaks representing magnetic-dipole allowed transitions are dominant. The peaks

in this spectrum representing electric-dipole transitions, though very weak in
intensity, may be a result of the near-centrosymmetric Y site not having perfect

inversion symmetry. As x increases to 0.20, peaks representing the electricdipole transitions heighten in intensity. These data indicate that the Eu3+ prefers

the six-fold M site at very low concentrations. For larger values of x, the ion

appears to be distributed over both the M and Ba sites with an increasing
occupation of the Ba sites at higher concentrations (Fig. 4.8).
Again, the compound Ba3Eu(B03)3 does not form, implying that there is

a limit to the solubility of Eu3+ in the structure. When that limit is reached and
exceeded, at x :---- 0.2, the resulting spectra become similar (samples where x =
0.20, 0.30, and 0.40).

From X-ray data, we have found that the samples with x > 0.20 have the same

structural compositions

- they are mixtures of Ba3[Y0.80,Eu0.20)(B03)3 and

amorphous materials. It is unlikely that Eu3+ occupies a centrosymmetric site
within the amorphous phase(s). Luminescence originating here would, therefore,

add to the peaks representing electric-dipole allowed transitions. The relative

magnitudes of the electric- and magnetic-dipole peaks, however, remain
essentially constant for x > 0.2 so the contribution of the amorphous materials

to the luminescence is assumed to be negligible under these excitation

.-1-0

(I)

C
a)

C

11111IIIIIIIIIII I

II
560 580 600 620 640 660 680 700 720 740 760
Wavelength (nm)
Figure 4.8. Emission spectra of samples from the series Ba3[Y1.,,Eux](B03)3 with peaks labeled according
to their transitions.
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conditions. These data are not only consistent with the solubility limit of Eu3+ as
determined from the X-ray data, but they also reveal the distribution of Eu3+ ions

over the crystallographic sites within the structure.

To further substantiate the X-ray data, peak area ratios of the electric
(3D0-,7F2)/magnetic-(3D0->7F1) dipole allowed transitions were plotted versus the

mole fraction of Eu3+, x. This data corroborates the value of x .-- 0.2 determined

from unit cell calculations by using X-ray data. The increase from x = 0.02 to
0.20 fits a linear relationship with R2 = 0.98, (Fig. 4.9).

DTA

Thermal analysis data were obtained for each compound.

Peaks

representing two thermal events were observed in the heating curves for
compounds with M = Dy, Ho, Y, and Er. The peaks at the higher temperatures

correspond to melting. The events occurring at the lower temperatures were
deduced by annealing samples between the two DTA peaks. Analysis of the
resulting powder patterns indicates that the compound Ba3Dy(B03)3 decomposes

to form Ba3Dy2(B03)4 + Ba3(B03)2, while the Ho, Y, and Er compounds undergo

a phase change from the layered structure to the STACK (8, 9) structure with
retention of the stoichiometry. The Tm, Yb, Lu, and Sc compounds yielded only
peaks representing melting events. The DTA data are summarized in Table 4.5.

2.5

2.0

1.5

1.0

0

0.1

0.2

0.3

0.4

X

Figure 4.9. Plot of peak area ratio for electric-/magnetic-dipole allowed transitions (31D0.-*7F2/3D0-,7F1) versus

mole fraction of Eu3+ in the compounds Ba3[Y,..,Euj(B03)3.
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Table 4.5. Decomposition, phase change, and melting temperatures (°C) for
Ba3M(B03)3 compounds.

Phase Change/
Melting

Compound

Decomposition

Ba3Sc(B03)3

*

1200

Ba3Lu(B03)3

*

1257

Ba3Yb(B03)3

*

1216

Ba3Tm (B03)3

*

1218

Ba3Er(B03)3

1173P

1239

Ba3Y(B03)3

1148P

1265

Ba3Ho (B03)3

1127P

1229

Ba3Dy (B03)3

953d

1237

p - Temperature of a phase transformation.
d - Temperature of a decomposition.
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Optical Second-Harmonic Generation
Because the compound crystallizes in a noncentrosymmetric structure, a
Kurtz-Perry

optical

second-harmonic test

(13)

was

performed

on

a

microcrystalline sample of Ba3Sc(B03)3. A small signal corresponding to < 0.1
times the value of quartz was observed. This result is completely consistent with
the structure. The principal chromophores in the structure are the nonequivalent

B03 groups. These groups, however, are related by an approximate center of

symmetry, leading to a net cancellation of the microscopic polarizability
coefficients and the small macroscopic nonlinearity.

Indeed, it is only the

distribution of the Ba atoms that affords the principal noncentrosymmetric
character of the structure.
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Abstract

The crystal structure of Indium borate, InB03, has been determined by

single crystal X-ray methods. The structure is similar to that of the mineral
calcite, CaCO3. Layers of distorted In% octahedra are interleaved by layers of

triangular planar B03 units. The resulting In-centered 0 octahedron exhibits a

small trigonal elongation. The structure is compared and contrasted to other
borates containing In.
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Comment

As part of a continuing effort to synthesize materials that possess
promising optical properties, the compounds Sr3In(B03)3 and Ba3In(B03)3 were

recently synthesized (1) While attempting to delineate the crystal chemistry of
these compounds and their relationships with the corresponding Sc derivatives,

we discovered that the crystal structure of InBO3 had not been refined.

All

references describing the structural characteristics of InB03 can ultimately be
traced to the original X-ray work on powdered samples of materials isostructural
to the mineral Calcite, CaCO3 (2).

Unique optical properties exhibited by InB03 also afford this material
several interesting applications. Tb3+-doped samples have been proposed for
potential use as a green CRT phosphor in color televisions (3) and as a real time

solar neutrino detector (4) on the basis of the inverse /3 decay reaction 115In .
115sn* (5). To more completely characterize this material, we report the single

crystal structure refinement herein.

Single crystals were grown in a Pt crucible from a melt (4) containing 3 g

of LiB02 (AESAR 99.9), 0.800 g of In203 (AESAR 99.9), and 0.200 g of B2O3
(Alpha 99.98). The melt was cooled from 1150°C to 840°C at 5°C/hr, and then

rapidly to room temperature. The flux was dissolved in hot distilled water to
leave block-shaped crystals ranging in size from 0.2 - 0.8 mm. A clear, colorless

crystal of approximate dimensions 0.15 X 0.15 X 0.25 mm was mounted on a
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glass fiber for data collection. Structure-solution data are provided in Table 5.1.
Final atomic parameters are listed in Table 5.2.
InB03 is isostructural to the mineral Calcite, CaCO3, as was predicted from

X-ray powder diffraction photographs (2). The present X-ray analysis verifies this
result and provides data on refined metrical parameters. In general, the structure

is composed of alternating layers of In atoms and triangular planar B03 units as
can be seen from the ball and stick representation of the unit cell (Fig. 5.1); the

In atoms occupy distorted octahedral sites. Similar types of layered structural

coalescement are common for a variety of borate and carbonate structures.

Structural connectivity between the In06 and B03 groups occurs via corner
sharing only. Across a B03 layer, the In06 polyhedron shares corners with three
other In06 octahedra and with three B03 units sandwiched between the adjacent

In06 layers (Fig. 5.2). Therefore, each In06 polyhedron shares corners with
twelve polyhedra - six B03 groups and six In06 octahedra.
Distances and angles are listed in Table 5.3. The In environment has S6
site symmetry, and a trigonal elongation of the lnO6 octahedra produces the 0 

In - 0 angle = 91.91(2) ° (cf. Fig. 5.1). This deviation from Oh symmetry is not

as extensive as that found in the isostructural borate ScB03 (6) where the

corresponding 0 Sc 0 angle is 92.28(1)°. Comparisons to the STACK (7)
compounds, Sr3In(B03)3 and Ba3In(B03)3, are instructive since these materials

have an elongated and a compressed In06 site that both maintain S6 site
symmetry. For Sr3In(B03)3 the distortions in 0 - In - 0 angles range from the
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Table 5.1. Experimental details for the structure solution of InBO3.

Indium Borate

Compound
CRYSTAL DATA
Chemical formula

Crystal System

M,

Space Group

Rhombohedral (Hexagonal axes)

InB03

a (A)
b (A)
c (A)

173.63

R3c

a (*)

4.8217(8)

90

13 (*)

4.8217(8)

90

( 0)

15.438(1)
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Z

6

D. (Mg nr3)

V (As)

310.82(7)

D. (Mg m-3)

MO Ka

No. of reflections for
lattice parameters

Radiation

5.565
15

0 range for lattice parameters (°)
26.6 20

Wavelength (A)

0.71069

Absorption coefficient (mm-1)

10.908

38.9

296

Temperature (K)

Crystal: Grown from a LiB02 flux and a stoichiometric mixture of In203 and 8203.
Crystal color

Colorless

Crystal size (mm)

1

Crystal description

Irregular Block

Collection method

co-20

0.15(2) x 0.15(2) x 0.25(2)

DATA COLLECTION

Rigaku AFC6R

Diffractometer type
Absorption correction type

Absorption correction (T,. T,)

Empirical: DIFABS (11)

0.85 - 1.42

No. of reflections measured

Itin,

No. of independent reflections

()mix( 0)

No. of observed reflections

No. of standard reflections (and interval)

Criterion for observed
F.2 I- 3a(F,,2)

Variation of standards

1190

236

918

0.037
37.5

3 standards: {0,0,12; 0,-2,8; & 1,1,-12}
(every 300 data

2.5% in intensity

hmin

0

h

8

16in

8

'6

8

i,,,i

-26

i.

26
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Table 5.1. Continued.
EXPERIMENTAL DETAILS (continued)

REFINEMENT
Treatment of hydrogen atoms (circle
appropriate entry, or describe in box below)

F, F2 or I
F

refall refxyz refU noref
R

0.020

wR

0.024

S

1.48

No. of parameters refined
11

No. of reflections used in refinement

164

Weighting scheme i VI( I Fol-IF,I)2
w=

(A/a)..=

1 /o(F0)

(Ap),h, (e k3)
0.01

Extinction correction method (if applied)

(Ap). (e k3)

;

a(FozY

1.216
1.713

TEXSAN (12)
Primary- and secondary-extinction values

0.47(4)E-5

Source of atomic scattering factors

International Tables for X-ray
Crystallography

*o{F 02). [C+1/4(titb)2(b,+b2)+(px1)1v2

C= total # of counts per peak

time spent counting peak intensity
time spent counting one side of background
b1= high-angle background counts
b2= low-angle background counts
tb=
tb=

p= fudge factor; ignorance factor; p-factor
I= C-1/i(tjtb)(b1+62)
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Table 5.2. Atomic Parameters for InBO3.
Atom

X

Inl

2/3

1/3

1/3

021(1)

01

0.7138(3)

0

1/4

0.30(4)

B1

0

0

1/4

0.6(1)

B.7.3

112

Uva, aj ai.aj
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C

91.91°

MP 4 Oil 1
ntz

SO 000 110
I MO I O. I

o aloo101000
Figure 5.1 Ball and stick representation of the InB03 unit cell with a [110]

orientation. Solid (dark) circles depict boron atoms, medium circles

with dark bonds depict indium atoms, and the largest circles
represent oxygen atoms. This diagram also illustrates the elongation
experienced by the lnO6 octahedra.
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Figure 5.2. View down the c axis of the unit cell illustrating how the layers in
InB03 are connected together. In descending order down the c axis,
the center In06 octahedra represents the first layer, the B03 units are

next, between the In06 environments, and the outer three In06
polyhedra are the lowest layer in this diagram.
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Table 5.3. Interatomic Distances (A) and Angles (°) for InB03.

In - 0

2.1575(7)

0 - In - 0

91.91(2)

B-0

1.380(1)

0-B-0

120

0 -0

2.390(2)

In - 0 - In

122.92(6)

B - 0 - In

118.54(3)
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compressed 83.0(2) to the elongated 93.4(2)0, and for Ba3In(B03)3 the
corresponding angles are 84.3(3) and 94.0(3)0.

The In - 0 distance of 2.1575(7) A is expectedly longer than the Sc - 0
distance of 2.1200(4) A in ScBO3 when considering the crystal radii of Sc3+
(0.885 A) and In3+ (0.940 A) (8).

For the oxide, In203, an average In - 0

distance of 2.18(1) A is derived from two six-fold sites having approximate cubic

symmetry (9). 0 - In - 0 angles and In - 0 distances in the materials Sr3In(B03)3

(2.127(4) to 2.186(4) A), and Ba3In(B03)3 (2.147(6) to 2.211(8) A) are largely
dictated by the sizes of the large dipositive cations Sr2+ and Ba2+, and by the
binding constraints imposed by the STACK structure. All of these distances, and

the distance of 2.17 A calculated from crystal radii for an In atom in an
octahedral 0 site, indicate that the In - 0 interaction in InB03 is typical of other
oxides containing In.

The B03 triangular planar environment centers a site having D3

point

symmetry. The 0 - B - 0 angle is 120°, and the B - 0 bond distance is 1.380(1)
A, a value that is statistically equivalent to the distance of 1.3752(5) A in ScB03.

The less symmetric B03 units in Sr3In(B03)3 and Ba3In(B03)3 have C1 point
symmetries with angles and distances ranging from 118.8(6) to 121.4(5) ° and
1.34(1) to 1.44(1) A, respectively. Within a given B03 layer of InB03, all B03
groups have an identical orientation; this alignment alternates from layer to layer

by a rotation of 60° about the trigonal axis. Each B03 group shares vertices with

six In06 octahedra - two at each 0 atom from layers above and below the B03
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plane.

The 0 atom coordination number is also three. As noted above, each 0
atom is common to a B03 unit and two In06 octahedra. Relative to the complex
In borates Ba3In(B03)3, Sr3In(B03)3, and Sr2LiInB4010 (10) that possess similar

triangular B03 groups, the 0 atom in InBO3 occupies a site with a high degree
of symmetry (C2).
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CHAPTER 6

The System SrO - Bi203 - B203
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Abstract

While searching for new scintillation materials in the system SrO - Bi203 
B203, two new phases were identified by using powder X-ray diffraction. Based

on starting compositions, the stoichiometries of these materials are "SreBiB09"
and "Sr2Bi3B08".

The "SreBiB09" material undergoes a phase transition at

approximately 1000°C, and the higher temperature form displays typical Bi3+
luminescence. Crystals of the composition "Sr2Bi3B08" were grown, and trigonal

unit-cell dimensions of a = 3.968(2), c = 28.126(3), A, and V = 383.5(4) A3 were

determined by X-ray methods.
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Introduction

Scintillation materials exhibiting the fast, cross luminescence (CL)

component of radiative decay are highly desired for today's high energy physics

applications (1). With excited state lifetimes on the order of 1 ns, detectors
based on CL scintillators can record events that occur at a very high rate. This

fast component has been observed in wide band-gap materials containing the
elements Ba, Cs, Rb, and K (1, 2, 3). Another important feature of a scintillator
is its stopping power (4). In order to have good stopping power for high energy

particles, a scintillator must be dense. Therefore, most good scintillators have

elements with a high atomic number. A large window of optical transparency
and high damage threshold are also vital considerations when engineering a
scintillator.

Although the demands of Computed Tomography (CT) applications are

similar (1, 4), the excited state decay time required need not be as short. A
dense scintillator with an emission band that has good overlap of the spectral

response of a sensitive PMT or photo diode is the material of choice.
Scintillators containing Ce3+ and Bi3+ (blue emission) are, therefore, preferred.

For these reasons the system of SrO - B1203 - B2O3 was selected for a

pursuit of new scintillators (Fig. 6.1). The borate matrix has a large window of
transparency (180-3000 nm) and a high damage threshold. The 81203 member
offers the matrix the dense component vital for good stopping power, and also
a possible intrinsic luminescence attribute as in the scintillator Bi4Ge3O12 (BGO).
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B203

61268015

B i3 B501 2

S r2 B2 05

BiBO3

Sr3(B03)2
Bi4B209

2(SrO)

Figure 6.1.

B1203

Ternary phase diagram for the system SrO - Bi203 - B203.
Formulations listed along the perimeter are known phases.
Stoichiometries listed on the interior are tentative assignments as
a result of this work.
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On the basis of barium's high nuclear density, reports of CL in scintillators
containing Ba, and my personal experience with Ba-borates, BaO was a logical

candidate for this system. The SrO constituent, however, was chosen as a
substitute for BaO due to its superior crystallization properties.

In general,

materials containing Sr crystallize better than their Ba analogues. In this ternary

system search a new compound containing Sr may readily form, and therefore
be more easily identified than its Ba counterpart. Since divalent Ba and Sr often

substitute for one another in many materials, once a potential new phase
containing Sr is identified, the Ba derivative may form also. No ternary oxide of
(Sr,Ba), Bi, and B has been reported in the literature, lending additional

motivation to investigate this system.

Experimental

Synthesis and X-ray Work.
Powder samples were prepared by combining stoichiometric mixtures of

nitrate and oxide starting materials [Sr(NO3)3 (IESAR, 99.9%), Bi203 (/ESAR,
99.9%), and B2O3 (/ESAR, 99.98%)] to give the appropriate compositions. The
reactions were done by using high temperature solid state synthetic techniques.
The "Sr2Bi3BO8" formulation, for example, was prepared by grinding the starting
materials (0.500 Sr(NO3)2 + 0.375 Bi203 + 0.125 B2O3) under hexane. Samples

were heated in A1203 crucibles at 500°C, 600°C, and 700°C for one hour, with
grindings between each heating period. The samples were then heated for 12
24 hours at an appropriate temperature to produce a sintered product. Phases
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were identified by using an automated Philips powder diffractometer equipped
with Cu Ka radiation interfaced to a PC via a MetraByte DASH 8 data acquisition

board.

Single crystals of the "Sr2Bi3BO8' composition were grown by heating
stoichiometric mixtures of the starting materials above the melting point of the
mixture in a Pt crucible to 1025°C for 1 hr, then cooling the melt to 650°C at a

rate of 6 ° C/hr, followed by rapid cooling to room temperature. Some clear
colorless crystals were imbedded in a matrix of brownish-tan plate-like crystals
resembling Muscovite Mica (6), both in appearance and cleavage habit.
Both types of crystals were physically removed from the crucible. Several

crystals of each type were selected and mounted on a glass fiber for data
collection.

Single crystal data for the colorless crystals produced unit-cell

parameters that were identical to those of the compound Sr3(B03)2.

A translucent brownish-tan colored plate of approximate dimensions 0.1

X 0.1 X 0.02 mm was selected for data collection. Unit-cell parameters were

refined from 25 reflections in the range 30 < 20 < 35° that were automatically
centered on a Rigaku AFC6 rotating anode X-ray diffractometer.

The Laue

symmetry was found to be MT11. Data were collected at a temperature of 23°C

for indices 0 < h < 5, -5 < k < 5, and -42 < I < 42 by using the co scan
technique to a maximum 20 value of 65.0°. Scans were made at a speed of
16.0 °/min in w.

The intensities of three representative reflections that were

measured after every 200 data remained constant throughout the collection,

indicating crystal and electronic stability.

A total of 1022 reflections were
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collected with 798 observations having F02> 3a(F.2).

Calculations were

performed on a pVAX II computer by using programs from the TEXSAN
crystallographic software package (6). At the present time, the structure has not

been fully solved.

Spectroscopy.

Spectral data were obtained on a spectrometer assembled in this
laboratory. Excitation light at 380 nm was selected with a Cary model 15 prism
monochromator from an Oriel 400 W Xe lamp. The emission wavelengths were

scanned with an Oriel model 22500 1/8-m monochromator. The signal was
detected with a Hamamatsu R636 photomultiplier tube, amplified with a Keith ley

model 602 picoammeter, and digitized for computer acquisition and analysis.
Spectrometer control software has been written in this laboratory.

Discussion

The "SreBiB09" sample undergoes a phase transition at approximately
1000°C.

The higher temperature phase exhibits typical Bi3+ broad-band

luminescence, that is blue in color (7, 8). The scintillator BGO has been referred

to as the "workhorse" for many CT applications, (9) and also displays broad
band emission. Therefore, a comparison between these two materials is in
order. The excitation and emission maxima for "SreBiB09" are located at 380 and

460 nm respectively. The Stokes shift of = 80 nm is small relative to that

144

displayed by BGO of = 200 nm. The excitation peak of BGO is located at

290

nm and has a similar shape as "SreBiB09". The emission band of BOO centered
at

490 nm is much broader than that of "SreBiB09," tailing farther into the

visible making BGO's emission more green in color (Fig. 6.2). A material with
more closely matched Bi3+ spectra is Bi2Ge020 (10). The excitation and emission

bands are respectively

355 and

495 nm yielding a 140 nm Stokes shift.

This compound is a semiconductor and the explanation of its low energy
absorption is that the energy levels of the transition are broadened into bands

rather than remaining at a particular site. The blue emission is thought to be
from defect sites. Due to the tentativeness of "SreBiB09" being a single phase,
these reasons may apply to it as well.
The luminescence properties of "SreBiB09" fade with time (on the order of

days to weeks). An explanation is that the high-temperature form is not stable
and the material gradually reverts back to the low-temperature form which does
not luminesce. This, however, is not the case since the X-ray powder diffraction

data indicate the high temperature phase is predominant.

An alternative

explanation is that this Sr-rich material is hygroscopic and the luminescence
being predominately of a surface origin is quenched when the sample becomes

wet. Luminescence returns with a heating period of as little as one hour, at a
temperature of 800 to 1000°C.
The micaceous habit of the "Sr2Bi3B08" formulation made selection of a

crystal appropriate for data collection extremely difficult. Several attempts at
single crystal data collection were made before a suitable crystal was found. It

(a)

200

300

400

500

600

700

Wavelength (nm)
Figure 6.2.

Bi3+ excitation and emission spectra of (a) "SreBiB09" and (b) Bi4Ge3O12 (BGO).
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is supposed that the thin plates were sticking together, thus preventing single
crystals from being isolated for data collection. Because of the very thin nature
of these crystal, and the heavy Bi atoms, large absorption problems exist for this

crystal. These two factors have contributed to the incomplete solution of the
crystal structure.

The current X-ray solution indicates that the correct heavy atom ratio for

the material may be Sr2Bi not Sr2Bi3 as supposed from the starting material
proportions. The compound crystallizes in a rhombohedral cell with dimensions
in the hexagonal setting of a = 3.968(2), c = 28.126(3), A, and V = 383.5(4) A3.

It appears to be noncentrosymmetric, having -3.m1 Laue symmetry. The most
likely space group is R32 (#155), with a possible second choice of R3m (#160).

With the stoichiometric constraints imposed by these space groups, the heavy

atom ratio deduced from X-ray data, and the unit cell volume, a possible
formulation is Sr2BiB05. The proposed stoichiometry likely corresponds to an
orthoborate-oxide, Sr2Bi(B03)02. The X-ray diffraction pattern for the powdered
sample of "Sr2BiBO5," contains all the reflections found in the diffraction pattern

of the crystals. Powder X-ray diffraction patterns of the crystals (Fig. 6.3) were

taken at two different intensity scales. The top one (a) illustrates the relative
intensities of the reflections. The bottom one (b) was taken on a more sensitive
scale, to enhance the smaller peaks and truncate the largest one. The extremely

high intensity of the peak located between 28 and 29° 20, is no doubt a result
of the preferred orientation of the crystals in the sample holder.
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Two Theta
Figure 6.3.

X-ray diffraction patterns of Mica-like crystals for (a) low sensitivity

illustrating relative peak intensities and (b) high sensitivity to
enhance weak reflections.
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Crystal growth of the Ba analogue was unsuccessful under the same

conditions used to grow crystals of the Sr compound. The undertaking of a
direct melt crystal growth of the formulation Sr6BiBO9 was also unsuccessful.
Finding suitable fluxes will make it possible to successfully grow crystals of both
of these materials.
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