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Preface

The work in this thesis was carried out under the guidance by
Professor Dr, Jiro Shiokawa atrthe Department of Applied Chemistry,
Faculty of Engineering, Osaka University.

The purpose of the present thesis is to synthesize new europium(II)
compounds and Eu2+Factivated calcium or strontium compounds, and to
appreciate their possibilities for magnetic materials and phosphors.

The author hopes that the findings obtained in this work wouid give
the valuable suggestions for new inorganic compounds with useful tech-

nological properties.

Mynicks Mackinla
Ken-ichi Machida

Suita, Osaka

January, 1982
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GENERAL INTRODUCTION

In recent years, compounds containing rare earth elements have
been actively investigated directed toward the development of function-
al materials because they have various interesting and very useful
physical properties such as their magnetic, optical, or electrical
properties, etc. Since the systematic separation and purification
procedures for a series of rare earth elements from one another were
established and accordingly their metals or oxides with high purity
were easily available as raw materials, these elements have played a
particularfy important part in the field of materials science.

The ions of rare earth elements generally are in the trivalent
state. . Under limited conditions, europium (Eu) gives the divalent ion
stabilized by the attainment of half filled 4f sheil as well as tri-
valent ion. The outer electrons of Eu2+ ion occupy a 4f7 configuration,

and hence the Eu2+ ion has an effective magnetic moment of 7.94 Hp in

3+ 1)

a similar manner as the gadolinium ion (Gd”'). Since Matthias et al,

found that a monoxide FuO is ferromagnetic below a low temperature

(TC=69 K), many europium(II) compounds have been synthesized because

2)

of their attractive magnetic properties, e.g., chalcogenides,

3)

A 3 , 4
silicates, ) aluminates, and titanates. ) Recently, EuO as a mag-

netic insulator has been taken notice of as laser beam addressable

5)

memory units in thin film™ " for the unusually large magneto-optical

6) s .
A silicate Eu25104

in a virtually transparent single crystal form for magneto—optic appli-

7)

effect. also is a ferromagnet and can be prepared

cations. In these oxides, the direct magnetic and indirect super-

exchange interactions between the neighboring Eu2+ ions take place

8)

owing to overlap of the 4f and 5d orbitéls, the magnitudes of which

strongly depend on the distances and angles via 02— ions between the

2a,b)

magnetic ions. The magnetisms of highly symmetrical compounds

have been theoretically interpreted on the basis of the crystal
structures.4)
In addition,_Eu2+—activated compounds give line or band emissions

assigned to 4f7-4f7 or 4f7—4f65d transitions of Eu2+ ions.g) The
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materials as emitted by the latter transitions have been receéived at-
tention as violet~blue to green emitting phosphors, whose colors are

influenced by the arrangement of anions around the Eu2+ ion and the

10)

A number of efficient photolumi-
11) 12)

electronegativities of anions.

nescent materials have been obtained, viz., halides,
13) 14) 15)

borates,

~aluminates, silicates, and phosphates. Some of these compounds

have been put to practical use as the phosphors- for high—color—render?
ing fluorescent lamps or X-ray intensifying 5creens.l6)

When the preparation of Eu2+;coﬁtaining mixed oxides is performed
according to standard ceramic techniques,»it comes into question that
EuO is able to coexist only with a part of the metal oxides because of
the stfong reducing power. This fact is interpreted by considering the
Gibbs’ energy change (AG) in

the reducing process of metal Table I. Free energy changes for
17) reductions of binary oxides per

oxides (see Table T). mole of 0y at 1500 K (kcal/mol)

Since the AG value of the

. : a
reduction Oxide A6
Ca0 231
_02
2 Eu203 > 4 Eu0 (R.E.)ZO3 (R.E.=La-Lu) 218-230
~at 1500 K is 137 kcal/mol, the S0 212
metal oxides which have smaller Mgo 202
Al,0 190
values than AG=137 kcal/mol are 273 _
reduced to lower oxides or even LlZO 180
Ti,0 178
to metals. From Table I, 3203 2¥3
and $10, having AG=142 and 153 510, 153
kcal/mol are seen to coexist B203 142
. v,0 , 137
with EuO. The temperature 23
dependences for the oxygen ‘ MnO 130
fugacity (vapor phase) in the Cr203 118
system Eu~-0 reported by Mc- Gazo3 95
Carthy and Whitelg) indicate FeO ‘ ’ 82

that Eu0 is unstable at high aThe dotted line indicates the

temperatures in air or an position of the reaction 4 Eu0 + 0,

30

oxidizing atmosphere. 2 Eu,0
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Therefore, the preparation of Eu2+—containing compounds by solid state
reactions is required to be performed in vacuum, an inert gas, or a
reducing atmosphere.

The present work has been carried out for the purpose of synthe-
sizing new Eu2+—containing compounds (borates and silicates) and in-
vestigating the crystal structures and physical (mainly magnetic and
luminescent) properties. Especially, these physical properties are
discussed by taking into consideration the results of X-ray structural
analyses since those, in which the broadly spacing 5d orbitals take
part, are closely related to the crystal structures as stated above.

This work is composed of four chapters and general conclusion.

The firét chapter deals with the crystal structures, the magnetic and
luminescent properties, and the thermal stabilities (at high tempera-
tures in air) for a series of europium(II) borates. The magnetic and
luminescent properties have been interpreted from the crystal structures,
In the second chépter, similarly, the crystal structures and physical
properties of europium(II) haloborates are described, and the third
chapter is mostly devoted to a description of the high-pressure poly-
morphism and luminescent properties of EuBZO4 as obtained in the first
chapter. 1In these chapters, the relationship between the luminescent
properties and the crystal structures or magnetisms has became more
apparent. In the fourth chapter, the study has been made on the high-
pressure polymorphism, crystal structures, and luminescent properties

of EuSiO3. The luminescent properties of CaSiOB:Eu2+ and SrSiOB:Eu2+
polymorphs have been discussed in terms of the X-ray structural and IR
spectral analyses of host lattices, and the temperature dependences of

luminescences.

The contents of this thesis are composed of the following papers:
1. Synthesis and Characterization of Divalent-Europium (Eu2+) Compounds,
EuB,0,, BuB,0,, and Eu,B,0s,
K. Machida, H. Hata, K. Okuno, G. Adachi, and J. Shiokawa,
J. Inorg. Nucl. Chem., 41, 1425 (1979).

2. Luminescence Properties of Eu(Il)-Borates and Eu2+—Activated Sr—

s



10.

11.

Borates,

K. Machida, G. Adachi, and J. Shiokawa,

J. Lumin.,, 21, 101 (1979).

Structure of Divalent-Europium Metaborate,
K. Machida, G, Adachi, and J. Shiokawa,

Acta Crystallogr., Sect. B, 35, 149 (1979).
Structure of Europium(II) Tetraborate,

K. Machida, G. Adachi, and J. Shiokawa,
Acta Crystallogr., Sect. B, 36, 2008 (1980).
The Crystal Structure and Magnetic Property of Europium(II) Ortho-
borate, |

K. Machida, G. Adachi, H. Hata, and J. Shiokawa,

“Bull. Chem. Soc. Jpn., 54, 1052 (1981).

Synthesis and Characterization of Europium(II)-Haloborates,

K. Machida, T. Ishino, G.  Adachi, and J. Shiokawa,

‘Mater. Res. Bull., 14, 1529 (1979).

Crystal Structure of Europium(II) Bromoborate,

K. Machida, G. Adachi, N. Yasuoka, N, Kasai, and J. Shiokawa,
Inorg. Chem., 19, 3807 (1980). ' ’

The Crystal Structure and Luminescence Properties of Europium(II)
Haloborates, , ’

K. Machida, G, Adachi, Y. Moriwaki, and J. Shiokawa,

Bull. Chem. Soc. Jpn., 54, 1048 (1981).

Synthesis and Magnetic Property of Europium(II) Haloborates, Eu,BO5X
(X=Cl1 and Br),

K. Machida, G. Adachi, and J. Shiokawa,

Chem., Lett., in press.

High-Pressure Synthesis and Pfoperties of Eu(II)-Metaborate,

K. Machida, G. Adachi, J. Shiokawa, M. Shimada, and M, Koizumi,
Chem. Lett., 1980, 81.

High-Pressure Synthesis, Characterization, and Properties of
Europium(II) Metaborate and Europium(II)-Activated Strontium and
Calcium Metaborates,

K. Machida, G. Adachi, J. Shiokawa, M. Shimada, and M. Koizumi,
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12.

13.

14,

15.

16'

17.

18.

Inorg. Chem., 19, 983 (1980).

Luminescence of High-Pressure Phases of Eu2+—Activated SrB204,
K. Machida, G. Adachi, J. Shiokawa, M. Shimada, and M. Koizumi,
J. Lumin., 21, 233 (1980).

Structure of Strontium Tetraaluminate B—SrA14O7,
K. Machida, G. Adachi, J. Shiokawa, M. Shimada, and M. Koizumi,
Acta Crystallogr., Sect., B, in press.

Structuré and High-Pressure Polymorphism of Strontium Metasilicate,
K. Machida, G, Adachi, J. Shiokawa, M. Shimada, and M, Koizumi,
Acta Crystallogr., Sect. B, in press.

High-Préssure Synthesis and Characterization of Europium(II)
Metasilicate, EuSiOB,
K. Machida, G. Adachi, J. Shiokawa, M. Shimada, M., Koizumi, K.
Suito, and A. Onodera,

Chem. Lett., 1980, 1111.

High~Pressure Synthesis, Crystal Structures, and Luminéscencé
Properties of Europium(II) Metasilicate and Europium(II)-Activated
Calcium and Strontium Metasilicates,

K. Machida, G. Adachi, J. Shiokawa, M. Shimada, M. Koizumi, K.
Suito, and A. Onodera, ’

Inorg. Chem., in press.

Spectroscopic Properties for High-Pressure Polymorphs of Calcium
and Strontium Metasilicates,

K. Machida, G. Adachi, and J. Shiokawa,

Bull,.Chem. Soc. Jpn., in contribution,

Luminescence Properties for the High-Pressure Polymorphs of
CaSiO3:Pb2+ and SrSiO3:Pb2+,

K. Machida, G. Adachi, N, Ito, J. Shiokawa, M. Shimada, and M.

Koizumi,

Mater. Res. Bull., in contribution.



1. SYNTHESIS AND PROPERTIES OF BORATES IN THE BINARY SYSTEM EuO—B203

1-1. Introduction

Many Eu2+—containing compounds have been synthesized because of
their magnetic and luminescent properties. Several europium(II) mixed
oxides with network-former oxides, e.g., EuZSiOA’ Eu3SiOS, Eu3A1206,
and Eu3P208, have been found to be ferromagnetic at low temperatures.
These mixed oxides can be prepared in virtually transparent single
crystal forms, and hence they are interested in magneto-optic appli-
cations.7) The luminescent properties of Eu2+—activated alkaline earth
compounds also have been studied with a view to obtaining violet-blue
to green emitting phosphors. A borate BaB8013:Eu2+ has been reported
to be an efficient photoluminescent material and shows a deep-blue band
'emission.lz)

A network-former oxide B203 gives a series of borates with various
compositions reacting with network-modifier oxides. Since these borates
generally consist of the linear or three—dimensional borate anions con-
dénsed with BO3 triangular or BO, tetrahedral units, their crystal
structures are complicated. The systematic IR spectral analyses on a

19)

number of borates have been made by Weir and Schroeder in order to
investigate the structures of glassy and crystalline borates.

In this study, the borates in the binary system EuO—B203 have been
prepared, viz., EuB4O7, EuB204, and EuzBZOS, and the single crystals of
these europium(II) borates and Eu3B20620) have been grown using Bridge-
man, slowly cooling, and flux methods. This chapter describes their
characterizations by X-ray analyses and IR spectrum, magnetic suscepti-

bility, and luminescent spectrum measurements.
1-2. Experimental

A. Sample preparations. The europium(II) borates were prepared

in the following way: the appropriate amounts of Eu203 (99.9 %), H3BO3

(99.5_%), and B (99.0 %) were fully mixed, pelletized, and heated at
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950-1000°C for 3 h in vacuum (about 10_4 mmHg) after preheating at 200
—300°C.‘ The preparation method of Eu3B206 has been described in ref.
20.

" The conditions and methods for the crystal growth of samples are
summarized in Table I. The congruent melting points of resulting ma-
and 1000+30°C for EuB,0, and Eu,B,0

7 274 27275
respectively. That of Eu3B206 was not observed. The single crystals

terials were 985+10°C for EuB40

obtained had the following colors and shapes: pale—gray prism, EuB407;

light~-yellow needle, EuB204; yellow plate, Eu2B205; black hexagonal

prism, Eu3B206.

Table I. Summary of crystal growth for-a series of europium(II)

borates
Borate M.P. - Method of : Crystal
- C°0) crystal growth Color Habit Dimension (mm)
EuB, 0, 985 (lgﬁéﬂgggfg’ 5°C/h) Pal;;ay Prism N4
EuBy0, 1000 (18%83327032?;32%&) Li?i”ﬂow Needle V3.0
Eu,B,05 1000 (91;33%18% ’ gl‘é’/‘h) Yellow  Plate v0.2
BE0 el TSk gl o

The preparation of Eu2+-activated strontium borates (viz., SrB,0

477
SrBZOA’ SrzBZOS, and Sr3B206) was carried out by heating the intimate
mixtures of HBBOB and SrCO3:Eu » coprecipitated from a dilute HC1 :so-

lution of a reagent grade Sr(N03)2 and Eu,0,4 (99.99 %) by the slow ad-
dition of a (NH4)ZCO3 solution, at 900-1000°C for 2 or 3 h in a reduc-

ing stream of H2 or N2 containing 5 mol% HZ' A borate, SrB6010, cannot
21)

has obtained
3+
w

be obtained by the standard ceramic technique. Chenot
it by heating a compound SrO-3B203'5H20. Accordingly, SrB6010:Eu as
precipitated form the hot solution (about 95°C) by the slow addition of
a dilute NH,OH solution. When the precipitate was heating at 650°C for

3 h and 800°C for 2 h in HZ’ SrB6010:Eu2+ formed, but its degree of

-7-



crystallinity was low.

The resulting samples were checked by the powder X-ray analysis.

B. X-ray measurements. Preliminary Weissenberg photographs showed

that the obtained crystals of EuB407, EuB204, and Eu3B206 belong to the

orthorhombic symmetry of space group Pnmm or Pnm2: (systematic absence:

k+l=2n+1 for Okl reflections), the orthorhombic symmetry of space group

Pnca (systematic absences: k+1=2n+1_for Okl reflections, 1=2n*+1 for hOl

reflections, and h=2n+l for hkO reflections), and the trigonal system

of space group R3c or R3c (systematic absences: h+k+1=3n+l and 3n+2 for

hkl reflections and 1=2n+l for hOl reflections), respectively. For

EuZBZOS’ no information on the crystal data was obtainable since the

crystals used for X-ray measurements were twin crystals. From the simi-

larity between the X~ray patterns of EuszO5 and SrZBZGS’ however, they

were found to be isostructural with each other. The cell parameters

(Table II) were determined by a least-squares treatments of the X-ray

Table II. . Crystal data and X-ray measurements for a series of

europium(ITI) borates

EuB407 EuB204 EUZBZOS Eu3B206
F.W. 307.20 237.58 ©  405.54 573.50
Symmetry  Orthorhombic Orthorhombic  Monoclinic Trigonal
S.G. Pnm21 Pnca P2:1/a ‘ R3c
a (&) 4,435 (1) 6.593(1) 11.91(1) 9.069 (1)
b (A) 10.731(1) 12.063(2) 5.36(1)
c () 4.240(1) 4.343(1) 7.74(1) 12.542 (2)
8 (°) 92.7(1)
v a3) 201.8(2) 345.4(1) 494(2) 893.3(3)
Dm (g/cm3) 5.01 4.61 5.45 6.31
Dx (g/cm’) 5,08 4,57 5.37 6.40
z 2 4 | 4 6
A (Z) ' 0.71069
Mo Ka), 15.54 18.15 24,75 31.26
(mm ™)
F (000) 273 420 704 1482




powder patterns (Cu Ko radiation: A=1.5418 Z) calibrated with high
purity silicon as an internal standard.

The intensity data were measured on a Rigaku automated four-circle
diffractometer with Mo Ko radiation monochromated by a graphite plate
using crystals of dimensions: 0.30%0,20%0,20 mm, EuB407; 0.15%0.15%0.30
mm, EuB204; 0.08 (side to side of hexagonal cross section) X 0.04
(thickness) mm. The w-26 scan method was employed at a scanning rate
of 4°/min. The stationary-crystal and stationary-counter background
counts were measured at beginning and end of the w-26 scan for one-
fourth of the scan time taken on each reflection. All possible re-
flections wére collected up to 20=60 or 70°. Three standard reflections
were monitored every 60 or 100 reflections, and no apparent decay in
intensity was detected. The numbers of observed reflections were 510
(Fo>30FO) for EuB407, 334 (nonzero) for EuBZOA’ and 259 (nonzero) for
Eu3B206, respectively. The usual Lorentz and polarization corrections
were applied, but the absorption and anomalous dispersion effects for
heavy atoms were not considered.

C. Structure determinations and refinements. The structures of

EuB407 was solved by the conventional heavy-atom method and refined

with HBLS-V programzz)

by the block-diagonal least-squares method, the
function minimized being Zw(|F0|—|Fcl)2. From a three-dimensional
Patterson synthesis, the noncentrosymmetric space group Pnm2; was
"adopted and the Eu atom was determined to be on a set of special po-
sitions, 2(a): x, 0, 0 with x=0.12. The remaining atoms (0 and B) were
located on successive Fourier maps: 0(1) at the 2(a) site and the other
atoms at general positions [4(b) sites]. Isotropic refinements for all
atomic parameters gave R=0.023 and R;=0.030 for 510 observed reflections,
where R=Z||F,|-|F.|[/Z|Fo| and Rw=[2w(|F0|—|FC|)2/ZW(FO)2]1/2. The
weighting scheme w=(Fm/F0)2 for F>F, (=20.0) and w=1.0 for Fo<F, (=
20.0) was employed to determine the coordinates of the light atoms more
accurately. _The final positional and thermal parameters are listed in
Table III.

The location of the Eu atom in EuB,0, was determined by a three-

274
dimensional Patterson map. Successive Fourier syntheses revealed the
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Table III. Final positional and thermal parameters
for EuB407, with their standard deviations in

parentheses

X y z B (&2)

Eu 0.2116(3) 0 _ 0 0.18(1)
0(1) 0.768(6) 0 0.581(7) 0.31(8)

S 0(2) 0.358(4) 0.141(4) 0.546(4) 0.25(5)
0(3) 0.727(4) 0.135(5) 0.134(5) 0.31(5)
0(4) 0.132(5) 0.278(4) 0.139(5) 0.27(5)
B(1) 0.672(5) 0.122(5) 0.463(7) 0.28(8)
0.178(5) 0.251(5) 0.484(14) 0.47(8)

B(2)

positions of the O and B atoms.

All the atomic parameters were refined

by the block-diagonal least-squares method to give R=0.029 and R,=0.039.
The weighting scheme used was w=[0(F0)2+a|FOl+bIFOIZ]—l, and the values
of a and b used in the refinement were 0.1002 and 0.0004, respectively.

The final positional and thermal parameters are listed in Table IV,

Table IV. Final positional and thermal parameters

for EuB04, with their standard deviations in

parentheses

a

Atom X v oz U11
Eu 1/4 0 0.2610(1) 88(2)
0(1) 0.,0935(9) 0.0914(4) 0.7350(9) 77(20)
0(2) 0.1440(9) 0.2111(4) 0.1470(12) 233(28)
B 0.1247(13) 0.1944(6) 0.8281(18) 112(32)
Atom Uy Uss U1z Y13 Y23
Eu 67(2) 65(2) 0(2) 0 0
0(1) 82(21) 86(22) -22(20) 7(15) 4(16)
0(2) 83(19) 74(23) 10(20) 1(21) 8(98)
B 102 (30) 91(32) 15(26) 6(28) 0(28)

@ The form of the anisotropic thermal parameter (X10?) is exp[—2a? (U, ?a*? + U, ,k*b*? + U,,I"c*?
42U, hka*b* + 2U, hla *e* + 2U,,klb*c™)].

The structure of Eu3B206 was solved by the heavy-atom method and
refined by the full-matrix least-squares method (FMLS program23)) based
on the observed reflections, the function minimized being Zw(|F0|-|FC|)2

where w=1 for all |Fo|. From a three-dimensional Patterson synthesis,

-10-



the centrosymmetric space group R3c was chosen and the coordinate of Eu
atom determined to be at a special position [18(e) site]. The remain-—
ing atoms (0 and B) were located on the successive Fourier maps: O at
the general position [36(d) site] and B at the 12(c) site on three-fold
axis. Isotropic refinement for all atomic parameters was carried out
to give R=0.082 for 259 observed reflections. The final positional and
thermal parameters are given in Table V. The atomic scattering factors
for Ed, O, and B atoms were those given in International Tables: for

X—Ray Crystallography.24)

Table V. Final positional and thermal parameters
for Eu3By0g, with their standard deviations in

parentheses
Atom x y z B (Az)
Eu 0.3075(18) 0 1/4 0.45(4)
o 0.164(23) 0.033(23) 0.396(18) - 0.88(27)
B 0 0 0.39(6) 1.3(8)

D. Magnetic susceptibility and optical measurements. Magnetic

susceptibilities of powdered samples were measured with a Shimadzu MB-
11 magnetic balance over a temperature range of 2-300 K. Ultraviolet
luminescent spectrum measurements were made at room temperature with

25)

a Shimadzu recording absolute spectrofluorophotometer, which can
record the corrected excitation and emission spectra by the automatic
compenégtion and precalibration systems for the instrumental factors,
and its slit widths were routinely set at 10 nm for excitation spectra
and 5 nm for emission spectra. fhe relative emission intensities of
samples were measured by integrating the cbrresponding area below curves

"

as " corrected emission spectra "

under the excitation by a xenon lamp
and with reference to a suitable standard phosphor, Caw04:Pb2+ (NBS
1026). The relative emission intensity under 254 nm excitation at

300 K of the CaWO4:Pb2+ was defined as 76 Z. Diffuse reflection spectra

were measured with a Shimadzu multipurpose recording spectrophotometer

equipped with an attachment for an integrating sphere. Magnesium oxide

-11-



was used as the standard material, of which the reflection was defined
as 100 Z%. '

The IR spectral analysis was performed on a Hitachi Perkin-Elmer
225 grating spectrophotometer covering a range of 2000-200 cm_l. Dry
air was circulated through the spectrometer to eliminate interference
from atmospheric moisture in the 400 cm_1 region. The samples were
examined as a dispersion in potassium bromide, using the pressed disk

technique, and 1 % mixtures were generally employed.

E. TGA and DTA measurements. The thermogravimetric analysis

(TGA) and differential thermal analysis (DTA) wére made on a series of
europium(II) borates at 25-1000°C in air with a Rigaku DTA " Thermo-
flex." The heating rate employed was 10°C/min.

1-3. Results and discuséion

A. Crystal structures. The interatomic distances and angles are

summarized in Table VI and the projeétions of the EuB407 structure

viewed along the ¢ and a axes are shown in Figs. 1 and 2. The atoms,

Figure 1. A projection of the EuB,07 structure viewed along
the ¢ axis.

12—



Figure 2. A projection of the EuB407 structure viewed along

the a axis.

Eu and 0(1), are located
on mirror pianes, y=0 and
1/2. There are two kinds
of borate units, B(l)O4
and B(2)04, with mean B-0O
distances 1.479 and 1.486
Z respectively and mean
0-B-0 angle 109.4°. The
structure consists of a
three~dimensional (B407)w
network in which the
B(l)O4 and B(Z)O4 tetra-
hedra are alternately
linked by sharing cormered
0 atoms. The Eu atoms are
located in a so-called

" cage " formed by the BO,
‘units of the (B407)w
network and have four

nearest and twelve next-

o ,
Table VI. Interatomic distances.(A) and
angles (°) in EuB,0y

Standard deviations are given in parentheses.

(@) The (B,O,),, network

B(1)-tetrahedron B(2)-tetrahedron :
B(1)-O(1) 1-465 (10) B(2)-0(2) 1-449 (14)
~-0(2) 1-451 (8) ~0(3Y 1-436 (15)
-0(3) 1-427 (8) -0(4) 1-503 (14)
-0(4h 1-573 (8) ~0(4"h 1.556 (14)
Average 1-479 ) Average 1-486
O(1)-B(1)-0O(2) 1088 (6) 0(2)-B(2)-0(3% 116-9(10)
O(1)>-B(1)-0(3) 111-9(6) 0(2)-B(2)-0(4) 114-0(10)
O(1)-B(1)-0O(4") 106-8 (6) 0(2)—-B(2)-0(4") 104-3(9)
O(2)~B(1)~-0(3) 113.0(6) 0O(3)-B(2)—0(4) 108-1(9)
0O(2)-B(1)-0(4") 108-7(5) - O(3)-B(2)—0(4"y 103-8(9)
O(3)-B(1)-0(4") 107-4 (5) O(4)—B(2)—0(4") 109-1(9)
Average 109-4 Average 109.-4
(b} Eu—Eu distances
Nearest neighbors Next-nearest neighbors
Eu—Ev' 4-240 (1) (x2) Eu—Eu¥ 6-136 (1) (x4)
—Eut 4.435 (1)(x2) ~Eu® 6-311 (1)(x4)
Average 4-338 —Eu* 6-067 (1) (x4)
Average 6-171
(¢) Eu—O distances
Eu—-0O(1") 2-651(7) Eu—-0(3) 2:768 (5) (x2).
—-0(2) 2-841 (4) (x2) -0(3" 2653 (5) (x2)
—-0(2Y) 2-531 (4) (x2) Average 2.693

Symmetry code: Eu' (x, 0, +1), Eu” (£1 + x, 0, 0), Eu™ (£1 + x, 0, *1),
Eu (x, #, #f), Ew' (1 — x, 2§ +§), O(1) (=1 + x, 0, ~1 + 2),
O(2Y) (x, 2y, —1 + 2), O(3) (=x, § — 3, § + 2, O3 (1 + x, £y, 2),
O (1 = x4 =y, 4+ 2), 0@ (—x, § — 0 } + 2).
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nearest neighboring Eu atoms with mean interatomic distances 4.338 and
o

6.171 A. Each Eu atom is surrounded by nine O atoms at individual

distances varying from 2.531 to 2.841 A to form EuO9 polyhedron (Fig.

3). '

02"

Figure 3. A schematic illus-
tration of the EuOg poly-
hedron in EuB407. The
numerical values represent
Eu-0 nearest-neighbor
distances (R).

0(3)

oG

0(2")

The projections of the EuBZO4 structure viewed along the a and c
axes are shown in Figs. 4 and 5, respectively. The interatomic
distances and angles are presented in Table VII. The final parameters
(see Table IV) were found to

agree with those of CaB204.26)

Therefore, EuBZO4 is iso- 2
structural with CaB204. e

The B-0 distances are 1.32,
1.41, and 1.39 Z. The short °

bond B-0(l) involving the un-
shared 0(1) atom in the (Boz)m *

chain may be ascribed to the

next-nearest neighbor inter-

action between Eu and B atoms °

since 0(1) is shared between

 the B03 ) Figure 4. A projection of the EuBy0y
dodecahedron. The B-0(2)-Bl structure viewed along the a axis.

triangle and the EuO8

~14-



i>’

o . . .
o om Figure 5. A projection of the
* (BO7)wchain f'.i .ii .
Eu 2o B Eu EuBy0, structure viewed along
oY . the c axis.
o)
o . 0(%) b
Eu 0(2). - e Eu
| o) .
0 e 1o
o)

angle (131.8°) closely
agrees with the corre-
sponding angle (131.5°)
in a pyroborate group,
Bzos, of MgZBZOS reported
by Takeuchi.27)
Each Eu atom is
surrounded by eight O
atoms to form a distorted
EuO8 dodecahedron with
individual Eu-0 distances
varying from 2.519 to
2.738 Z (see Table VII).
The crystal structure
of Eu,B,0

37276
6, and the bond lengths

is shown in Fig.

and angles are given in
Table VIII. This borate
contains isolated and
planar triangles of BO3
groups with a B-0 distance
of 1.36 A like other ortho-
28)

borates, the crystal -

~ Nearest neighbors

[+]
Table VII. Interatomic distances (A)
and angles (°) in EuBj0y,

Standard deviations are given in parentheses.

(a) The (BO,),, chain

Distances .

B—-O(1) 1-32 (1) O(1)-0(2) - 2-323 (8)
—0(2) : 141 (1) -0(2) 2-435(8)
-0(2) 1-39 (1) o(2)-0(2) - 2:365(8)

B—B! -2-55(1) }

Angles . . .

O(1)-B-~0(2) 116-7(7) Oo()-B—-0(2% 1277 (1) ~

0(2)-B-0(2) 115-6(7) B—O(2)-B' 131-8(7)

() Eu—Eu distances .
Next-nearest neighbors

Eul—Eu¥ 4-342 (1) (x2) Eu'—Eu'  6-593 (1) (x2)
—Eu'' - 4.001(1)(x2) —Eu 6-410 (1) (x4)
—~Eu  3-896 (1) (x2) —Eu 6-874 (1) (x4)

Average 4.080 Average 6-632

(¢) Eu—O distances .

Eu'-O(1Y)  2-738 (6) (x2) Eu'-O(I") 2-519 (6) (x2)
—0(2) 2-687 (6) (x2) Eu'-O(1") 2.553 (6) (x2)

Average 2.624
- (d) Eu—O—Eu angles

Eu'-O(1)—Eu" 110-3 (2) Eu'—O(1)—Eu'™ 100-4 (2)

Eu'-0O(1)—Eu" 99-0(2) Eu'—-O(IN-Eu"™  100-4 (2)

Eu'-0O(1")—Ey" 99-0(2)

Symmetry transformations: Eu' (}, §, § + 2), Eu* (§, , -} + z;
Lit+ B (3 Li+z14 41+ 2, EBd"( § § - 2), Eu"
it -24 4312, E" 302, B (x,§—y ]+ 2, 01
=yt +zi—xd+y,4+20,009¢+x,{-pni-z
Xvi +}’,i—z),0(2') (xyi—y,'%‘*' Z;{“X,}-Fy,*-f- Z).

lattice consisting of Eu atoms and BO3 groups hexagonally packed along

the ¢ axis.

The triangle planes of BO3 groups are perpendicular to
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Each Eu atom

the. c axis.
is surrounded by 8 oxygens
.to form an EuO8 polyhedron
with Eu-0 distances varying
from 2.36 to 2.95 A (Fig.
7).

est and 6 second-nearest

An Eu atom has 8 near-

neighboring Eu atoms with
the mean interatomic
distances 3.816 and 5.244 Z,
respectively.

The IR spectral data
of europium(II) borates
are given in Table IX. The
spectra of EuB204, EuzBZOS,
and Eu3B206 were able to be
ascribed to the vibrations
of isolated, planar, and

trigonal BO3 group. For

Table VIII.

Figure 6. Crystal structure

of Eu3B206.

, Interatomic distances (A)
and angles (°) in Eu3By0g

Standard deviations are given in parentheses.

(a) The BO, triangle
B-O 1.36(6)
(b) Eu-Eu distances
Nearest neighbors

0-B-O 120(0)

Second-nearest neighbors

Eu-Eu' 3.509(3) Eu-Eu"” 5.450(3)
—~Eu" 3.778(3) -Eu’” 4.831(3)
—Eut 4.200(3)

(c) Eu-O distances

Eu-O' 2.92(3) Eu-O' 2.95(3)

-of 2.58(3) -Oov

2.36(3)
(d) Eu-O-Eu angles :

Nearest neighbors

Second-nearest neighbors

Eu-O-Eu'  82.7(7) Eu-O-Eu"  166.0(4)
-O-Eu"  80.1(6)
85.9(7)
99.8(8)
~O-Eu'™  103.9(8)

Symmetry code: Eu' (1/3—x, —1/3, 1/6+2;2/3—x, 1/3,
1/3—2), Eu" (1/3,2/3—x, 1/6+2; 1/34x, —1/3 42, 1/6
+2:2/3, 1/3—x, 1/3—2z; ~1/34x, —2/3+x, 1/3—2),
Eu(—1/34x, 1/3, 1/3+2; 1/3—x, 2/3~x, —1/3+2),
EU"(]—X, I_-'xy Z3 Is X, Z3 l—xi —X, Z; Oa -—']+X, Z):
Eu'(0, x, 2; —x, —x, 2), O' (x, 5, 2; x—y, —y, 1/2—2), O
(23—x+3, 1349, —1[6+2; 13—x, —1[3—y, 23—2),
O™ (2/3—y, 1/3—x, —1/642z; 1/34+x—y, —1/3+x, 2/3
—2), O (2/3—x,1{3—x+y, 5/6—2z; 1/3—y, —1/34-x—y,
1/3+2).
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Figure 7. A projection between Z=0 and 0.5 of the Eu3By0g structure
viewed along the c¢ axis. Numerical values give the fractional

Z coordinates of O atoms.

the BO3 group of D3h symmetry, there are four fundamental modes of
vibration: v,, symmetrical strech (950 cm—l); Vs, out—of-plane (750
cm—l); V3, antisymmetrical strech (1250 cm—l); Vi, in-plane bend (600
cm—l). |

In the IR spectra of EuBZO4, thelbands between 1450 and 1050 cm“l
are derived from the V3. The 980 cm = absorption corresponds to the
Vi1, and the bands below 750 cm—l are derived from the distortion modes
VvV, and v,. '

In those of EUZBZOS’ the group of bands between 1400 and 1100 cm—1

corresponds to the modes originated from the vj. The symmetric strech-

ing mode (V;) can be identified with the frequency at 999 cm—l, and the

-17-



Table IX. IR spectra for a series of europium(II) borates
(cm~1)@ ‘

Mode EuB204 EuZBZOS Eu3B206 EuB407
1510 w 1450 mvb
1420 s 1398 sb 1310 mb
1380 sb 1222 sb
1341 sb 1192 sb
Vy 1319 sb 1300 - 1160 sb
1262 sb 1100 sb
1220 sb 1000 1020 svb
1167 s 1165 sb 970 sb
1060 mb 1120 sb 905 mb
—————— £86 s
vy 980 mb 999 m 1000 m 812 sb
—_— - 777 sb
768 w 745 s 881 W 725 m
732 m 732 s 783 W 705 mb
Va 700 m 723 s 773 vw 658 s
747 W 644 s
715 wvs 626 s
————————————— 554 s
v 685 s 658 m 612 m 532 w
* 636 s 620 s 600 s 515 w
470 w
445 mdb
418 m
4— 3-
(BOZ)Oo . B205 ’ BO3 - BO4
chain ion dion tetrahedron

a
The characters of absorption bands: s, strong; m, medium;
w, weak; v, very; b, broad.

~18-



bands below 750 cm--l are due to the distortion modes Vv, and V. This

IR pattetn is closely similar to that of Sr2B205 which contains B2054_

ions. Consequently, the absorption bands of Eu_zBZO5 are attributed

to the anions.

For Eu3B206, the assignment of the spectrum pattern cam be directly

made on the basis of the modes derived from the above-mentioned BO3

group. It should be concluded that this borates contains BO33_ ions in

a similar manner as a series of alkaline earth orthoborates without
Be33206.

The IR spectra of EUB4O7 is similar to those of SrB407 and PbB4O7,
which have been found to be consist of a three-dimensional network of

30)

BO4 tetrahedra. Therefore, the structural framework of Eu340 seems

7
to be the same network as them.

B. Magnetic properties. The magnetic data for a series of

europium(II) borates are summarized in Table X. The effective magnetic

Table X. Magnetic properties for a series of europium(II)

borates

Borate Magnetism W wH)2 T, ® T, (XK) 6 (K)b

& eff "B C N c
EuB4O7 Para. 8.02 - -
EuB204 Antiferro. 8.00 - =3 -5
Eu2B205 Para. 7.72 — - -1

c
. . . — 8

Eu3B206 Ferro 7.74 7.5

aMagnetic moment per Eu2+ ion. The theoretical value is
7994 ]JB. ’

. c
Paramagnetic Curies temperature. See ref. 20,

2+
moment per Eu~ ion of EuB407, EUBZOA’ and EuzBZO5 were 8.02, 8.00, and
7.72 up, which are in good agreement with the theoretical value of 7.94
pug. Therefore, the ions of Eu seem to be in divalent state. The borate,
Eu3B206, in which the Eu0O content is the most among these borates, has

been found to be a ferromagnet with Tp=7.5 K and its paramagnetic Curie
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. 5 .
temperature §; is 8 K. 0) The magnetic susceptibilities of EuB407 and

EUZBZOS obeyed the Curie Weiss law in the corresponding ranges of

measured temperatures. On the other hand, EuBZO4 was an antiferro-
magnet with a Neel point Ty~3 K and the value of g was -5 K, although
it was expected for this borate to be paramagnetic because the Eu0
content in EuBzo4 was less than that in EQZBZOS. These magnetisms Qere
understood by considering the relationship between their crystal
structures and magnetic interactions in the following.

8b)

Kasuya has suggested that the magnetism of europium(I1) com-
>pounds is attributable to the magnetic exchange and superexchange inter-
actions taking place via the overlap of 4f and 5d orbitals between
neighboring Eu2+ ions. The magnetism of highly symmetrical compounds,
Eu0 (Tg=69 K),22:P) EuTi0, (Iy=5.3 K),*®) and Eu,Ti0, (T¢=9 K), % has
been interpreted in terms of the magnitude of the magnetic interactions
between the nearest and second-nearest neighboring Eu2+ ions. The
direct Eu2+;Eu2+ interactions between the nearest Eu neighbors are

2+_02—_Eu2+

responsible for the ferromagnetic iﬁteraction, the 90°Eu
superexchange pairs undergoing the antiferromagnetic interaction via
the 02_ ions at an angle of 90°. The 180°Eu2+—02_-—Eu2+ superexchange
interactions between the second-nearest Eu ﬁeighbors contribute to the
overall magnetism, ferromagnetically or‘antiferromagnetically, as the
case may be. The difference among the magnétic properties of europium-
(I1) compounds results from the difference in magnitude for the above~-
mentioned interactions,

From the Heisenberg model and molecular field approximation, Mc-~

. 2 4 .
Guire et al. a,b),4a) have expressed the 6 and Ty values as follows:
2
0C='3‘ES(S+1)(Z]J|+22J2) (1—1)
Ty = =2 eS(S + D(Zul1 + 2 (1-2)

where J; and J, denote the effective exchange integrals between the

. . 2+
nearest and second-nearest neighboring Eu ions, Z; and Z, the numbers
of the nearest and second-nearest Eu neighbors, and € a numerical factor

equal to unity in the molecular field theory. For the oxides, EuO,

~20~-



EuTiOB, and EuZTiO4, the direct Eu2+--Eu2+ exchange and indirect 90°

+ 2- . ; ;
Eu2 -0" -Eu  superexchange interactions are responsible for J;,

positively and negatively, respectively. The 180°Eu2+—02——Eu2+ super-—
exchange interactions contribute to the value of Jp. The magnitude of
direct exchange interactions is strongly influenced by the Eu-Eu
distance, but that of superexchange interactions is not.

Each Eu2+ ion in Eu3B206 has 8 nearest and 6 second-nearest
neighboring Eu2+ ions. The nearest Eu neighbors with the interatomic
distances of 3,509 and 3.778 R contribute as the exchange and super-
exchange pairs, but not the nearest Eu neighbors with 4.200 R, the
distance of 4.200 2 appearing to be too great to interact with the
neighboring Eu2+ ions as judged by the cases of other europium(II)
compounds. For example, the mean distance between the nearest Eu
neighbors in EuB407 (paramagnet) is 4,338 A and insufficient for the

magnetic interactions. Among the nearest Eu neighbors, therefore, we

can point out two kinds of effective exchange pairs (Fig. 8). . Type 1:

the Eu-Eul pair with two 82.7°Eu?t_02 -Eu®", Type 2: the Eu-Eull pair

s

JE DO

Typ.el Type 2 Type 3
{4 pairs) (4 pairs) (1 pair)
{a) Eu,Tio,

82.7°

Type 1 Type 2
(2 pairs) (4 pairs)

(b) EuyB,0,

Figure 8. Anions environments around exchange pairs between
nearest neighboring Eu2t ions in EupTiO4 and Eu3By0g.
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with three 80.1-99.8°Eu?T—_0? —gu?"

For the second-nearest Eu neighbors, four Eu-Eulv pairs via an 02~
ion at 166.0° correspond to the 180°Eu2+—02—-Eu2+ superexchange pairs
in EuO, EuTiOB, and EuzTiO4, although the Eu-0-Eu angle somewhat devi-
ates from the value of 180°, The remaining two Eu-Eu’ pairs cannot be
regarded as the superexchange pairs because no oxygen occupies the po-
sition between them.

Greedan and McCarthyAb) estimated the values of exchange integrals
Ji/k and Ja2/k of EuzTiO4 to confirm agreement with the experimental

value (83=10 K) using Eg. (1-1): J1/k=0,07 and J2/k=0.04 K (Table XI).

Table XI. Magnetic exchange and superexchange interactions in EuZTiO4
and Eu3B206

... a
Eu2T104 Eu3B206
TC (X) ' 9 7.5
0 10 8
¢ @© | | o
Nearest 5 Eult at 3.90 A 2 Eu?t at 3.509 A
neighbors 4 Eult at 3.75 4 Eu2+ at 3.778
Second-nearest 8 Eu’t at 5.51 4 Eu?T at 5.450
neighbors
Interactions EuZt-EuZ+(+4) Eu2+t-Eu?t(+)
contributing to Ji 90°Eu2+-02--Eu?*(-) 80,1v99,8°Eu2+-02--Eu2t(-)
Resultant Ji/k (K) 0.07 0.10
Interacti?ns 180°Eu2+_02—_Eu2+ 166.O°Eu2+—02——Eu2+
contributing to J:2
Resultant J2/k (K) 0.04 0.04

8Ref. 4b.

2+
An Eu ion in EuzTiO4 is surrounded by 9 nearest and 8 second-nearest
. [+]
neighboring Eu2+ ions with the interatomic distances of 3.75 to 3.90 A
(<] .
and 5.51 A, respectively. The Eu-Eu distances and Eu-0-Eu angles in

Eu2T104 are closely similar to those of Eu3B206.
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" In EuzTiO4, there are three kinds of exchange pairs between the
nearest Eu neighbors, Types 1 and 2 correspond to those of Eu3B206, the
Fu~Eu distances in the borate being smaller than those in the titanate

(Fig. 8). The exchange pair (Type 3), which is the pair with four 90°
Eu2+—02_—Eu2+ and contributes antiferromagnetically to the overall '
magnetism in a similar manner to that of the exchange pairs'in EuTiOB,
does not exist in Eu3B206. Thus, Eu3BZO6 is expected to give the

greater values of J;/k than EuzTiO4. The superexchange pairs between

the second-nearest Eu neighbors in EuzTiO4 and Eu3BZO6 should gives

similar values of J,/k from the}similarity of the Eu-Eu distances and
Eu-0-Eu angles. From the observed 6y value of 8 K, we can estimate
the values of J;/k and J/k to be 0.10 and 0.04 K, substituting S=7/2,

Z1=6, and Z2=4 into Eq. (1-1). It is concluded that the 166.0°Eu2+—

02_-Eu2+ superexchange pairs contribute ferfomagnetically and the
ferromagnetism of Eu3B206 is attributable to the direct Eu2+-Eu2+ and
the 166.0°Eu2+—02——Eu2+ ferromagnetic interactions.

An Eu2+ ion in EuB204 is surrounded by 8 oxygens to form an EuO8

dodecahedron. Since the endless chains of BO3 triangular units extend

2+ ions are located in the (010) and

in parallel with the c axis, all Eu
(020) planes. Each Eu2+ ion has 6 nearest Eu neighbors, 2 at 3.896, 4
at 4.001, and 2 at 4.342 Z, and 10 second-nearest Eu neighbors, 4 at
6.874, 4 at 6.410, and 2 at 6.593 R (see Table VII). Particularly, all
nearest Eu neighbors exist only in the (010) or (020) plane.

The value of J; in EuTiO3, which is responsible for the exchange
and superexchange pairs between the nearest Eu neighbors (Type 3), is
antiferromagnetic and small since the increased Eu-Eu distance (3.90 K)
dictates a weak ferromagnetic interaction and the presence of the ad-

ditional anion pair doubles the number of possible 9O°Eu2+—02-'---Eu2+

superexchange interactions over that in Eu TiO4 (Type 1).

2

For EUB204’ there are two types among the 6 exchange pairs. One

type (Type 3) contains 4 exchange pairs and is closely similar to that

found in EuTiO3. The distances between nearest Eu neighbors in EuBZO4

. [+]
(3.896 and 4.001 A) are roughly equal to that in EuTiOB, and each ex-

change pair has the same anion coordination as in EuTiO,_, although the

3
~23=



Eu-0-Fu angles (99.0 and 100.4°) somewhat deviate from the value of
90°. The contribution of this type to J; seems to be approximately
equivalent to that of the type in EuTiOB. For another type (Type 1),
the Eu-Eu distance (4.342 A) is longer than that in EuTiO3 and the Eu-
O-Eu angle (110.3°) largely deviates from the value of 90°, Therefore,
the J1 for this type must be dominated by neither the positive Eu2+—

- + . . .
2+—02 —Eu2 interaction and its

Eu2+ interaction nor the negative 90°Fu
magnitude éeems to be very small. Consequently, it is concluded that
the overall J; in EuBzoa is antiferromagnetic (Z1J1/k<0 K).

The distances between the second-nearest Eu neighbors (6.874,
6.410,°and 6.593 &) are much longer than that in EuTiO3 and EuZTiO4
(5.51 A) and the Eu-0-Eu angles (154, 140, and 125°) largely deviate
from the value of 180°. Consequently, it seems that the superexchange
interactions between second-nearest Eu neighbors are very weak and the
value of J; is negligible (J5/k=0 K),.

When Z;J,/k<0 K and Z2J2/k=~0 K are substituted in Eqs. (1-1) and
(1-2), we obtain the result which the 8¢ is negative and the Ty is
positive. Therefore, it is reasonable that EuBZO4 is an antiferro-
magnet with Ty~3 K and 6p=-5 K.

The magnetic property of EUZBZOS was understood based on the
structure of SrzBZOS, since EuZBZOS is isostructural with SrzBZOS. The

detailed structure analysis of SrZBZOS has been performed by Bartl et

2
29) Each Sr2+ ion is surrounded by 6 or 7 oxygens, and has 8 near-

al,
est Sr neighbors at the mean distance 4.04 K, which form a dodecahedron,
and 2 second-nearest Sr neighbors at 5.35 A. Each nearest Sr neighbor
pair coordinates one, two, or three oxygens with Sr-0-Sr angles of 70
to 100°.

For EuZBZOS’ since the mean distance between nearest neighboring
Eu2+ ions (4.04 Z for SrZBZOS) is roughly equivalent to that in EuBZO4
or EuTiOB, the positive EuZt-Eu2* interaction is weak, too. However,
the negative 90°Eu2+-02"-Eu2+ interaction does not seem to dominate the
Ji1 as in EuBZO4 or EuTiOB, since the coordination numbers of the nearest
neighboring oxygens about the exchange pairs of nearest Eu neighbors are

less than that in EuB204 or EuTiOB. Consequently, the value of J1 seems

~24=



to be very small and negligible (J;/k~0 K). The value of J, also is

negligible (J2/k=0 K), since no oxygen is coordinated between second-

2+_02—_Eu2+

nearest Eu neighbors such as the 180°Eu although the Eu-Fu

-4 . .
- distance (5.35 A) is as short as that in EuTiO3 or EuzTiOA.
Therefore, it seems to be reasonable that Eu2B205 is paramagnetic

in spite of the fact that the Eu0 content in EUZBZOS is more than that

in EuB204. It is concluded that the difference between the magnetic
properties of EuB204 and EuZBZO5 is due to that between the correspond-

ing anion coordinations around the exchange pairs,

It is to note that the single crystals of EuB are expected to

0
274
be magnetié anisotropy, since the nearest Eu neighbors are located in
the (010) or (020) plane.

2+

C. Luminescent properties. Some of europium(II) borates and Eu“ -

7—4f65d band

activated strontium borates were found to give the 4f
emissions, The luminescences of (Srl_xEuX)3B206 and (Srl-xEux)ZBZOS

were very weak or not observed (Fig. 9).

30F —e EuO—B203 T i
»
~ "0 Sty goFug 010~ \
H 20F 8203 ou\' -
A1 a o
o o o S = | o
o~ (3] ~ M + m
10k mm mN g 1 = 4
= = l j
9% 0% %20 v 80 80 700
MO Mol (%) B,0,

Figure 9. Relative emission inténsity under 254 nm excitation
at 300 K for a series of europium(II) borates and Eult (1 at%)-
activated strontium borates.

Compoupds, Srl_xEuXBZO4 and Srl—xEuxB407’ have the emission spectra
peaking at about 370 nm, respectively. They are closely similar to

each other (Figs. 10 and 11), but their excitation spectra vary with
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Figure 10, Relative emission and excitation spectra at 77 K of
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Figure 11. Relative emission and excitation spectra at 77 K of
5r0.99Eup,01B407. The dashed-line represents the relative
excitation spectra measured with the excitation and emission
slits setting at 5 and 0.5 nm, respectively.

value of x (Fig. 12). On two borates, and Sr

5%0.,99"0.,01%2% 0.99”
EuO 01B407,~ the similar excitation spectra are observed peaking at 250

and 308 nm and at 250 and 302 nm, respectively, whereas EuB407 as x=
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Figure 12. Relative emission and excitation spectra at 77 K and
diffuse reflection spectrum at 300 K of EuB4O7.

1.00 gives a broad band peéking at 355 nm., The excitation spectrum of
EuBZO4 was not observed, apparently since its emission spectrum was
very weak.

The M (M=Sr and Eu) atoms in MBZO4 and MB407 are surrounded by 8
and 9 O atoms to form M08 and MO9 polyhedra, respectively. The two
polyhedra seem to give approximately the same symmetry of the crystal
field as a regular octahedral field is caused, although they are con~
siderably distorted (see Figs. 3 and 4). Therefore, it is concluded

that the excitation spectra peaking at two positions of SrO 99Eu0 01"
B204 and sr0.99Eu0.OlB4o7 are due to energy splitting of the 5d level

2+

of Eu ions into two levels, t2g and e The two bands of their

go

spectra are relatively broad because of the low symmetry around Eu2+

ions. Particularly, the excitation bands of Sr B407 are seen

0.99"%0.01
to be considerably broadened and split into several fine bands when its
excitation spectrum is measured with the excitation and emission slits
gsetting at 5 and 0.5 nm (see Fig. 11)f

The emission spectrum of Sr _XEu B O10 peaks at about 388 and 432

1 X 6
nm, and its excitation spectra of 388 and 432 nm emission bands consist
of three and two bands (Fig. 13). The emission band at 432 nm corre—

'sponds to that of vitreous SrB6OlO:Eu2+, and accordingly the band at
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Figure 13. - Relative emission and excitation spectra at 77 K of
5%9.99%%0,01%%10°
388 nm is probably attributed to the Eu2+ ion in the crystalline SrB6O10
matrix. The fact that the excitation spectrum of 388 nm emission band

consists of three bands suggests that the 5d level of Eu2+ ions splits

into three and consequently Sr0.99Eu0.OlB6010 forms the crystal field
considerably differing from that of sr0.99EuO.013204 and Sr0.99Eu0.01-
B4O7.

From Fig. 9, it is to be noted that the relative emission intensi-

ty of Sr XEu B,0, is much higher than that of the other compounds.

1- x 477

In order to discuss the concentration quenching phenomenon of Srl <

+
EuXB407, the energy transfer from Eu2+ to Eu2 ions have been considered
on the basis of the Dexter theory. Since the 4f-5d transition of Eu2+
ions is an allowed one, the transfer will mainly take place via a

31)

dipole~dipole interaction. The probability (P) of energy transfer

. . 2+ . s .
between neighboring Eu ions by this interaction has been expressed
32)
_as

P 1
PEu2+—Eu2+ =3X 10‘2 R(,:E E ffliu(E) FEu(E) dE ’ (1"'3)
u

where P, is the oscillator strength of the 4f-5d transition in Eu2+
o
ions, R the distances between the neighboring Eu2+ ions (in A), Tgy

the decay time of the luminescence (in s), E the energy involved in the
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transfer (in eV) and [fg,(E)FEy(E)dE the 6verlap between the normalized
shape of the emission and the absorption (reflection) bands of‘Eu2+
1

).

The critical distance (RC) defined by Blasse

ions (in eV~
32) is the distance
between two luminescent centers, S (sensitizer) and A (activator), at
which the probability of transfer from S to A is equal to the proba-
bility of radiative emission of S. In Eq. (1-3), this means that

PEy-EuTgu=l, and hence R, is given as
s=3x 101228 FeuE) dE | 1-4
R:= £ ffEu(E) Eu(E) . (1-4)

If Pp=0.01 kthe usual value for 4f-5d transitions) and E=3.5 eV are
substituted in Eq. (1-4) and the energy overlap at about 0.3 eV--1 is
estimated from Fig. 12, R,=20 Z is found for EuB407.

The mean distances between the neighboring Eu2t ions of EuB407 are
4,338 A for 4 nearest Eu neighbors and 6.171 A for 12 second-nearest
Eu neighbors, and accordingly many Eu2+ ions are positioned around an
Eu2+ ion at the distance within ZOvK. Therefore, it is concluded that
the energy transfer in this effectively occurs between the ﬁeighboring
the energy transfer in this borate effectively occurs between the
neighboring Eu2+ ions based on the above-calculated value. In practice,
hence the calculated result seems to be in conflict with the experi-
mental one.. This will be discussed later.

The Eu2+ concetration dependence of the relative emission intensi-

ty in Sr XEuXB 0, is summarized in Fig. 14. The optimum concentration

1- 477
is seen to be about 5 at%, at which its relative emission intensity is

about 40 % under 254 nm excitation at 300 K,
The distance R, can also be estimated from geometrical consider-

32)

ations with help of the formula

R, =2(3V/4nx N3, (1-5)

. o
where V is the volume of the unit cell (in A3), X, the activator atom

c
fraction (the optimum concentration) at which the quenching occurs, the

so-called critical concentration and N the number of sites per unit
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Figure 14, Relative emission intensity vs. Eu2+ content (x) for
Srl_xEuXB4O7. Excitation at 254 nm and 300 K.

which M atoms can occupy. Accordingly x. is given as
Xe =~ 6V/TNRE . : (1-6)

If we substitute in Eq. (1-6) V=4.4263x10.7074x4.2338 A5 (cell constants

30)
of SrB407 ),

value obtained from Eq. (1-4) for EuBAO7], we find x,=0.02. Although

N=2 [M atoms occupy the 4(a) site}, and R.=20 A [the

this calculated value seems to be in good agreement with the wvalue
obtained from experimental data (x=0.05), there is still difference.
This will also be discussed later.

The structure of MB407 consists of the three-dimensional network
of BO4 tetrahedra and neighboring M2+ ions are completely isolated from
one another by that network in comparison with the cases of the other

c s 3- .
borates. For M3B206 and MZBZOS con31st1ng22f BO3 and B205 ions,

such isolating effect of borate units.to M ions is an incomplete one,

and although for MB204 all sites of M2+ ions are located in (010) and
(020) planes by (BOZ)wvchains extending parallel to the c¢ axis, no
borate unit is positioned between the neighboring M2+ ions in those
planes., This suggests that the concentration quenching effect of
Srl—xEuxB4O7 can be expected to be lowered by a so-called " shield

effect " of the BO4 network for the Eu2+—Eu2+ interactions whereas for
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the other compounds above-described such effect is small owing to the
. , . . . . +
incompleteness of isolating Eu2+ ions form neighboring Eu2 ions by the

borate units., Therefore, it is reasonable that Sr1 Eu 8407 gives very

strong emission in comparison with that of the other compounds and the
optimum concentration of Srl Eu B4O7 (x=0.05) deviates from the calcu-
lated one (x:=0.02).

The fact that Sr, Eu B6010 gives the relatively weak emission is

I-x

probably due to following causes: (a) for Srl Eu B6O10 prepared from

SrO- 33203 5H20:Eu3+, it contains more or less a glassy phase from which

the luminescence is weak, and hence the emission of Sr1 Eu B6O10 is

weak. (b) If the (B305) network of MB6OlO is unable to isolate Eu

ions from the neighboring Eu”~ ions completely, Srl—xEuxB6010 should

give the weak emission.

D. Thermal properties. The Eu2+ ions in solid phases of indrganic

compounds are easily oxidized to Eu3+ ions by heating in an oxidizing
atmosphere at 300-500°C. The thermal analytical data for a series of
europium(II) borates are presented in Fig. 15 and Table XII. The oxi-
o
3B206’ 410°C for Eu2B205, 480°C
for EUBZOA’ and 760°C for_EuB4O7. The proportions of weight gains by

dation temperature is about 400°C for Eu

oxidation are in good agreement with the corresponding theoretical

values. It is noticeable that the oxidation temperature of EuB4O7 is

- considerably higher than those of other europium(II) borates. This can

Table XII. Thermal data for a series of europium(II)

borates
Oxidation . . g

Borate M.P. (°C) temperature Weight gain (%)

' (°c) Found Calcd.
Eu3B206 — 400 4,14 4.18
Eu2B205 ~1000 410 3.88 3.95
EuBZO4 21000 480 3.33 3.37
EuB407 985 760 2,51 2.60
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able to their structural

framework. From the IR spectral

25
and X-ray analyses, Eu3B206 and
. - 4—
EUZBZOS contain BO3 and BZOS o
ions, and EuBZO4 consists of 5.0

+
(BOZ)oo chains. Their Eu2 ions
are closely packed together with 2.5
the borate ions or along the

direction of borate chains.
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Figure 15. TGA and DTA curves for
a series of europium(II) borates.

1-4. Summary

Several new europium(II) borates, EuB407, EUBZOA’ and Eu2B205 were‘

synthesized in the binary system EuO—B203, and the single crystals of

these borates and Eu3B206 were grown by applying the Bridgeman and

flux methods. These crystals belong to the following symmetries:
orthprhombic (Pnm21), EuB407; orthorhombic (Pnca), EuB 04; monoclinic

2
(P21/a), EuzBZOS; trigonal (R3c), Eu,B,O From the X-ray analyses

37276°

(R=0.023 for 510 observed reflections of EuB407, R=0.029 for 334 ob-
served reflections of EuB204, and R=0.082 for 259 observed reflections

of Eu3B206) and IR spectral analyses, their crystal lattices are con-
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structed of the following borate anions: a three-dimensional (B407)m
- network of BO4 tetrahedra, EuB4O7; (BOZ)oo chains of BO

42 no 37
EUBZOA’ BZOS ions, Eu2B205, BO3 1ons,-Eu3B206.

The magnetic susceptibilities of europium(II) borates were

3 triangles,

measured over the temperature range of 2-300 K. Two borates, EuB4O7

and EUZBZOS’ are paramagnetic in the measured temperatures while EuB.0

2
is an antiferromagnet with Ty=3 K. The magnetic properties were )
understood by considering the relationship between their structures and
the magnetic interactions.

The luminescent properties were studied on the europium(II)
boratesvand Eu2+—activated strontium borates. It was found that EuB,0

477
and SrB407:Eu2+ consisting of (B407)°° network give remarkable stronger

emissions than the other borates of BO 3- ions, B2054- ions, and (BOZ)O°

3
chains. These emissions, which are colored with violet-blue for
2+

SrBZOA:Eu and blue for SrB6OlO:Eu2+. For Sr3B206:Eu2+ and SrzBZOS:
Eu" , no luminescence was observed. These experimental results were
interpreted from their crytal structures and with help of the Dexter
theory.

It was found from the thermal analyses that the oxidation tempera-
ture of EuB407 is considerably higher than those of the other borates.
This could be considered as being attributable to their structural

frameworks in a same manner as the luminescent properties.
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2. SYNTHESIS AND PROPERTIES OF HALOBORATES IN THE TERNARY SYSTEM

EuO—Equ(X=C1 and Br)—B203

2-1. Introduction

Most of Eu2+-containing halides give the blue emissions with high

quantum efficiency and, at low temperature, the 4f7—4f7 line spectra

11)

are observed on some of them. Barium halides with high X-ray ab-

sorptivities have been brought into use as phosphors for X-ray intensi-

16)

fying screens. However, the practical use should be considerably
limited because these halides are strongly deliquescent.

In a ternary system MO—MXZ-BZO (M=Ca, Sr, and Ba), haloborates

3
as being stable even in a moist atmosphere have been prepared: M2B509X
. type compounds have been obtained in the attempts to prepare the
33)

boracite (Mg3B7013C1) analogues. No boracite gzge compound has been
synthesized in this system. Hanic and co-workers have prepared a
new chloroborate, CazBOBCl, as an intermediate phase in a system
Ca3B206—CaC12.

The present chapter deals with syntheses of deliquescence~
resistant haloborates in a ternary system EuO—Equ(X=C1 and Br)—B203.
The crystal structures, magnetism, and luminescence of resulting
materials are described. The emission intensities of samples have been

interpreted in terms of the crystal structures and magnetism.
2-2. Experimental

A. Sample preparation. The europium(II) haloborates are obtained

from some raw materials, Eu3B206 or EuB204, Equ, and B203.

ration methods of Eu3B206 and EuBZO4 have been described in ref. 20

and the preceding chapter, and EuX2 can be easily prepared by heating

The prepa-

EuX3-nH20 together with a large excess of NH4X'at 650-700°C for several
hours in a reducing atmosphere. When the appropriate amounts of Eu3B206
or EuB204, Equ, and B203 were fully mixed, pelletized, and heated at
900 or 1050°C for 2 h, Eu2B03X or Eu2B509X was formed. The single
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crystals of Eu2B03X and Eu2B509X were prepared as follows: the ap-

propriate amounts of Eu3B206 or EuB204 and BZOB and a large excess of

Equ were mixed. The mixtures were heated on a molybdenum boat above

the congruent melting point of Eu2B03X or Eu2B509X (about 1050 or 1100

°C) for 1 or 2 h in an inert gas, e.g., He, and then the molten samples
were allowed to cool at a rate of 3-5°C/h to 800 or 950°C. The un-
reactive EuBr2 served as a flux and was removed from the resulting
materials by washing with water or methanol. The black hexagonal

prisms (V2 mm long) were obtained for Eu2B03X while Eu2B509Cl and

Eu2B509Br gave the prismatic and needlelike single crystals colored
with light yellow (V4 mm long).

The Eu2+—activated strontium haloborate, SrZBO3X:Eu2+ or Sr2B509X:

+
Eu2 , was prepared by heating the stoichiometric mixture of SrXZ, H3BO3,

+
SrCO3:Eu3 , coprecipitated from a dilute HCl solution of Sr(NO3)2 at

950°C for 2 h in a H2 stream. The bromide, SrBrZ:Eu2+, was formed

.. + .
when the precipitate SrBr :Eu3 from an aqueous solution was heated

2 ,
at 650°C for 2 h in a H, stream. The resulting materials were checked

2
by the powder X-ray analysis.

B. Magnetic susceptibility and optical measurements. The magnetic

susceptibilities or magnetizations and ultraviolet luminescent spectra
of powder samples were measured with the same apparatuses and tech-
niques as described in the preceding chapter.

C. X-ray measurements. Preliminary Weissenberg photographs showed

that the crystals of Eu2B03X and Eu2B509X belong to the hexagonal
system of space group P63mc, P62c, or P63/mmc (systematic absence: 1=
2n+l for hhl reflections) and the orthorhombic (pseudotetragonal)
system of space group Pnn2 or Pnnm (systematic absences: k+l=2n+l for
Okl reflections and h+1=2n+1 for hOl reflections). The accurate cell
parameters (Table I) were determined by a least-squares treatments of
the X-ray powder patterns (Cu Ko1) calibrated with high purity silicon
as an internal standard. The intensity data were measured on a Rigaku
aﬁtomated four-circle diffractometer according to the methods described

elsewhere. All possible reflections were collected up to 26=60 or 70°,

The numbers of observed reflections (FO>3OFO) were 397 for Eu2B03Cl,
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Table I.

Crystal data and X-ray measurements for europium(II)

haloborates
Eu2B03Cl Eu2B03Br : Eu2B509Cl Eu2B509Br
F.W. 398.18 442 .64 537.43 581.88
Symmetry Hexagonal Orthorhombic
S.G. P6sme Pnn2
a () 10.585(3)  10.598(1) 11.364(3)  11.503(3)
b (&) | 11.301(3)  11.382(3)
¢ (A) 6.804(2)  6.845(1) 6.503(2) 6.484(2)
v (a3 660.3(4)  665.8(2) 835.2(5) 848.9 (4)
Dm (g/cm’) 5.95 6.55 4.30 4.53
Dx (g/cm>) 6.01 6.63 4,28 4.55
z 6 4
A (A) 0.71069
H(Mo Ka), 28.78 36.88 15.28 19.26
(mm ™)
F(000) 1032 1140 960 1032
Cryst size  0.15 (¢)  0.15 (¢) 0.14x0.08  0.10%0.10
(mm3) X0.25 %0,12 x0.17 X0, 20
566 for Eu,BO,Br, 1967 for Eu,B;04Cl, and 1979 for EuZBSOQBr, re-

spectively. The usual Lorentz and polarization corrections were ap-
plied, but the absorption and anomalous dispersion effects for heavy
atoms were not considered.

D. Structure determinations and refinements. The structure of

europium(II) haloborate, Eu2B509X, was solved by the conventional heavy
atom method and was refined by the method of block-~diagonal least-
squares (HBLS-V programzz)) in a similar manner as those of europium(II)
borates (see the preceding chapter). TFrom three-dimensional Patterson
functions, the space group of Eu2B509X was found to be the noncentro-
symmetric Pon2 and the coordinates of Eu and X atoms were determined.
All major peaks on the Patterson maps could be explained by locating

the Eu atoms at the general positions [4(c) site] and X atoms at the
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special positions [2(a) and 2(b) sites]: Eu(l) at 0.25, 0.05, 0.00;
Eu(2) at 0.03, 0.25, 0.66; X(1) at 0.00, 0.00, 0.88; X(2) at 0.00,
0.50, 0.66. The structure factors based on these coordinates, with

the assumption of an isotropic thermal factor of 0.5 22 for each atom,
gave R=0.40, which reduced to 0.13 after three cycles of refinements.
The remaining atoms, O and B, were located on the successive Fourier
maps. Three cycles of isotropic refinements gave a conventional R
value of 0.060. Further refinements with anisotropic thermal féctors
for heavy atoms reduced the R and R, values to 0.054 and 0.068 for
Eu2B509Cl and 0.047 and 0.053 for Eu2B509Br, respectively. The weight-
ing schemes of W=(Fmax/Fo)2 for Fo>Fpax and w=1.0 for Fo<Fpa.
(Eu2B509C1, Fmax=20.0; Eu,B 04Br, Frnax=40.0) were employed. The atomic
scattering factors were taken from the International Tables for X-ray

24)

Crystallography. The final positional and thermal parameters of

Eu23509C1 and Eu2B509Br are listed in Tables II and III.
For the haloborate, EuzBOBX, the space group was found to be P63mc
from the three-~dimensional Patterson maps calculated on the basis of

the intensity data. The structure determinations are in progress.
2-3, Results and discussion

A. Crystal structure of EupBg0gX. Since the final parameters of

Eu2B509X are almost equal to each other, the two europium(II) halo-
borates are considered to be isostructural. The interatomic distances
and angles along with their estimated standard deviations of EuzBSOgBr
are presented in Table IV. There are two types of B atoms: three of
them [B(1), B(2), and B(3)] are tetrahedrally coordinated with mean
B-0 distances from 1.446 to 1.438 2 and two [B(4) and B(5)] are tri-
angularly coordinated with mean B-0 distances 1.367 and 1.361 Z. The
mean 0-B-0 angies are about 109° for tetrahedra and 120° for triangles,
respectively. Three tetrahedra and two triangles form a B5012 group
(Fig. 1) by sharing O atoms are shared with other BO4 tetrahedra and
0(2), 0(5), 0(6), and 0(8) atoms are shared with BO4 tetrahedra and
BO3 triangles. These groups are linked together to form a three-
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Table II.

Final positional and thermal parameters for Eu
deviations in parentheses

2859

Cl, with their estimated standard

a

Atom x y z U1 Uy Uss Uio Uis Uss
Eu(l) 0.2523(7) 0.0475(6) 0 79 (2) 69(2) 60(2) 8(2) -11(2) -11(3)
Eu(2) 0.0255(6) 0.2403(6) 0.6624(12)  48(2) 96 (2) 53(2) -4(2) -13(3) 3(3)
Atom X y z B (22) Atom b:4 y z B (22)
C1(1) 0 0 0.862(6) 1.08(7) 0(7) 0.182(10) 0.269(10) 0.939(10) 0.21(11)
C1(2) 0 1/2 0.613(6) 1.03(7) 0(8) 0.421(10) 0.207(10) 0.510(12) 0.53(12)
0(1) 0.244(10) 0.318(10) 0.594(10) 0.31(12) 0(9) 0.232(10) 0.114(10) 0.576(11) 0.46(12)
0(2) 0.211(10) . 0.427(10) 0.191(11) - 0.60(13) B(1) 0.274(14) 0.325(13) 0.809(15) 0.25(16)
0(3) 0.279(10) 0.225(10) 0.255(10) 0.38(12) B(2) 0.187(12) 0.299(12) 0.162(20) 0.29(14)
0(4) 0.077(11) 0.270(11) 0.263(11) 0.61(13) B(3) 0.292(14) 0.217(13) 0.479(15) 0.31(16)
0(5) 0.286(11) 0.451(10) 0.853(12) 0.64(13) B(4) 0.457(22) 0.231(21) 0.712(23) 1.40Q27)
0(6) 0.384(12) 0.262(11) 0.856(12) 0.78(14) B(5) 0.251(16) 0.497(15) 0.035(15) 0.57(19)

? The form of the anisotropic thermal parameter (X10°) is exp[—2a? (U, h%a*? + U,k b* + U, Pe*® 42U, hika*h* + 2U, hla *c* +

W, kIb*c*)).



Table III. Final positional and thermal parameters for Eu23509Br, with their estimated standard
deviations in parentheses
a

Atom x v z Y11 Y22 Uss V12 Y13 X
Eu(l) 0.2547(6) 0.0501(6) 0 76 (2) 77(2) 84(2) 12(2) -12(2) -10(2)
Eu(2) 0.0307(6) 0.2374(6) 0.6572(10) 62(2) 92(2) 77(2) ~4(2) -16(2) 1(3)
Br(l) 0 0 0.8769(27) 95(7) 107(7) 244(10) -19(6) 0 0
Br(2) 0 1/2 0.6370(32) 75(6) 111(7) 357(13) 2(5) 0 0
Atom X / y z B (Az) Atom X v z B (22)
0(1) 0.246(9) 0.318(9) 0.581(9) 0.40(11) 0(8) 0.423(9) 0.212(9) 0.500(11) 0.66(11)
0(2) 0.209(9) 0.427(9) 0.182(10) 0.59(12) 0(9) 0.239(9) 0.115(9) 0.571(10) 0.62(12)
0(3) 0.279(9) 0.227(9) 0.248(10) 0.59(12) B(1) 0.275(12) 0.326(12) 0.805(13) 0.17(13)
0(4) 0.078(9) 0.267(9) 0.254(10) 0.69(12) B(2) 0.187(12) 0.299(12) 0.167(17) 0.54(14)
0(5) 0.283(10) 0.454(9) 0.844(11) 0.76(12) B(3) 0.295(12) 0.218(12) 0.471(13) 0.39(15)
0(6) 0.388(10) 0.266(10) 0.847(10) 0.76(12) B(4) 0.462(14) 0.236(15) 0.699(14) 0.72(18)
o(7) 0.185(9) 0.271(8) 0.928(9) 0.35(10) B(5) 0.248(12) 0.497(12) 0.031(12) 0.29(14)

¢ The form of the anisotropic thermal parameter (X 10%) is exp[—~2#* (U,

2U,,kib*c*)).

¥+ U kb * 4 Uy Pe*® 42U, hka*b* + 2U, hia *c* +
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Table IV. - Interatomic distances (A) and angles (°) in Eu2

standard deviations in parentheses

(a) Distznces and Angles of the (B0, ) Network

B(1)-0(1)
B(1)-0O(5)
B(1)-0(6)
B(1)-O(7)

average

B(2)-0(2)
B(2)-0(3)
B(2)~-0(4)
B(2)-0(7)

average

B(3)»-O(1)
B(3)-0(3)
B(3)-0(8)
B(3»-0(9)

average

B(4)-0(4)
B(4)-0(6)
B(4)-0(3)

average

B(5)-0(2)
B(5)-0(5)
B(5)-0(9)

average

B(1)-Tetrahedron

1.489 (16)  O(1)>-B(1)-0(5)

1.483 (16)  O(1)-B(1)-0(6)

1.497 (16)  O(1)-B(1)-O(7)

1.446 (15)  O(5)-B(1)}-0(6)

1.479 O(5)~B(1)-0(7)
0(6)-B(1)-0(7)
average

B(2)-Tetrahedron

1.485 (20)  0O(2)-B(2)-0(3)
1.443 (19) 0(2)-B(2)-0(4)
1.422 (20) 0(2)-B(2)-0(N
1.582 (19) 0O(3)-B(2)-0(4)
1.483 0(3)-8(2)-0(7)
O(4)»-B(2)-0(7)
average
B(3)-Tetrahedron
1.454 (16) O(1)-B(3)»-C(3)
1.457 (16)  O(1)-B(3)-0(8)
1.476 (17) O(1)-B(3)-0(9)
1.493 (17)  O(3)-B(3)>-0(8)

1.470 O(3)~8(3)-0(9)
0(8)-8(3)-0(9)

average

B(4)-Triangle

1.382 (18)  O(4)-B(4)-0(6)
1.326 (18)  O(4)-B(4)-0(8)
1.392 (18)  O(6)~B(4)-0(8)
1.367 average

B(S)-Triungle
1.338 (16)  O(2)-B(5)-0(5)
1.368 (16)  O(2)-B(5)-0(9N
1.376 (16)  O(5)-B(5)-0(9)
1.36

1 average

103.9 (9)
110.2 (10)
110.5 (10)
111.3 (10)
112.1 (10)
108.8 (10)
109.5

114.6 (12)
111.6 (12)
105.2 (13)
111.1 (13)
104.5 (13)
108.9 (13)
109.3

112.8 (10)
L4 (10)
103.3 (10)
104.3 (10)
115.2 (10)
109.6 (10)
109.5

116.1 (13)
123.1 (13)

©120.9 (13)

120.0

122.4 (10)
118.8 (10)
119.0 (10)
120.1

Eu(1)-Eu(2)
Eu(1)~-Eu(2)
Eu(1)-Eu(2™)

Eu(1)-Eu(1")

Eu(2)-Eu(2)

Eu(1)-Br(1)
Eu(1)~Br(2)
average

Eu(1)-0(1)
Eu(1)-0(2)

Eu(2)-Br(l)
Eu(2)-Br(2)
average
Eu(2)-0O(1)
Eu(2)»-0(3)

B509Br, with their

(b) Eu-Eu Distunces®

Nearest Neighbors

4014 (1) Eu(l)-Eu2™™)
5.142 (D) average
4.448 (1)

Next-Neurest Neighbors

5.750 (1) Eu(1)~Eu(2)
5.976 (1) Eu(1)-Eu2")
5.442 (1) :

6.029 (1)

(¢) Eu-Br and Cu-O Distances

Eu(1) Polvhedron

3.093 (3) Eu(1)-0(3)
3.009 (3) Eu(1)~-0O(5)
3.051 ~ Ew(D-0(6)
2.692 (9) Eu(1)-0(7)
2.526 (10) Eu(l)—0(9)

averuge

Eu(2) Polyhedron
3.075(3) Eu(2)-0(4)
3.012 (3) Eu(2)-0(6)
3.044 Eu(2)-O(7)
2.986 (10)  Eu2-009)

average

estimated

4.122 (1)
4.432

5.415¢(1)
6.296 (1)

2.590 (10)
2.522(11)
3.061 (1D
2.682 (9
2.384 (10
2.708

2.691 (10)
2.598 (1)
2528 (O

2613 (11)

2.832(10)
2.704

¢ Symmetry transformations: Eu(l”), (x. ¥, 2); Eu@@"), (x. ¥, 2%
Eu(2™), (2 =2, Yy +y, s + 20 B, (2 +x, Y 2=,

'y +2)
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0(4)
O

Figure 1. Projection of the Bg079
group viewed along the ¢ axis.
The bond lengths in & are given.

dimensional (B509)oo network by sharing 0(3), 0(4), and 0(9) atoms with
one another. The projections of the Eu2B509Br structure viewed along
the ¢ and b axes are shown in Figs. 2 and 3, respectively. The
structure consists of chains of corner-sharing BO4 tetrahedra which
extend along the ¢ axis, and they are linked in the a- and b-axis di-
rections by B(4) and B(5) atoms which occupy the centers of triangles
formed by O atoms. k .

The Eu and Br atoms are located alternately with each other in
tunnels of the (B509)oo network, and each Eu atom is considerably iso-
lated from neighboring Eu atoms by the borate units of the-(B509)oo
network in the a- and b-axis directions and Br atoms in the c-axis di-
rection. The anion environments around Eu(l) and Eu(2) atoms are shown
in Fig. 4. The Eu atoms are surrounded by two Br atoms and seven O
atoms to form a EuO Br2 polyhedron with Eu-Br distances'from 3.009 to

o 7 o
3.093 A and Eu-O distances from 2.526 to 3.061 A, respectively.
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Figure 2. Projection of the EuyB:0gBr structure viewed along
the ¢ axis.

I Ty 8r(2)

«Os
€u) Eu(

Figure 3. Projection of the EuyBsO0gBr structure viewed along
the b axis.
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Figure 4. Anion environments around Eu(l) and Eu(2) atoms.
Numerical values represent the nearest neighboring Eu-Br and
Eu-0 distances in

B. Magnetic properties. The europium(II) haloborate, Eu2B03X, was

found to be a ferromagnet from the measurements of magnetizations at -

low temperatures, but another Eu2B509X was a paramagnet. The tempera-
ture and magnetic field dependences for the reciprocal susceptibility
and magnetization of Eu2B03Br are shown in Figs. 5 and 6. From Fig. 5,
the reciprocal susceptibility can be seen to be proportional to the
temperature above 10 K, but at the temperature below 10 K the reciprocal
susceptibility deviates from the Curie Weiss law. The paramagnetic
Curie temperature is about 5 K. For the magnetic field dependence of
the magnetization at liq. He temperature (see Fig. 6), one can observed
that the magnetization curve is asymptotic to the value at which the
spins of the 4f electrons of Eu2+ ion are ferromagnetically arranged.
It is, therefore, concluded that Eu2B03Br is a ferromagnet with 4.2<Tg
<5 K. _

The magnetic and structural properties for some europium(II) com-
pounds are summarized in Table V. The magnetisms of these compounds
are interpreted by considering the exchange and superexchange inter-
actions between the neighboring Eu2+ ions, which are sensitive to the
Eu-Eu spacing. The Eu2+ ions in Eu,BO,X are located at two kinds of

2773

sites, Eu(l) and Eu(2). From the model of Eu2B03Br structure with R=
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EupBO3Br at liq. He (4.2 K) and ligq. Noy (77.4 K) temperatures.

0.10 for 566 non-equivalent reflections, mean distances between the
- ° .
neighboring Euz+ ions are estimated to be 3.60 or 3.63 A for the near-

o A
est neighbors and 5.27 or 5.14 A for the second-nearest neighbors.
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Table V. Magnetic and structural properties for some europium(IT)
compounds

Mean Eu-Eu dist.(A)a

Compt Magnetism ueff(uB) TC(K) BC(K) Atom

nn nnn
Eubr,®  Para. 7.87 ~ o Bull) 4.9809)  6.19(x5)
2 Eu(2) 4.86(x8)  5.99(x4)
Eu(l) 3.60(x6) 5.27(x6)
Eu.,BO..Br Ferro. 7.85 4,20
2804 erro 505 Eu(2) 3.63(x4)  5.14(x4)
" Eu(l) 5.589( 4)
Eu,B.0.Br Para. 7.73 - o
28509 - 0 Eu(2) #3208 50000 4)

a
nn and nnn represent the nearest and second-nearest Eu neighbors.

bSee ref. 3.

These distances are comparable to that of Eu3B206 with Te=7.5 K (see

the preceding chapter), and hence the magnetic interaction in EuzBOBBr

are effective for the ferromagnetic interactions at low temperatures.
Since the superexchange interaction via X ion is less contributable

than that interaction via 02— ion, however, the Tg value of EUZBO3X

would be low compared with that of Eu3B206.
C. Luminescent properties. The luminescent properties of some

2+ .. , .
Eu -containing compounds are summarized in Table VI. No luminescence

was observed on Eu2B03X. This must be attributable to the strong ex-

. . 2+
change and superexchange interactions between neighboring Eu ions

because EUZBO3X is a ferromagnet with T¢=5 K. The haloborate Eu2B509X

(paramagnet) was found to be a blue emitting phosphor. The lumi-
nescent and diffuse reflection spectra are shown in Fig. 7. The halo-

borate, EuZBSOQX’ emits the 4f7—4f65d band spectrum with half-width of

30 nm peaking at 430 or 435 nm, and these peak positions are near to

that of Equ as one of raw materials but considerably different from

that of another raw material, EuB204. This suggests that the degrees
for crystal field splitting and Stokes shifts of 4f7—4f65d levels in

: 2+
these compounds are different from one another. The Eu2 ion in EuB204
is surrounded by eight oxygens to form a EuO8 polyhedron with Eu-0O-

distances 2.519-2.738 A. The symmetry of the EuO8 polyhedron differs
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2+ .
Table VI. Luminescent properties for some Eu~ -containing

compounds
R.E.I.(%)
254 nm
a b exci- optimum
Compound Amax(nm) A/2 (nm) tation excitation
Eu2B03Br non-observable
Eu,B.0,Br 435 30 5 7 (350)
(Sr0'93Eu0'07)2B509Br 430 © 30 46 62 (350)
EuBr2 422 27 12 21 (370)
Sr0.99EUO.OlBr2 411 22 20 42 (370)
EuB204 370 20 negligible
Sr0.97Eu0.03B204 367 20 2 2 (250)

axmax=position of the maximum of emission band. bk/2=half—width
of the emission band. :

“R.E.I.=relative emission intensity at 300 K. The values in
parentheses represent the wavelengths for optimum excitation.

100 250 390 3§0 400 4?0 590 5?0
N
430 a)

Excitation Emission

Reflection

8o

b)

Rel. quantum output
Reflection

700 450 500 550
— X (nm)

Figure 7. Relative emission and excitation spectra and diffuse

reflection spectra at 300 K of a) Eu2B509C1 and b) EuzBSOgBr.

750 300 350
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from that of the EuO7X2 polyhedron (see Fig. 4) in Eu2B509X because of

the large X ions: the symmetry of the EuO7X2 polyhedron is low. This

difference must reflect the degrees of crystal field splitting and
Stokes shift.
. ' 2+ 2+,
It is seen from Table VI that SrzBsogBr:Eu and SrBrZ:Eu give
the blue emissions with high relative emission intensity (about 60 ¥
under 350 nm excitation for the former compound and about 40 % under
370 nm excitation for the latter compound) and are efficient phosphors.
Particularly, the relative emission intensities of Eu,B_0.Br and EuBr

27579
are noticed to be considerably high compared with that of EuB

2
2%
although the concentration quenching effects in these materials are

expected to be large.

“In Fig. 8, the concentration quenching curve for (Sr _xEu ),B.O, Br

1 x"2°579

1_XEuXBr2 and Srl-xEuxB204' The

1~XEux)2B509Br or Sr1~xEuxB204 has a maximum at about 7 or

3 at%. For Srl_XEuxBrz, however, the relative emission intensity does

not apparently depend on the value of x. The slope of this curve is

is shown together with those for Sr

curve of (Sr

much flatter than those of other curves.

One of the quenching effects on Eu2+—activated phosphors is a non-

0 0.05 0.10 . 015 ~ 020 1.00

Figure 8. Relative emission intensity vs. Eu2+ content (x) for
the emission bands under 254 nm excitation of (Srj_xEuy),B50gBr
(©), Sr1-xEuyBry; (@), and Sry_,Eu,By0, @).
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radiative process via Coulomb (dipoie—dipole) interactions and exchange

. . : . , 2+, 32
interactions between neighboring Eu™ ions, )

For the Eu2+—activated
phosphors, the Coulomb interactions are effective for one of the quench-
ing effects, but the luminescent properties of high-concentration
Eu2+—containing samples, e.g., europium(II) compounds, should be under-
stood with regard to both of the Coulomb and exchange interactions.

The two compounds, Eu2B509Br and Eusz, aré paramagnets while EuBZO4

is antiferromagnetic below about 3 K. The Eu atoms in Eu2B509Br have

four nearest Eu neighbors with the mean Eu-Eu distance 4.432 & and four
second-nearest Eu neighbors with the mean Eu-Eu distance 5.589 Z for
the Eu(l) atom or 5.796 A for the Eu(Z) atom. These Eu-Eu distances
are very long compared with those of other europium(II) compounds with
strong magnetic interactions,3) and are insufficient for the magnetic

interactions. The bromide EuBr, is isostructural with SrBr and the

2 2’
Eu atoms have nine or eight nearest Eu neighbors with the mean Eu-Eu

distance 4.98 or 4.86 A and five or four second-nearest Eu neighbors

with the mean Eu-Eu distance 6.19 or 5.99 A for the Eu(l) or Eu(2)
35)

atom. These distances also are entirely insufficient for the
magnetic interactions. For EuB204, however, the 99.0 and lOO.4°Eu2+—
02_—Eu2+ superexchange pairs are effective and antiferromagnetically
contribute to the overall magnetism. The differences in the magnet-
isms of these compounds must reflect on their luminescent properties.
For Eu2B509Br and EuBrZ, the quenching effect of exchange interactions
is expected to be very small, but the quenching effect in EuBZO4 is
not. This agrees with the fact that the former compounds give the

emissions with very high intensity compared with that of the latter

compound.
The observation that the concentration quenching curve of Srl_x—
EuXBr2 has a flatter slope than those of (Srl_XEuX)ZBSOQBr and Srl_x—

EuxB204 (see Fig. 8) suggests that the quenching effect of Coulomb
interactions in bromides also is small and the Br ions may be excel-

lent in the property of electrostatic shield. For (Srl—xEux)2B509Br

and Srl—xEuxB204’ the concentration quenching curves have the maximum.

This suggests that the quenching effect of Coulomb interactions is
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effective in these compounds. The Eu2+ ions in EuzB O,Br are located

- 579
alternately with Br dons in tunnels of the (B509)00 network, and each

Eu2+ ion is isolated from the neighboring Eu ions by the borate units
of the (B509)oo network in the a~ and b-axis directions and Br ions in
the c-axis direction. The energy transfers via Coulomb interactions
are expected to take place mainly in the a- and b-axis directions, in
which no Br ion is located. The fact that the emission of Srl_XEuX—
B204 is very weak is due to the cluster formation of Eu2+ ions in the

matrix as discussed later.
2-4, Summary

Two kinds of europium(II) haloborates, Eu2B03X and Eu2B509X, were
obtained in the ternary system EuO—Equ(X=Cl and Br)—B203. Hexagonal
prismatic and needlelike or prismatic single crystals were grown from

the molten samples containing a large excess of EuX, as a flux.

2
The haloborate Eu2B03X crystallizes in the hexagonal system
whereas another Eu2B509X belongs to the orthorhombic (pseudotetragonal)
system. The crystal structure of Eu2B509X7was determined from three-

dimensional X-ray diffraction data (R=0.054 for 1967 observed re-
flections of Eu2B509C1 and R=0.047 for 1979 observed reflections of

Eu2B509Br). The structure consists of a three-dimensional (BSOg)w'

network, in which the B tetrahedra and two BO

o 8roups of three BO
2+

501 4
triangles are linked together by sharing cornered oxygens. The Eu

3

and Br ions are located in tunnels of the (B509)oo network extending
along the c axis. Each Eu2+ ion is surrounded by two X ions and seven
--02_ ions and is isolated from the neighboring Eu2+ ions by the borate
units and X ions. From the magnetic susceptibility and magnetization
measurements at low temperatures, EuZBOBX and Eu2B509X were found to
be a ferromagnet with Tc=5 K and a paramagnet, respectively. The
compounds as diluted the Eu2+ ions in Eu2B509X matrix with alkaline
earth cations are efficient photoluminescent materials whereas no
luminescence is observable. This finding can be accounted for by

estimating the magnitudes of the Coulomb and exchange interactions
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between neighboring Eu2+ ions in Eu2B509X, which are expected to be

: : . 2+
weak from the magnetism and the arrangement of anions around the Eu

ions.
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3. HIGH-PRESSURE SYNTHESIS AND PROPERTIES OF EUROPIUM(II) METABORATE
3-1, Introduction

Some of alkaline earth borates, aluminates, and gallates are

transformed into high-pressure phases, anion units changing from trian-

36)

gles to tetrahedra or from tetrahedra to octahedra.,” For metaborates,

MIBO2 and MIIB204, there are two types of chain constructions, namely,

one which consists of (BOz)m chains sharing an oxygen of the 303 group

. 19,26,37)

(e.g., L1B02, CaB204, and SrB204)

condensed-ring anions of three BO

) 19,38)
4 . .

and another which contains

. 3-
5 units, (B306) (e.g., NaBO2 and

BaB20 The borates of former type are easily transformed into
several high-pressure phases, the triangularly coordinated borons in
their units being partially or all changed into tetrahedrally coordi-
nated borons by high-pressure treatments.39’40)
The calcium metaborate CaBZO4 crystallizes with four different
structures, three orthorhombic and one cubic modifications. Phase
a—CaBZO4, which is stable at atmospheric pressure, contains only tri-
angularly coordinated borons, and each Ca atom is surrounded by eight
oxygens. In B—CaBZOA’ 50 % of the B atoms transform into the tetra-
hedral coordination, although the Ca atoms have the same coordination
number of 8 as in a—CaBZOA. Phase y-CaBZO4 consists of a three-
dimensional network of two triangular and four tetrahedral borons, a
(B6012)Oo network, and 33 % of the Ca atoms increase their coordination
number from 8 to 10, Finally in 6—CaB204 all B atoms are tetrahedrally
coordinated, and this phase consists of a (3306)oo network, and the co-
ordination number of all B atoms increases to 12, On the other hand,
SrBZO4 cah4§§ystallize only with three forms different from the case

of CaBZOA'

fications of CaBZO4 and SrBZO4 are isostructural with each other, the

boron and the strontium coordination numbers in each phase of SrB

Phase B-SrB204 has not been obtained. Since the modi-

2%
are the same values as those for the corresponding calcium analogues.

The europium(II) metaborate, EUBZOA’ which has been obtained in

the previous chapter and also consists of (B02)oo chains, is isostructur-
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al with the oo form of CaBZO4 and SrBZOA'

that the similar polymorphism to that of CaBZO4 or SrBZO4 will be ob-

It is , therefore, expected

served on this borate.

The present study has been carried out with a view to synthesizing
2+ 2+
204, SrBZOA.Eu , and CaBZOA.Eu and

' characterizing them by X-ray analyses and measurements of magnetic

the high~pressure phases of EuB

susceptibility and ultraviole luminescence.  In addition, the high-
pressure synthesis of SrAl407 has been made, and the crystal structure

of the resulting phase, B—SrAl40 has been determined.

7’

3-2. Experimental

A, Sample preparation. The atmospheric pressure phases, OL—EuBZO4

and OL—MB204:Eu2+ (M=Ca and Sr) were obtained according to the methods

described previously, The high-pressure treatments of the samples were

carried out with a Dia 15 cubic anvil type apparatus in the following
way: the powdered samples were packed into boron nitride cups, illus-

42)

trated elsewhere. After the samples were quenched to room tempera-
ture, and then the pressure released. '

The high-pressure phase, B—SrA1407, was obtained as a by-product
for runs in which single crystals of SrAlzo4 were grown using water as
a solvent at 35-50 kbar (l'bar=105 Pa) and 1000-1300°C. The polycys-

talline sample of B-SrAl was prepared from a mixture of 0-SrAl 0O

407 427
and water by the treatment of 50 kbar and 1200°C for 60 min. The
samples of OL—SrA1407 were obtained by heating the stoichiometric mix-
ture of SrCO3 and Y—A1203 (99.985 %) at 1300°C for 5%2 h (two times)

in air. For trials, in which water was not applied for the preparation,
B—SrA1407 could not be prepared up to 50 kbar and unknown phases were
formed. The single crystals were grown from a mixture of SrA1204 and
water by cooling to 800°C at a rate of about 2°C/min after maintaining
at 40 kbar and 1300°C for 60 min. The resulting phases were character-
ized by the techniques of X-ray analysis as described previously.

B. Magnetic susceptibility and optical measurements. The descrip-

tions of the apparatuses and methods used for measurements are made in
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the foregoing chapter.
3-3. Results

A. EBuB0,. The resulting phases of EuB204 from high-pressure
treatments were identified by X-ray powder analysis on the basis of
the lattice parameters for modifications of SrBZO4 and termed in a
similar manner as the corresponding calcium and strontium analogues.
The phase diagram of EuBZO4 is shown in Fig.vl. This diagram consists

of four regions: the first

(atmospheric pressure) phase 60 r
a—EuB204, the third phase y-
EuB204, the fourth phase §- 50 O
EUBZOA’ and the decomposed
u 40F
phase EuB4O7+ EUZBZOS' The é
second phase B—EuBZO4 was‘not ;:30_ o
-obtained as well as B-SrB,0,. _ v
‘ 274 (a)
Under the conditions above 20F
40 kbar and 900°C, EuB_0O 0
274 o )
appeared to decompose into 10f by i
Eu3407 and Eu2B205 as follows: ol ' ' . ‘
0600 700 800 900 1000
T (°C)
3 EuBZO4 —
Figure 1. Phase diagram of EuB204.
EuB 0, + EuyB,0..  (3-1)

According to the above scheme, the overall mole number reduces from 3
to 2 and the volume of the sample also reduces to 87.5 %. This agrees
with the fact that one product of decomposition of SrBZO4 has been
found to be SrB407 by qugh—Moe.43) The crystallinities of the result-
ing phases of EuBZO4 were generally low.

The accurate lattice parameters refined from the X-ray powder data,
the density, and the color for the resulting phases of EuBZO4 are sum-
marized in Table I. The phases, y- and d—EuB204, crystallize in the

orthorhombic system (Pna2i) with 12 molecules per unit cell and in the
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Table I. High-pressure polymorphism of EuB,0,
. 2att1ce parameterz (A) . c , Density (g/cm3) color
CaBZ_O4 SrBzo4 EuBZO4 Dm Dx
a= 6.214 a= 6.589 a= 6.593(1) Licht—
a b=11.604 b=12.018 b=12.063(2) Pnca 4 4,61 4,57 g ellow
c= 4.284 c= 4.337  c= 4.343(1) ye!
12 kbar! _ g.369
8 b=13.816 8 kbar Pecen 8
c= 5,007
15 k
> kbary _11.380 a=12.426  a=12.44(1) 4
Y b= 6.382 b= 6.418 b= 6.43(1) Pna2; 12 5.22 5.18 “Yellow
c=11.304 c=11.412 c=11.42(1)
25 kbar : 15 kbar ,
5 Va= 9.008 a= 9.222 a= 9.240(1) Pa3 12  5.57° 6.00 Yellow
EuB4O7
+ — — — - s.0” 522 DA

#Ref. 41. The treatment temperatures are 600°C for SrBZO4 and 900°C for CaB204, respectively.

b . . . ; .
These data were obtained on the sintered samples with the dimension: ca. 4 mm$X3 mm.



cubic system (Pa3) with 12 molecules per unit cell, respectively. The
observed density Dm of each phase is in good agreement with the calcu-
lated value Dx except for (S-EuBZO4 The values of Dm have been obtained
on the sintered samples taken out from the boron nitride cell, and hence
-the pellet of 6-EuB204 seems to contain some pores., The crystallograph-
ic properties of polymorphism of EuBZO4 are completely equal to those

of SrBZO4, but the transition pressures and temperatures of both

borates differ from each other: o-EuB 04 transforms into other phases

at a higher temperature than that of OL—SrBZO4 This suggests that the
bond strength of Eu-0 must be stronger than that of Sr-O.

The magnetic and lumlnescent data of EuB 04 given in Table II are
obtained for phase o (untreated, phase vy (20 kbar, 800°C) phase § (50
kbar, 850°C), and the decomposed phase (50 kbar, 1000°C). The effective
magnetic moment per Eu2+ ion (ueff) of the resulting phases are slightly
smaller than the theoretical value of 7.94 Ug. This implies that a
very small amount of Eu2+ ion has been oxidized into Eu3+ ions in the
high-pressure treatments beéause a U gg value of the Eu3+ ion is about
3.6 ”B'44) The paramagnetic Curie temperature 8 was about -5 K for
phase Y, about 0 K for phase §, and about ~10 K for the decomposed phase,
respectively. It can be presumed that phase y and the decomposed phase

are antiferromagnetic, and phase § is paramagnetic at low temperatures.

Table IT. Magnetic and luminescent data for the various phases of

EuB204

Treatment a

Sample Phase (kiar) T (°C) ueff(u ) GC(K) Amax(nm) I
a o 7.88 -5 370 Very weak
b Y 20 800 7.42 =5 370  Very weak
c § 50 850 7.62 0 410 Weak
EuB407 + 7 _ 368,

d EuyB)0s 50 1000 7.54 10 305 Weak

a A . .
I =emission intensity.



The high-pressure phases of EuB204 were found to give the band

054 transition of the Eu2t ion., The peak

emissions based on the 4f’-4f
positions of their emissions shift to long wavelength and their light
outputs slightly increased with transformation into phase § and the

decomposed phase. The emission spectral distribution and the excita-

tion spectra of phase § and the decomposed phase are shown in Fig. 2.

2?0 300 350 400 450 590 550

100
;; 240 C)
" Excitation Emission E
5 50+ 1 4
E' =]
=] .
° har
5 100 2
a
g H
. 50} -
-
()
24
02856300 350 400 450 500 550
A (nm)}

Figure 2. Spectral energy distribution and relative excitation
spectra of the emissions of G—EuBZO4 and the decomposed phase.

The emission intensity for any modification of EuBZO4 was weak, Their
emission patterns were illustrated on the basis of the energy output of
the photomultiplier. The emissions of phase § and the decomposed phase
consist of a band at about 410 nm and two bands at about 368 and 395 nm,
respectively, although phases o and Y give very weak emissions at about
370 nm, The emission at about 370 nm of the decomposed phase must be
attributable to the one product of decomposition, EuB407, since it gives
a relatively strong emission at about 370 nm as described previously.

B. SrBZO4:Eu2+ and CaB204:Eu2+. For the luminescent properties of

Eu ion in high-pressure phases of metaborate, the high-pressure treat-

ments and luminescent measurements were made on Eu2+—activated>a1kaline
earth metaborates, SrBZOA:Eu2+ and CaBzoa:Eu2+

of Sr0.99EuO.OlBZO4 from the treatments at 15-30 kbar and 700°C and

. The resulting phases
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their luminescent data are shown in Table III and Fig. 3. It is seen

Table III., Resulting pﬁases and luminescent data for
Sr0.99EuO.01B204 from high-pressure treatments

Sample Phase P (kbar)® Amax (nm) R.E.I. (%)b
a o , 367 1
b Y 15 367 1
c § + y(minor) 20 404 30
a s 30 395 39

#Treatment temperature = 700°C. bThe values were measured
under 254 nm excitation at 300 K,

that the emission peak positions of samples containing the § phase
shift to long waveiength and bandwidths at half maximum increase from
20 to 43 nm compared with thoée of other phases, Whereas the peak po-
sitions of phases o and vy are.367>nm and their emission shapes are
closely similar to each other, phase § gives a strong emission peaking
at 395 nm. Sample c of phase § mixed with a small amount of phase y
gives an emission at 410 nm, which is positioned at a slightly longer

o 0.99%40, 018204 ALl
phases of SrBZOQ:Eu give the excitation spectra consisting of two

wavelength than that of the pure phase of §-Sr

bands peaking at 250+6 and 310+4 nm. The fivefold degenerated 5d level
of the excited (4f65d) configuration is split into several levels by
the crystal field formed by anions around the Eu2+ ions. In solids,

the absorption of Eu2+ ions in the near-ultraviolet region is generally

45)

agreed to be attributable to the 4f-»5d transition, and the matrix of
SrBZO4 has no absorption band in this region. Therefore, the excitation
patterns as mentioned above should be due to the splitting of the 5d
level,

It was found that the relative emission intensity of samples re-
markably increased with transformation into phase §. The treatment

pressure dependence of the relative emission intensity of Sr0 99Eu0 01~
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BZO4 ig shown

E

in Fig. 4. It is noticeable that the relative emission

intensity drastically increases to about 50 times under 254 nm excita-—

tion and about 100 times under an optimum (313 nm) excitation for phase

§ with transformation from phase y to §. The Eu2+ concentration quench-

ing effect to
summarized in
atZ, at which
nm excitation

is as high as

the relative emission intensity of G—Srl_xEuXBzO4 is

Fig. 5. An optimum concentration is seen to be about 1
its relative emission intensity is about 40 % under 254
and about 60 % under 313 nm excitation. Since this value

that of BaB_,0 :Eu2+

8014 which is an efficient phosphor; S-
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SrBZOA:Eu2+ also is an efficient one.

The resulting phases of CaBZOA:Euz+ from the treatments at the

various conditions and their luminescent data are summarized in Table

IV and Fig. 6, The borate CaBZO4 crystallizes with four different

structures. However, no pure phase of B—CaBZOA:Eu2+ was obtainable,
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Figure 6. Relative emission and excitation spectra for the various
phases of CaO.94EuO.O6B204 (Cao.99Eu0.OlBZO4 for b).
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Table IV. Resulting phases and luminescent data® for Cal—xEuxB204 from high-pressure treatments

Treatmentb Phase and luminescent data
- P T _
(bar) (°C) O3B0 C2 99Bug 01320 €2 .97%%0.03%2%  ©%0.94%%.06"2%  ©20.90%%0.10%2%
a a3 about 450 nm; o3 about 450 nm; o3 368, 477 nm; a3 367, 479 nm;
very weak weak <1 % <<1 Z
13 900 o and B b): o and B3 363 oy 367, 458 nmg
nm; weak 2%
15 800 g and vy; 363 nm; |
<1 7% ‘
15 900 a; 363 nm; 2%
18 900 v; 363 mm; <1 % c): y; 364 nm; 3 %
20 800 Y; 360, 395 nm;
<1 % ‘
20 - 900 Y y; 362 nm; weak v and §; 361, 396  d): y; 364, 399
: nm; 2 % nm; 5 %
22 900 § and vy; 362, 395
nm; 9 7%
30 900 § 8; 359 nm; 26 % e): 63 362, 394
nm; 32 7%
31 © 900 ‘§3 361, 395 nm; §; 361, 394 nm;
18 % 13 %
®The values of Amax and R.E.I. under 254 nm excitation at 300 K are listed in this table. bTreatment

period =30-60 min.



The fact Ehat phase B hardly forms with increasing the valﬁe of x in
Cal—xEuxB204 is due to a crystallographic mismatching between the radii
of Ca?* and Eu2* ions. The luminescent properties of the modifications
of CaB204:Eu2+ considerably differ from those of SrB204:Eu2+. Phase ¢
of Ca0.94EuO.O6B204 gives two emission bands peaking at 368 and 477 nm;
its excitation spectra consist of a broad band at 321 nm for the 477 nm
emission band and two bands at 255 and 316 nm for the 368 nm emission
band. For the mixed phase of g— and 8‘080.99Eu0.013204’ the emission
spectrum consists of a band at about 363 nm, and its excitation pattern
has two paeks at about 250 and 300 nm as well as that of the 368 nm
emission band of phase . The phase Y_Ca0.94Eu0.06B204 was found to
give two types of emission patterns depending on the treatment condi-
tions. One type was observed on sample ¢ treated at 18 kbar and 900°C,
Its emission and excitation spectra consist of a band and two bands sim-—
ilar to the patterns observed on the mixed-phase sample b, respectively.,
Another type, viz., sample d obtained at the treatment condition of
20 kbar and 900°C, gives two emission bands peaking at 364 and 399 nm,
and its excitation spectra consist of four bands at about 250, 297,
320, and 344 nm for the 399 nm emissioﬁ band and two bands at about 250
and 302 nm for the 364 nm emission band. These excitation patterns
differ from each other; particularly, the excitation spectrum of the
399 nm emission band is specific among a series of high-pressure phases
of CaB204:Eu2+. The emission  pattern of 6—C30.94EHO.O6B204 is peaking
at 362 and 396 nm, and its excitation spectra have three peaks at 245,
292, and 318 nm for the 362 nm emission band. The relative emission
intensities of CaBzOA:Eu2+ also are observed to increase with trans-
formation into the higher pressure phase. It is noticeable that the
emission bands around 365 nm of samples a, b, c, and d are similar to
those of phases o and y of Eu3204 and SrBZOA:Eu2+, the band at 399 nm
of sample d to that of 6-EuB204 and G—SrBZOQ:Eu2+, and the pattern of
sample e to that of the decomposed phase of EuB204, respectively.

In order to interpret these phenomena, the lattice parameters of
the reSuiting phases of Ca0.94Eu0.O6B204 were measured over a range of

0.11<(sinB/))<0.32 A-l. In Table V, their lattice parameters are sum-
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marized together with those of CaBZO4 measured at the same condition.

The lattice parameters of CaBZO4 are smaller than those of EuBzoa

begause of the difference between the radii of Ca2+ and Eu ions.
For phase o, the lattice parameters of Ca0.94Eu0.063204 should be

larger than those of CaBZO4, but those of the other phases of Ca3204
and 030;94Eu0.063204 are very close to each other.2+This suggests that |
the Eu-BZO4 phase is pressed out from the CaB204:Eu phase by the high-
pressure treatments, and hence the emission pattern of CaBZOA:Eu2+ are
assigned as follows: for phase o, the emission at about 477 nm corre-
sponds to the band from the Eu2+ ions in the matrix'OL—CaBZO4 because

the emissioﬁ at 368 nm must be derived from OL—EuBZO4 in the grain

boundaries. The fact that the emission peak position of OLﬁCaBZOll:EuZ+

(477 nm) considerably shifts to long wavelength compared with those
2+

of a—SrBzoa.Eu and OL-EuBzO4

duced by substituting the larger Eu”' ions for the smaller Ca2+ ions.

may be due to a strain of the matrix in-

On the basis of the phase diagram of EuBZO4 (see Fig. 3), the emissions
at about 364 nm of samples b, ¢, and d are identified with the Y-—EuBZO4
phase and the band at 399 nm of sample d corresponds to the emission
pattern of G—EuBZOA,'although the. peak positions of the corresponding
emissions from EuBZO4 and CaBZOQ:Eu2+ somewhat deviate from each other,
The emission pattern of sample e results from the decomposed phase of
EuBZO4 in the grain boundaries of 6—CaB204. It is, consequently, con-
cluded that the luminescent properties of the high-pressure phases of

CaBéO4:Eu2+ are due to those of the EuBZO4 phase pressed out from the

. a ’ °
Table V. Lattice parameters™ for CaB.0, and Ca0.94EuO.O6B204 a)

274
Compound o B Y S
a= 6,215(3) = 8.38(7) a=11.378(2)
CaB,0 b=11.611(4) 12,72(6) b= 6.3825(7) a=.9.021(6)

274

o
i

c= 4.280(2) = 4.94(7)  c=11.310(1)
a= 6.259(5) a=11.403(2)
Ca. ,Bu. _B.0, b=11.623(6) b= 6.390(7) a= 9.0169(6)
0.94770.067274 " "182(3) c=11.307(4)

#Refinement range =0,11<(sin6/1)<0.32 A—l,
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matrix of CaB204. The fact that the'relative emission intensities of

the high-pressure phases of CaBZOA:Eq2+ are relatively greater than

those of EuBZO4 may be attributable to the decrease of the concentra-
tion quenching effect by dispersing the EuB204 phase into the grain
boundaries of CaB204. ‘

C. B-SrAl407. A new high-pressure phase was obtained as a by-

product for runs in which single crystals of SrAIZO were grown using

4
water as a solvent at 35-50 kbar and 1000-1300°C., Its chemical com-
position was found to be SrA140

termed B-SrAl

2 from X-ray analyses, and thus it was

05.

The sing$e7crystals used for X-ray measurements were grown from
a mixture of SrAlZO4 and water by cooling to 800°C at a rate 6f about
2°C/min. Their Weissenberg photographs have shown the following
systematic absences: ht+k=2ntl for hkl reflections; h=2n+l and k=2n+l
for hkO reflections, which correépond to a space group Cmma. The

crystal data of B-SrA140 are presented together with those of the o

form in Table VI. The chl parameters were refined by the least-
squares treatment of the X-ray powder diffraction pattern calibrated
with high-purity silicon as an internal standard.

The coordinate of the Sr atom firstly was determined by a three-
dimensional Patterson function, and the remaining Al and O atoms were
located on successive Fourier maps. The 0(3) atom is located at the
géneral position [16(0) site] while the other atoms occupy the special
positions: Sr, 4(e) site; A1(1l), 4(c) site; AL(2), 4(b) site; A1(3)
and 0(2), 8(m) site; 0(1), 4(g) site. Isotropic refinements were
made on all atomic parameters by the block-diagonal least-squares
method with HBLS-v22) to give R=0.047 and Ry=0.061. The atomic scat-
tering factors for Sr, Al, and O atoms were those listed in Inter-
national Tables for X-ray Crystallography.ZA) The weighting scheme
w=(Fm/F0)2 for F>F, (=10.0) and w=1.0 for F <F_, (=10.0) was employed.
The final positional and thermal parameters are listed in Table VII.

The interatomic distances and angles in B—SrA14O7 are summarized

in Table VIII. The coordination number for a quarter of Al atoms in-

creases from 4 to 6 by the high-pressure treatment, and hence there
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Table VI. Crystal data for o-
and B—SrA1407

(a) o form?

F.W.= 307.54 e= 5.536(3) A
Monoclinic R=106.12°
Space group C2/c V=624.,9 A3
a=13.039(9) A O z=4

b= 9.011(5) Dx=3.268 g/cm’
(b) B form

F.W.= 307.54 A=0.71069 A
Orthorhombic u (Mo Ka)=13.,20 mm—l
Space group Cmma Dm=4 .80 g/cm3
a= 8.085(5) A Dx=t .84
b=11,845(8) Z=4

c= 4,407(3) F(000)=584
V=422.0(5) 23 Cryst size

0.16%0,13%0.08 mm

8gee ref. 46,

Table VII, Final positional and thermal parameters
for B-SrAl,07, with their standard deviations in

parentheses
Atom X y _ z B (Z )
Sr 1/4 1/4 0 0.34(1)
AL(1) 0 0 0 0.26(5)
A1(2) 1/4 0 1/2 1.12(7)
A1(3) o 0.136(4) 0.454(4) 1.30(5)
0(1) 0 1/4 0.335(10) 0.45(14)
0(2) 0 0.128(7) 0.782(7) 0.39(9)
0(3) 0.144(5) 0.073(5) 0.302(5) 0.33(6)

are two types of aluminate units, Al(l)O6 octahedra, and A1(2)O4 and

A1(3)O4 tetrahedra. These units are appreciably distorted from the
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Table VIII. Interatomic distances (A) and angles (°) in B-
SrAl1407, with their estimated standard deviations in
parentheses

(a) The (Al,0.), network
‘ Al (1) -octahedron

Al(1l) -0(2) 1.795(7) (x2) 0(2)-A1(1)-0(3) 89.5(3) (x4)
-0(3) 1.968(5) (x4) 90.5(3) (x4)
0(3)-A1(1)-0(3) 72.5(2) (x2)

107.5(2) (x2)

Al{2)-tetrahedron

Al{(2) -0(3) 1.498(5) (x4) 0(3)-A1(2)-0{3) 108.7(3) (x2)
109.5(3) (x2)
110.2(3) (x2)

Al(3)-tetrahedron

Al (3) -o(l) 1.449(11) 0(1)-A1(3)-0(2) 115.0(5)
-0(2) 1.449(8) 0(1)-AL(3)-0(3) 107.2(5) (x2)
-0(3) 1.537(6) (x2) 0(2)-AL(3)~0(3) 113.8(4) (x2)

0(3)-A1(3)-0(3)  98.5(3)
(b) Sr-0 distances -

Sr -0(1) 2.503(10) (x2) Sr -0(3) 2.627(5) (x4)
~0(2) 2.664(7) (x4)

regular octahedron and tetrahedron, the A1-0 bond lengths and 0-A1-0
bond angles being 1.795-1.968 X and 72.5-107.5° for the Al(l)O6 unit

and 1.449-1.537 and 98,5-115.0° for the Al(2)04 and A1(3)04 units, It
is noticeable that the Al1-0 distances for the tetrahedral units are con-
siderably shorter than thqse in some aluminates (atmospheric-pressure
phases),ae.g., 1.718-1.808 X for a-SrA140746) and 1.728-1.779 Z for
CaA1204. 7)

A projection of the B—SrA1407 structure viewed along the c¢ axis is
shown in Fig. 7. The Al(l)O6 and A1(3)O4 units can be seen to have the
mirror symmetry on the (100) or (200) plane and the Al(Z)O4 tetrahedron
shows the symmetry of twofold rotation around an axis parallel to the ¢

axis. The structure consists of a three~dimensional (Alao network of

7)oo
octahedral and tetrahedral units with shared corner O atoms, which is ap-
preciably denser than the structural framework of a—SrA1407. This re-
flects the observation that the density of SrAl4O7 drastically increases
with the phase transformation from o to § (see Table VI).

'i The structure viewed along the a axis is illustrated in Fig. 8.
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Figure 7. A projection of the B-—SrA1407 structure viewed along
the c axis. '
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Figure 8. A projection of the B—SrA14O7 structure viewed along
the a axis.

The units of Al(l)O6 and Al(3)04 are linked together to form a kind of
layer on the (100) or (200) plane, which is three-dimensionally con-

nected with the other layers by Al(Z)O4 tetrahedra. The Sr atoms are
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located in tunnels of (A140 ) network running parallel to the a axis.,
The anion environments around Sr atoms in g- and B- SrAl4 7 are
illustrated in Fig. 9, The Sr atoms are surrounded by seven and ten O
atoms for the ¢ and B phases to form SrO7 and SrO10 polyhedra. The
Sr-0 distances are closely similar to each other (mean values: 2.618 A

o form; 2.617 A, B form). The symmetry of SrO_ polyhedra, because ‘the

7
SrOlO polyhedra have the symmetries of mirror and twofold rotation but
the SrO7 polyhedra show only that of twofold rotation around the Sr~

0(1) axis.

0O(2) 2654 ' 0o(2)

00) 2516

a) a form b} B form

Figure 9. Schematic illustration of the SrOp polyhedra in the
SrAl1407 polymorphs. The numerical values represent the Sr-0
distances between nearest nelghbors (A)

3-4, Discussion

Among the modlflcatlons of CaB,0, and SrB,0,, the detailed struc-
20 4 274 26, 40)
tural analysis has been performed only on o-, y-, and G—CaBZOA, ’
and u—EuBZOA has been found to be entirely isostructural with o- CaBzO4°
The structures of y- and 6—-CaB204 are illustrated in Fig. 10. As de-~

scribed previously, each Eu atom in a~EuB occupies a 4(c) site of

2%,
space group Pnca and is surrounded by 8 oxygens. On the assumption

that all atoms in the high-pressure phases of EuBZO4 are coordinated
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b) [100) projection of the
6—CaB204 structure

a) [010] projection of the Y-CaB,0,4
structure

Figure 10. Crystal structures for the high-pressure phases of

CaB204.

in a similaf manner as those of CaBZOA, Y—EuBzO4 has. three kinds of
sites, Eu(l), Eu(2), and Eu(3), which belong to a 4(a) site of space
group Pna21, and the coordination numbers of oxygen around the Eu
atoms on those sites are 8 for Eu(l) and Eu(2) and 10 for Eu(3), re-
spectively. While the Eu atoms in S—EuBZO4 are placed on two sites,
Eu(l) and Eu(2), which belong to 4(a) and 8(c) sites of space group
Pa3 and those sites are surrounded by 12 oxygens. Phases 0, Yy, and
§ consist of (B02)00 chains, a network of B6012 units with two triangu-~
lar and four tetrahedral borons, and a network of B3O6 units with
three tetrahedral borons, respectively. Tt is noticeable that each
Eu2+ ion in G—EuBZO4 is considerably isolated from the neighboring
Eu2+ ions by the surrounding BO4 units compared with the cases of a-
‘and Y—EuB204.
The magnetic properties of europium(II) compounds are approxi-
mately understood by considering the magnitude of the magnetic ex-
change and superexchange via 02_ ion interactions between the neigh-

2)

boring Eu2+ ions. In the case of europium(II) chalcogenides and

. 4) . o . . . )
titanates, their magnetism is mainly attributable to ferromagnetic
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Eu2 —Eu2+ exchange and antiferromagnetic 9O°Eu2+—02 —Eu2+ superexchange

. . . . + .,
interactions between the nearest neighboring Eu2 ions and a 180°Eu2+¥

02—-Eu2+ superexchange interaction between the second-nearest neighbor-
ing’Eu2+ ions (ferromagnetic or, as the case may be, antiferromagnetic).
These interactions are sensitive to the interatomic Eu2+ spacings since
the interactions between Eu2+ ions have been regarded as taking place
with overlap of 4f and 5d orbitals., The interatomic distances between
the neighboring Eu and O atoms in o- and G—EuBZO4 are given in Table IX.
The mean distance between the nearest nelghborlng Eu2+ ions is
4,080 A for o~ EuB2 4 and 3.83 A for the Eu(l) site and 3.89 A for Eu(2)
site in G—EuBZO4 The fact that ¢-EuB 04 is an antiferromagnet with
Ty=3 K is due to the fact that the magnetic interaction between the
nearest neighboring Eu2+ ions located in the (010) aﬁd (020) planes is
expected to the ordering of spins only in those planes. The mean dis-
tance between the second-nearest neighboring Eu2+ ions around the Eu(l)
site in 6—EuB204 is 5.15 Z and effective for the 180°Eu2+—02——Eu2+
interaction, but other distances longer than that are enough to inter-
act with neighboring Eu2+ ions on the basis of other europium(II)
compounds., Consequently the magnetism of G—EUBZO4 is here considered
on the basis of the magnetic interactions between the nearest neighbor-
ing Eu2+ ions and between the second-nearest neighboring Eu2+ ions
around the Eu(2) site. The crystal structure of Y—EuBZO4 was too com-

plex to discuss its magnetism. The anion environments around the near-

est neighboring Eu2+ pairs in o- and G—EuBZO4 are shown in Fig. 11.

Table IX. Interatomic distances in o- and 8-EuB O (A)

Phase Eu-0 Fu-Eu
nn ] nnn
a ’ 2.624 (%8) 4.080 (%6) 6.632 (x10)
52 Eu(l) 2.80 (x12) 3.83 (x6) 6.00 (x4)
Eu(2) 2.97 (x12) 3,89 (x4) 5.15 (x5)

aThe values were estimated on the basis of the atomic
parameters of 6—Ca3204.
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Figure 11. Anion environment around nearest neighboring Eu

ions in - and 6—EuB204.

For a—EuB204, there are two types of interaction among the six
nearest neighboring Eu2+ pairs: the first type is closely similar to
. .o b .
that found in EuTiO 2) which is an antiferromagnet with Ty=5.3 K. In

3
0~EuB,0 2+ _o2-

four 90°Eu”" -0° " -Eu + superexchange interactions are domi-
2+—02_—Eu2+ angles (99.0 and 100.4°) somewhat de-

viate from the value of 906, since the Eu2+—-Eu2+ interaction is weak

4’
nant although the Eu

because the distance between the nearest neighboring Eu2+ pairs (3.896
-]
and 4.001 A) is not enough for its interaction. Therefore, the contri-

bution of this type to the magnetism is antiferromagnetic. However,

both of the exchange and superexchange interactions for the second type

are weak because of the long distance between the nearest neighboring

2+_2- o 2+

gyt pair (4.342 A) and the large deviation of the Eu Eu”" angle

(110.3°) from the value of 90°. Therefore, oc-EuBZO4 ia antiferro-
magnetic at low temperature owing to the contribution of the superex-

change interaction of the first type.

-71-



. . +
On the other hand, the anion environments around the nearest Eu2

neighboring Eu2+ ions in G—EuBZO4 are mainly the same type as the first

+
one of OL—EuBZO4 and a nearest neighboring Eu2+ pair has four 9O°Eu2 -
02——Eu2+ superexchange pairs. The Eu2+—Eu2+ distance is shorter than

that of the first type of a_EUBZOA’ and hence the Eu2+—-Eu2+ interaction

in 6—EuB204 is not weaker than that in a—EuB204. If the contribution
, 2+ 2+ : \ :

of the ferromagnetic Eu” -Eu” interaction to the magnetism is equal
. . 24+ 2- 2+ .

to that of the antiferromagnetic 90°Eu” -0" -Eu~ interaction, the

overall contribution of the magnetic interactions between the nearest

2 2- 2+

neighboring Eu2+ ions should be paramagnetic, The 180°Eu 0% -Eu

. . . . 2+
interaction between the second-nearest neighboring Eu ions seems to

be effective on the basis of the Eu2+—Eu2+ distance and the Eu2+—02_-
. o .
Eu2+ angle: the Eu2+—Eu2+ distance is 5,15 A and enough to interact

with the neighboring Eu?’ fons although the Eu2+—02——Eu2+ angle (162°)
deviates from the value of 180°. However, all of the second—ﬁearest
neighboring Eu2+ ions which take part in this interaction are bnly
‘those occupying the Eu(2) site and cannot interact with the neighbor-
ing Eu2+ jons on the Eu(l) site (see Fig. 10), and hence the contri-
bﬁtion of the overall magnetism of (S—EuBzO4 must be small, Therefore,
the magnetic behavior of S—EuBZO4 is expected to be paramagnetic.
However, the fact that the decomposed phase EuB407+Eu2B205 had the
tendency to be antiferromagnetic although EuB407 and EuZBZOS were para-
magnetic as described previously could not be elucidated.

The emission assigned to the 4f744f65d transition strongly depends
on anions and their arrangement around Eu2+ iOnstecause of the broad-
1y spaced d orbital, whereas the 4f7—4f7 line emission is scarcely

affected with the crystal field.lo)

The Eu0_ polyhedra formed by
oxygens around Eu2+ ions in the high-pressure phases are schematically
illustrated in Fig. 12. The symmetries of their polyhedra are very low
except for the Eu(l)O12 polyhedron in phase § which is cubically close
packed. For phases o and Yy, the symmetries of EuO8 and Eu0qq polyhedra
are seen to be relatively similar to each other, but phase § has the

EuO12 polyhedra with a different symmetry from that of other phases.

The assignment of their excitation spectra was unsuccessful because it
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was difficult to estimate the
split energy levels of the 5d
orbital of Eu2+ ions by the
crystal field.

The emission peak
positions of the high-pressure
phases can be qualitatively
interpreted by considering

their emission processes

on the basis of a configura-

tional-coordinated diagram.g) Eu(1)0s Eu(2)04 . Eu(3)O10

The absorption corresponds to ' b) Y-SrB204:Eu2+

the transition of 4f+5d, and
then the electron in the

excited (4f65d) state move to

the equilibrium distance (re)

and undergo transition to the :
Eu(1)0y2 Eu(2)0yy

ground (857/2) state. In ‘ 24
c) G-Sr3204:Eu
this process, the value of r, -
is not necessarily equal to Figure 12. Oxygen coordination around.
Eu atoms in the high-pressure phases

that of the éround state (rO) EuB,0, . ,
since the 4f°5d level strongly

depends on the crystal field

around the Eu2+

ion, For'a-SrBzoazEu2+ or Y—SrB204:Eu2+, the electrons
which are excited by absorbing the energy of 4-5 eV (250-310 nm) trans-
fer to the ground state at the equilibrium distance (rea) or (reY),
whereupon the emission at 367 nm is to be observed. If the minimum of
the 4f65d level of phése § is slightly lowered or shifted to the right
(Stokes shift: Are6<Areu or AreY) compared with that of phase o or §
owing to the effect of its above-mentioned crystal field, the emission
peak position of phase § should shift to long wavelength, A nonradi-
ative process from the excited to the ground state requires an activa-
tion energy AE, and if this value is very great, the possibility of the

nonradiative process is very small. However, the difference between

-73-



i

the activation energy, AEY or AEY for phase 0 or Y and A_E(S

for phase
8, is expected to be very small, and this cannot account for the fact
that the relative emission intensity drastically increases with trans-
formation into phase §.

For the purpose of interpretation of this phenomenon, we measured
reflection spectra on the high-pressure phases of Sr0.99EUO.OlB204 and
EuBZO4 (see Fig. 3)., However, we could not obtain their reflection
petterns at a shorter wavelength than their emission peak positions,
since the measured reflection spectra were mixed with the emissions
from the samples owing to the integrating sphere attachment of the
spectropho;ometer, except those of the EuBZO4 modifications of which
the emissions are very weak, For Sr0.99EuO.OlB204’ phase o gives a
broad band with the absorption edge at about 440 nm, and the emission
band is completely included in this absorption region. The absorption
edge shifts to short wavelength with transformation into the highef—
pressure phase, and sample d (the pure phase of §) no longer gives an
apparent absorption edge. Phases a-, y-, and <S--EuB204 give broad ab-
sorption bands, which completely include the corresponding emission
bands. This suggests that some 5d levels of Eu2+ ions in the modifi-
cations of EuBZO4 are lowered by the interaction between the neighbor-
ing Eu ions compared with the luminescent center, and the absorption
in those levels cannot contribute to emit. The fact that the absorp-

tion spectra of vy~ and §-EuB are not sharp compared with that of

2%
OL--EuBZO4 must be due to their low crystallinity. It is noticeable

that the absorption spectra of a~EuB204 and a'sr0.99E“0.01B204 are

closely similar to each other, and their emission bands completely
overlap the sbsorption spectra. In general, the reflection spectra of
Eu2+—activated phosphors correspond to their excitation patterns except

for the absorption of matrixes, and the degree of overlaps for the

emission and excitation bands is small, That is in good agreement with

the case of 6—Sr0'99Eu0'OlBZOi but not with the ;ise of a- and Y-
.sr0.99Eu0.01B204' If the Eu®' ions in SrB204:Eu form a kind of

1" 1"

cluster,’” namely, a number of Eu” ions localized in a region of

which the Eu2+ concentration is very high and enough to interact with

7



the neighboring Eu2+ ions, SrB204:Eu2+ gives the same absorption pat--
tern as EuB204. 7

From Fig. 10, phases o, Yy, and § consist of (BOZ)oo chains, the
(B6012)m/network, and the (B306)Oo network, and the lower pressure phase
is seen to be the more " open " structure than the higher pressure one.
It seems that the sites which the Eu2+ ions in a-SrB204:Eu2+ can occupy
are located on (010) and (020) planes, and the Eu2+ ions haﬁe a ten-
dency to be concentrated on those planes. However, such tendency in
6—SrB204:Eu2+ must be very small since the Eu2+ ions are completely
surrounded by the BO4 units of the (B3O6)oo network and hardly migrate
to other sites. Consequently, the amount of the»cluster in G—SrBZOA:
Eu2+ must be smaller than that of other phases. This is supported by
the following facts: (a) the reflection patterns of phase o or y of
SrBZOA:Eu2+ and EuBZO4 are in agreement with each other different from
those of phase §. (b) 0L—SrB204:Eu2+ in which the Eu2+ concentration
is relatively high (>10 at%) has a tendency to be 8c<0 K, and this
suggests magnétic interactions between the neighboring Eu2+ ions.
(c) Thé color of u;SrB204:Eu2+ changes from pale yellow-white to white
with transformation into the high-pressure phases because the cluster
should be colored with light yellow as well as a-EuBZOQ.

The concentration quenching phenomena of Eu2+-containing phosphors

are interpreted by considering the energy transfer from Eu2+ to Eu2+

31)

ions on the basis of the Dexter theory, in which the nonradiative
process is regarded as being undergone by repeating the energy trans—
fers. Since the 4f->5d transition in Eu2+ ions is allowed one, the
transfer will mainly take place via a dipole-dipole interaction.

The critical distance, Rc’ defined by Blasse32) is the distance
between two luminescent centers, S (sensitizer) and A (activator), at
which the probability of transfer from S to A is equal to the proba-
bility of radiative emission of S. '

If we substitute in Eq. (1-4) P,=0.01 (the usual value for 4f-5d
transitions) and E=3.4 eV (the mean energy around the region in which

the emission band overlaps with the reflection band) and we estimate

-1 ' .
the energy overlap at 1.0 eV ~ on a—sr0.99Eu0.OlB204 from Fig. 3
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because the emission band completely overléps with the reflection one,
we find R.=25 g. Since the mean distance between the neighboring Eu2+
ions of EuBZO4 is 4,080 A for six nearest neighbors and 6.632 R for
ten second-nearest neighbors, the probability of Eu2++Eu2+ energy
transfer is very high and hence the emission from a—EﬁB204 should be
very weak, For a—er.QQEuo.OlBZOA’ the Eu2+ ions almost exist in two

types of regions: the Eu ions in the first type are dispersed by
Sr2+ ions at the longer distance than at least 25 A from the neighbor-

ing Eu2+ ions while the second type is the region of the cluster formed

2+

by a number of Eu2+ ions. The Eu” ions in the former region contrib-

ute as the luminescent center, but the concentration quenching effect

in the cluster region is expected to be very strong. The energy-level

diagram of Eu2+ ions in phases o and § of SrB,0 'Eu2+ are illustrated

2+ 24 2+
in Fig. 13, The emission of a—SrBZOA:Eu in which many Eu” ions
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Figure 13. Proposed energy-level diagram of Eu2* ions in phases
o and § of SrB204:Eu2+. The narrow 4f7 level is represented
with horizontal lines whereas the broad 4f05d4 level corresponds
to the hatched broad band. The black half-circles are levels
of the luminescent center.
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easily form the cluster should be weak. The energy transfer from Eu
in the former region to Eu2+ ions in the cluster region must not en-
tirely contribute to the emission process.

If we substitute in Eq. (1-6) V=6,589x12.018x4.337 A3, N=4, and
R.=25 K for a-SrBZOA:Eu2+, we find xczo.Ol. This value deviates from
the observed one, x.~0.04 (see Fig. 5), and this fact must be due to
the formation of clusters. The clusters contribute to decrease the
calculated value owing to the increase of the overlap ffEu(E)FEu(E)dE
between the emission and the ref;ection spectra while to increasing
the observed value because Eu2+ ions are concentrated at the limited

regions. -Cohsequently, the true value must be 0.01<xc<0.04. The Eu2+

ions in Y—SrB204:Eu2+, which also is the " open " structure, almost

seem to behave as well as in a—SrBZOA:Eu2+.

In phase § of SrB204:Eu » the such cluster region is scarcely
formed and each Eu” ion is considerably isolated from the neighboring
Eu2+ ions by the BO4 units, and hence the possibility‘of Eu2+—>Eu2+
energy transfer must be lower than that of other phases. Consequently,
the relative emission intensity of SrB204:Eu2+ drastically increases
with transformation into phase §. This agrees with the fact that
SrB4O7:Eu2+, which consists of a three-dimensional (B407)m network of
BO4 tetrahedra in a similar manner as phase § and in which the Eu2+
ions are completely surrounded by BO4 units, %ives a strongzi@ission
compares with other borates, viz., Sr3B206:Eu s SrzBZOS:Eu , and o~

SrB’ZOA:EuZ+ as discussed in the previous chapter.

3-5. Summary

High-pressure syntheses and characterization by magnetic suscep-
tibility and luminescent measurements were made on europium(II) meta-
borate, EuB204, and Eu2+—activated alkaline earth metaborates, SrBZOA:
Eu™" and CaB204:Eu . The pressure-temperature phase diagram of
EuB204 was determined by X-ray analysis. This diagram consists of the
following four regions: the high-pressure phases of a, Y, and ¢ and

the decomposed phase of EuB407-%Eu2B205. Phase 6—EuB204 was para-
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magnetic whereas other phases were antiferroagnetic. It was found

2+

that the high-pressure phases of EuB SIBZO4!EUZ+, and CaB,0, :Eu

29 2%
gave the band emissions based on a 4f'-4f 5d transition and the peak
positions of their emissions shifted to long wavelength with trans-
formation into the high-pressure phases. The emissions of EuBZO4
consist of a weak band at about 370 nm for phases o and Y, a band at
about 410 nm for phase §, and two bands at about 368 and 395 nm for
the decomposed phase. Also their emission intensities drastically

increased with changing from phase Y to §; particularly, §-SrB,0 :Eu2+

was found to be an efficient photoluminescent material, The cimgound,
Sro.ggEuo’OlBZOA,'gives a strong emission at 395 nm, and its relative
emission intensity (about 60 %) under an optimum (313 nm) excitation
was about 100 times higher than that of phase o. These results were
discussed by considering the relationship between their crystal
structures and theories for the magnetic interactions and energy trans-
fer phenomena.

The phase of B—SrA14O7 was obtained by the hydrothermal prepara-
tion method under high-pressure conditions, and the structure was de-
termined from three-dimensional X-ray diffraction data (R=0.047 for
‘324 observed reflections). The crystal lattice consists of a three-
7)oo network of Al(l)O6 octahedra and A1(2)O4 and .
A1(3)04 tetrahedra, of which the Al-0 bond lengths are 1.795 to 1.968 A
for the octahedra and 1.449 to 1.537 & for the tetrahedra. These

dimensional (A140

distances of AlO4 units are considerably shorter than those in the
other aluminates. Each Sr atom is surrounded by ten O atoms with

interatomic distances from 2,503 to 2,664 K
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4. HIGH-PRESSURE SYNTHESIS AND PROPERTIES OF EUROPIUM(II) METASILICATE

4-1, Introduction

-+
In the preceding chapter, the emission intensity of SrB204:Eu2

has been found to increase drastically when the host lattice transforms
into a high-pressure phase (6§ form). Alkaline earth metasilicates show

various high-temperature and high-pressure polymorphisms.as) The

calcium silicate, 0~ or B—CaSiO3 (atmospheric pressure form) is trans-—
formed into 6—Ca8103 at about 30 kbar and 900°C, and S—CaSiO3 is ob-

tained above'100 kbar at 1OOO°C.49) The structure of B- Ca8103 (low~

temperature form) consists of (SiO ), chains of 8104 tetrahedra, 50)

‘while oL—CaSiO3 (high-temperature form) has been presumed to contain a

51)

(Sl ) ring of three S5i0, tetrahedra. Trojer v) has determined
& 4

the Structure of G—CaSiOB, of which the structural framework is the
same (51309)6_ ring as in u—CaSi03. The € phase crystallizes in‘the
cubic system (perovskite type) and its structure is composed of a
‘three-dimensional (3103)oo network of Si0; octahedra. The strontium
metasilicate, 0-SrSi0j, also gives two high-pressure phases at 34-120
kbar and 750-1400°C°3) but their structural analyses have not been
performed.

The luminescent properties of Eu2+—activated silicates in a system
M'()—S:'LO2 (M=Ca, Sr, and Ba) have been investigated by some workers,la)
who have found that those silicates give band emissions colored with
violet-blue to green. Among thgnn PPZSiOA:Eu2+is a green-emitting
phosphor with high quantum efficiency, and PPSiOB:EuZ+has been reported
to show emissions varylng from violet to green depending on the heating
temperature of samples. ?)

If the above—mentioned‘high—pressure phases of CaSiOB:Eu2+ and
SrSiO3:Eu2+ are obtained, they will show various luminescent properties.,
The silicate, a—EuSiOB, also can be expected to transform such high-
pressure forms as mentioned above. This chapter describes the high-

CaSio 'Eu2+, the lumi-

3? 3 3°
nescent properties of the resulting materials, and the crystal

pressure syntheses of EuSiO :Eu2+, and SrSiO
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structures of g~, §-, and §-Srsio Fufthermore, the luminescent

properties are discussed with regzrd to the X-ray structural analyses
and IR spectra of the host lattices, the temperature dependences of
the emission spectra, and experimental results of CaSiO3:Pb2+ and
SrSi03:Pb2+. '

4-2, Experimental

A. Sample preparation. The atmospheric pressure phase, 0~EuSiO

s
was obtained by heating a mixture of appropriate amounts of Eu203 ’
(99.99 %), S$i(99.999 %), and SiO2 (99.999 %) at 1400°C for 3x2 h (two
times) in Ar. The phosphors of u-MSiOB:Eu2+ (M=Ca and Sr) were
prepared by the following standard ceramic technique: appropriate
amounts of SiO2 and.MC03:Eu3+, coprecipitated from a dilute HCl solu-
tion of luminescent grade MCO3 and Eu203 by the slow addition of a
(NH4)ZCO3 solution, were fully mixed, pelletized, and heated at 1300°C
for 3 h in a reducing stream of HZ' The high-pressure treatments of
samples were carried out with a cubic anvil type apparatus (V60 kbar)

and a split-sphere type apparatus (60-150 kbar).54)

The powdered
samples were packed into boron nitride cups (6 mm X 3.2 mm for the
former apparatus or 3.5 mm x4 mm for the latter one) and were heated
by a graphite or a molybdenum heater. A Pt/Pt-13%Rh thermocouple was
employed to measure the temperature of the sample. After maintaining
the desired pressure and temperature, the samples were quenched to
room temperature, and then the pressure was released.

Single crystals for the polymorphs of SrSiO3 were grown from a
mixture of polycrystalline OL—SrSiO3 containing KC1 of a mol. ratio,
SrSiOS:KCl=lO:1, as a flux. The samples were subjected to the appro-
priate pressure at 1300 or 1400°C for 60 min and then were allowed to
cool to 800°C at a rate of 2°C/min. The applied pressures were 33,
40, and 55 kbar for o, §, and G'phases, respectively. Transparent
single crystals (%0.3 mm long) were grown, the crystal habits of which
were plates for the o and § forms and needles for the § one. For runs,

in which samples containing the larger amount of KC1 than the above-
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mentioned ratio of SrSiO3:KCl were used, an unknown phase was formed
as a by-product. The polycrystalline samples for the polymorphs of
SrSiO3 were obtained as follows: Oc_—SrSiO3 was prepared by heating

stoichiometric mixture of SrCO3 and SiO2 at about 1300°C for 5%2 h

(two times) in air, and 6- and (S'—SrSiO3 were prepared from a-SrSiO, by

3
treatments of 40 and 60 kbar at about 1000°C.

The atmospheric phases of Pb2+¥activated phosphors, a-CaSiOB:Pb2+,

B—CaSiO3:Pb2+, and a—SrSi03;Pb2+, were prepared by the following solid-
state reactions: appropriate amounts of MCO5, S$i0,, and PbO (99.9 7%)
were fully mixed, pelletized, and heated at various temperatures
(1050-1100°C, B-Ca$i0,:Pb""; 1250-1350, oz—CaSiOB:Pb2+ and 0-SrSi0,:
Pb2+) for 3%x2 h (two times) in Ar. The high—préssure treatments of
0-Cas10,:Pb?" and 0-5r$10,:pb2 '

tus as mentioned above,

were carried out with the same appara-

B. Optical and magnetic susceptibility measurements, Ultraviolet

luminescent spectra and magnetic susceptibilities of powdered samples
were measured with a Shimadzu recording absolute spectrofluorophoto-
meter and a Shimadzu MB-11 magnetic balance according to the techniques
described in the previous chapter. The quantum efficiencies were es-
timated from the relative emission intensities taking into account the
absorbances of the samples, which were determined by measurements of
diffuse reflection spectra with a Shimadzu double-beam spectrophoto-
meter UV-180 equipped with an attachment for an integrating sphere,
using optical filters cutting the emissions of samples. The tempera-
ture dependences of luminescences were measured over the range between
liquid N, temperature (77.4 K) and about 450 K in a stream of dry N2
gas. The IR spectra of samples were obtained using the apparatus and
method described in the first chapter.

C., X-ray measurements, Preliminary oscillation and Weissenberg

photographs showed that the crystals of a-, 8-, and 5'—SrSiO3 belong to
the monoclinic system of C2, Cm, or C2/m (systematic absence: h+k=2n+l
for hkl reflections), the triclinic system of Pl or PI, and the mono-

clinic system of P21/c (systematic absences: 1=2n+l for hOl reflections

and k=2n+1 for O0kO reflections), respectively. Accurate cell parame-
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ters are presented in Table I,

The intensity data were measured on a

Rigaku automated four—circle diffractometer with graphite-monochro-

matized Mo KO radiation according to the techniques as described pre-

viously. All possible reflections were collected up to the 28 vélue

of 60°,

tions; 6~SrSiO3,

" tained, and were used for the latter calculations.

The observed reflections with Fd>30Fo (a—-8rSio
1458 reflectionsy §-Srsio

3’

3» 730 reflec-

914 reflections) were ob-

The usual Lorentz

and polarization corrections were applied, but the absorption and

anomalous dispersion effects for heavy atoms were not considered.

D. Structure determinations and refinements,

The structures of

Table I. Crystal data and X-ray measurements for

the high-pressure polymorphs of S5rS5i03

o form § form 8’ form
F.W. 163.70 |
Symmetry Monoclinic Triclinic Monoclinic
S.G. c2 P1 P21/c
a (A) 12.323(5) 6.874(2) 7.452 (4)
b (A) 7.139(2) 6.894(2) 6.066 (2)
c (X) 10.873(5) 9.717(3) 13.479(7)
o (°) 85.01(3)
8 (%) 111.58(4) 110.57(3) 117.09(4)
v (°) 104.01(2)
v (A3) 889.5(6) 418.3(2) 542.5(4)
Dm (g/cm) 3.64 3,87 3.96
Dx (g/cm>) 3.67 3.90 4,01
Z 12 6 8
A (Z) 0.71069
(Ho KoL), 17.83 18.95 19.48
(mm ™)
F(000) 912 456 608
Cryst size  0.20%0.20 0.08%0.07 0.15%0,25
(mm3) x0.07 x0.15 %0.10
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O-, §-, and 8-SrSi0, were solved by the direct method (MULTAN 78 pro-
gramSS)) and were refined by the method of block~diagonal least-squares
(HBLS-V programzz)). The final positional and thermal parameters along
with their estimated standard deviations are listed in Tables 1L, III,
and IV, v

As the space group of q—SrSiO3, C2 was adopted, and the atoms of
Sr(1l), Sr(2), and Sr(3) were found to occupy the general positions
[site 4(c)].
determined from the difference Fourier maps.
nates of Si(l), Si(3), 0(1l), and 0(6) could be located at the special

sites 2(a) énd 2(b) and those of the other atoms at general positions.

The coordinates of the remaining atoms (Si and 0) were

Among them, the coordi-

Isotropic refinements for all atomic parameters gave R=0.053 and R =
0.082 for 730 observed reflections. The weighting scheme w=(Fm/Fo)2
for F>Fy (=30.0) and w=1.0 for F,<F, (=30.0) was employed.

For the § form, the space group of P1 gave a satisfactory result
~and coordinates of Sr atoms could be determined as follows: Sr(l) at

0.75, 0.25, 0.00; Sr(2) at 0.26, 0.08, 0.65; Sr(3) at 0.11, 0.58, 0.35,

Table II. Final positional and thermal parameters
for 0~8rSi03, with their standard deviations in
parentheses '

Atom X v z B (Az)

Sr(1) 0.0873(11) 0 0.2494(9) 0.34(2)

Sr(2) 0.2455(16) 0.4780(19) 0.2458(18) 0.33(2)

Sr(3) 0.4128(11) -0.0207(14) 0.2516(9) 0.42(2)

Si(l) 0 0.417(6) 0 0.34(7)

Si(2) 0.116(4) 0.790(5) -0.001(4) 0.45(5)

51i(3) 0 1.075(7) S 1/2 0.31(7)

Si(4) 0.130(4) 0.702(5) 0.498(3) 0.39(5)

0(1) 0 0.874(16) 0 0.28(18)

0(2) 0.042(12) 0.323(13) 0.139(10) 0.74(16)

0(3) 0.107(11) 0.532(14) -0.009(9) 0.73(14)

0(4) 0.130(11) 0.842(12) =-0.142(11) 0.52(14)

0(5) 0.223(12) 0.835(14) 0.139(11) 0.90(17)

0(6) 0 0.605(16) 1/2 0.34(19)

0(7) 0.049(9) 1.185(13) 0.635(9) 0.69(15)

0(8) 0.110(11) 0.911(12) 0.511(9) 0.41(14)

0(9) 0.119(12) 0.659(14) 0.350(11) 1.12(16)

0(10) 0.213(9) 0.643(12) 0.630(9) 0.40(13)
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Table III.

Final positional and thermal parameters for G—SrSiOB, with their estimated standard
deviations in parentheses

a

Atom x y z U1 Uso Us3 Upo U13 Uzs

Sr(l) 0.752(2) 0.250(1) 0.003(1)  458(22) 274(17) 235(17) =42(15) 111(16)  25(14)
Sr(2) 0.262(2) 0.079(2) 0.652(1)  641(24) 515(21) 308(20)  349(20) . 101(17)  98(16)
Sr(3) 0.110(2) 0.578(2) 0.348(1)  880(27) 449(20) 316(20) 403(19) 337(18)  244(16)
Atom X y z B (A2) Atom X v | z _.-_B (42)

Si(1) 0.600(5) 0.391(5) 0.291(5) 0.91(6) O(4) 0.473(12) 0.386(11) 0.129(11) 0.87(16)
S1(2) 0.256(4) 0.250(4) 0.012(4) 0.40(5) 0(5) 0.094(11) 0.377(10) =0.079(10) 0.54(14)
$1(3) 0.253(5) 0.056(4) 0.290(5) 0.78(6) 0(6) 0.366(10) 0.131(10) -0.082(10) 0.45(14)
0(1) . 0.759(10) 0.258(10) 0.266(10) 0.44(14) 0(7) 0.173(11) 0.090(10) 0.127(11) 0.71(15)
0(2)  0.439(10) 0.247(9) 0.384(9) 0.24(13) 0(8) 0.371(11) -0.112(10) 0.269(10) 0.68(15)
0(3) 0.757(11) 0.563(10) 0.388(10) 0.61(15) 0(9) 0.122(11) -0.053(10) 0.389(10) 0.58(15)

@ The form of the anisotropic thermal parameter (X 10*) is exp[=2n* (U, h*a*? + U.“)c’b*’ + U, Lre* + 20U, hka*b* + 2U ,hla *c* +
20, klb*c*)).



Table IV. Final positional and thermal parameters for GLSrSiOS, with their estimated standard

deviations in parentheses

a

Atom x y z U11 Uy, U3z U12 U13 Uss
Sr(l) 0.2567(10) 0.0897(9) 0.3404(10)  94(5) 39 (4) 79 (5) 1(4) 59 (4) 7(4)
Sr(2) 0.2147(10) 0.8983(10) 0.6261(9)  77(4)  41(4) 65(5) ~3(4) 42 (4) 2(4)
Atom X y z B (A2) Atom X y z BV(ZZ)
si(1) 0.158(3) 0.590(3) 0.408(3) 0.37(4) 0(3) 0.054(8) 0.829(8) 0.400(8) 0.37(11l)
Si(2) 0.451(3) 0.353(3) 0.617(3) 0.31(4) 0(4) - 0.314(9) 0.561(8) 0.539(9) 0.71(12)
0(1) 0.311(8) 0.590(9) 0.346(8) 0.50(10) 0(5) 0.433(8) 0.328(8) 0.733(8) 0.46(11)
0(2)  0.005(8) 0.386(8) 0.351(9) 0.48(10) 0(6) 0.400(8) 0.127(8) 0.548(8) 0.49(11)

¢ The form of the anisotropic thermal parameter (X 10°) is exp[—2a* (U

2U, klb*c%)].

Wh2a* 4+ U k?b* + Uy Pe®® 42U, hka*b* + 2U yhla *c* +



The remaining atoms (Si and O) were located on the successive Fourier
maps. vSeveral cycles of the refinement with anisothermal parameters
for Sr atoms gave conventional R and Rw values of 0,043 and 0.077,
The weighting scheme cf Fm=20.0 was used,

The Sr atoms of (S—SrSiO3 were located at 0.26, 0.09, 0.24 for

Sr(1) and 0.21, 0.90, 0.63 for Sr(2), and the coordinates of Si and O
atoms were determined from the difference Fourier maps. All of these
atoms dccupy general positions [sife 4(e)] of space group P21/c,
The values of R and Rw were finally converged to 0.046 and 0.050 by
the anisotropic refinements for Sr atoms. The same weighting scheme
(Fm=30.0) as a—SrSiO3 was used for the refinement, The atomic scat-
tering factors used in all the calculations were taken from Inter-

national Tables for X-ray Crystallography.ZA)

4-3. Results

A. EuSi03, Under pressures of 60 and 70 kbar at 1000—1400fC,
OL-EuSiO3 transformed into two high-pressure phases, which were termed
in a similar manner as calcium and strontium analogs, viz., 6~ and 3
EuSiOB. This polymorphism is the same as that shown in SrSiOB.

The magnetic properties of the resulting materials are summarized

in Table V. Since the effective magnetic moments, yu g are in good

ef
agreement with the theoretical value (7.94 up), the ions of Eu in the

samples can be considered to be mainly in the divalent state. The

Table V. Magnetic data for the high—pfessure
polymorphs of EuSi0j

Phase Treatment

P (kbar) T (°C) Hoge (MB) O (&)
o — — 7.95 -1
60 1000 7.72 -3
! 70 1200 7.83 -3
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paramagnetic Curie temperature is about -1 K for OL—EuSiO3 and about

-3 K for 8~ and 6LEuSiO3. This indicates that these samples are pafa-
magnetic down to low temperatures, and thus the magnetic interactions
between the neighboring Eu2+ ions are weak.

B. Crystal structures of a-, 6-, and 6LSrSiO3. The interatomic

~distances and angles in oa—'SrSiO3 are summarized in Table VI. The
projections of the Ol—SrSiO3 structure viewed along the b and ¢ axes
are shown in Figs. 1 and 2, The structure consists of Sr atoms and
(Si O ) rings, which are alternately pseudohexagonally packed along
the dlrectlon perpendicular to (001). Because of this arrangement,
the symmetry of u—Sr81O3 has been reported to be pseudohexagonal,
There are two kinds of (81309) rings, one type comprising one
Si(l)O4 and two Si(2)04 tetrahedra and the other one Si(3)04 and two
Si(4)(_)4 tetrahedra with shared O atoms. The atoms Si(1), Si(3), 0(1),
and 0(6) are located on twofold axes parallel to the b axis, and the
centers of gravity for those (Si309)6~ rings also lie on these axes.

Consequently, the (Si,0.)°  rings should show twofold rotation symme-‘

3 9) ‘
try. The Si-0 bond lengths of the S]’_O4 tetrahedra vary from 1.48 to
1.85 A and 0-Si-0 angles [96.7(6)-133.9(8)°] considerably deviate from
the value for a regular tetrahedron (109.47°).

Atoms of Sr occupy the sites Sr(1), Sr(2), and Sr(3). Each Sr
atom is surrounded by eight O atoms, with Sr-0 dlstances from 2.39 to
2,83 A to form an Sr08 dodecahedron. The polyhedra Sr(1)08, Sr(2)08,
and Sr(3)08 are alternately connected with one another to form layers
of SrO8 on planes (004) and (004). The crystal lattice is a three-
dimensional arrangement of these layers linked together with the
(Si309)6— rings by the O atoms,

The interatomic distances and angles in G—SrSiO3 are listed in
Table VII, and the projection of its structure is shown in Fig, 3.

The atomic parameters of §~SrSiO3 (Table III) almost agree with those
of (S—CaSiO3 reported by Trojer,sz) where the a, b, and c axes of §-

CaSiO3 correspond to the -a, c, and b axes of G—SrSiOS, and hence the
6 forms of SrSiO3 and CaSiO, are isostructural, The structure of §-

3
SrSiO3 consists of the same (81309)6— rings as do the o forms of
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Table VI. 1Interatomic distances (A) and angles (°) in
0-Sr5i03, with their estimated standard deviations in

parentheses

(a) The Si.O

304 ring

Si(1) -0(2)
-0(3)
‘Average
si(2) ~o(1)
-0 (3)
-0(4)
-0(5)
Average
§i(3) -o(7)
-0(8)
Average
si(4) -0(6)
-0(8)
-0(9)
~0{10)
Average

{(b) Sr-0 distances

Sr(l) -0(1)
-0(2)
-0(41)
-0(51)

Sr(2) -0(2)
-0(3)
-0 (411)
-0(5)

sr(3) -o(2ii)
-0 (31i1)
-0(41)
-0(5)

Symmetry code: O(n

oniily(1/2-x, 1/2+y, 7).

e el

s .
Si(l)-tetrahedron

1.56(1) (x2) 0(2)-8i(l)~-0(2%)
1.59(2) (x2) 0(2)~-8i(1)-0(3)
1.58 0{2)-Si(1)-0(31)
0(3)-si(1l)~0(3%)
Average
Si(2)-tetrahedron
1.55(2) 0(1)-si(2)-0(3)
1.85(2) O(1)-8i(2)~0(4)
1.65(1) 0(1)-5i(2)-0(5)
1.64(2) 0(3)~-Si(2)-0(4)
1.67 0(3)-8i(2)~0(5)
0(4)-8i(2)-0(5)
Average
S$i(3)~tetrahedron
1.58(1) (x2) 0(7)-Si(3)-0(7%)
1.76 (1) (x2) 0(7)-s8i(3)-~0(8)
1.67 0(7)-Si(3)~0(81)
© 0(8)-Si(3)~-0(81)
Average
Si(4)~tetrahedron
.75(2) 0(6)-5i(4)-0(8)
.53(1) 0(6)~Si(4)-0(9)
.60(2) O0(6)-Si{(4)-0(10)
.48(1) 0(8)-51i(4)-0(9)
.59 0(8)-Si(4)-0(10)
0(9)~si(4)-0(10)
Average

Sr(l) -dodecahedron

2.68(2) Sr(l) -o(71)
2.57(1) ~-0(8)
2.74(1) -0(9)
2.67(1y ~0(10111)
Average
Sr(2) ~dodecahedron
2.59(1) sr(2) -o(7i) .
2.69(1) ~0(glil)
2.42(1) -0(9) .
2.77(1) -0(10111)
Average
Sr(3)~dodecahedron
2.59(1) Sr(3) -o(sii)
2.59(1) ~0(71i1)
2.82(1) ~0(91ii)
2.43(1) -0(loiii
Average

N NN N

NN NN

2
2
2
2
2

129,
107.

98,
117,
109.

110.
109.
110.
.9(7)
104.
119.
109.

101

120

114

101

100

105

2(8)
3(8)
2(8)

7(7)
8(7)

.2(8)
104,
.6(7)

96.
109.

3(7)

7(6)

9(7)
101.

4(8)

.6(8)
109.
L4(7)
133.
108,

0(7)

9(8)
7

.78(1)
.83(1)
.64(1)
.54(1)

.68

.80(L)
.63(1)
.59 (1)
.70(1)

.65

.67(2)
.39(1)
.69(1)
.63(1)

.60

R, vy, B, omihy(1/24x, 1724y, 2),
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Figure 1. A projection of the 0-Sr8i03 structure viewed along
the b axis,
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Figure 2, A projection of the OL—SrSiO3 structure viewed along
the ¢ axis.
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o
Table VII. Interatomic distances (A) and angles (°) in
§-8r8i03, with their estimated standard deviations in

8i(1l)-~Tetrahedron

0(1)-s8i(1)-0(2)
0(1)-Si(1)-0(3)
0(1)-8i(1)-0(4)
0(2)-81i(1)-0(3)
0(2)-8i(1)-0(4)
0(3)-si(1)~-0(4)
average

Si(2)-Tetrahedron

0(4)-S1i(2)~-0(5)
0(4)-5i(2)-0(6)
0(4)-81(2)-0(7)
0(5)-81i(2)-0(6)
0(5)-Si(2)~0(7)

0(6)-81(2)-0(7)

average

. 8i(3)-Tetrahedron

parentheses
‘(a) The 51309 Ring

Si(l) -o(l) 1.68(1)
Si({l) -0(2) 1.74(1)
Si(l) -0(3) 1.52(1)
Si (1) -0(4) 1.51(1)
average 1.61
si(2) -0(4) 1.65(1)
5i(2) -0(5) 1.56(1)
Si(2) ~0(6) 1.59(1)
si(2) -0(7) 1.65(1)
average 1.61
Si(3) -0(2) 1.67(1)
Si(3) -0(7) 1.50(1)
S5i(3) ~0(8) 1.63(1)
Si(3) -0(9) 1.57(1)
average 1.59

(b) Sr-0O Distances

0(2)-8i(3)-0(7)
0(2)~5i(3)~-0(8)
0(2)-S1i(3)-0(9)
0(7)~s1(3)-0(8)
0(7)~-51(3)-0(9)
0(8)~8i(3)-0(9)
average

Sr(l)-Polyhedron

Sr(l) -0(6)
Sr(l) -o(6l)
Sr(l) -o(7i)
Sr(l) -o(81)
average

Sx(2)~-Polyhedron

Sr(2) -o(si)
Sr(2) -~0(9)
Sr(2) -o0(91)
average

Sr(3)-Polyhedron

Sr(l) -o(1) 2.55(1)
Sr(l) -o0(4) 2.96(1)
St (1) -0(5) 2.67(1)
sr(l) -o(51)  2.60(1)
Sr(2) -o(1i)  2.38(1)
sr(2) -o(31) 2.49(1)
sr(2) -o(s) 2.48(1)
Sr(3) -o(1) 2.78(1)
Sr(3) -0(3) 2.56 (1)
Sr(3) -0(31) 2,59(1)

Sr(3) -o(51)
Sx(3) -0(8)

Sr(3) ~-0{(9)

average

fsymmetry transformations: oy, (%, v, 2).
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NOoNN

NN N
.

109,
103.

91.
110,
108.
130.
109,

112,
105.

99,
115.
114.
107.
109.

113,
108,

108.

127,
103.
108.

L61(1)
.66(1)
.98(1)
.66 (1)

.33(1)
.56(1) .
.48(1)
.45

.53(1)
.69 (1)
.58(1)
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Figure 3, A projection of the 6—SrSiO3 structure viewed along
the a axis,

CaSiO3 and SrSiO3. The (Si309)6_ ring is constructed of three dis-
torted tetrahedra of Si(1)04, Si(2)04, and Si(3)04 by sharing the
cornered oxygens, 0(2), 0(4), and 0(7). Their Si-O0 bond lengths and
angles vary from 1.50 to 1.74 A and from 90.6 to 130.4°, respectively.
Each Sr atom is surrounded by six or eight oxygens with Sr-0 distances
of 2.33 to 2.98 A.

The interatomic distances and angles in §-Srs8i0, are presented in

Table VIII, and the projection viewed along the b axis is illustrated
in Fig. 4. This silicate contains a four-membered (Si4012)8" ring, in
which four tetrahedra are condensed by sharing O0(1) and 0(4) atoms.
Ehe (Si4012)8_ ring has Si-0 bond lengths ranging from 1.602 to 1.693
A, 0-5i-0 bond angles from 103.1 to 116.0°, and an inversion center.
Such four-membered rings have been found to be contained in complex
silicates, but not in the other metasilicates except for SLSrSiO3.56)
The Sr atoms occupy the eightfold sites with the Sr-0 distances vary-
ing from 2.409 to 3.058 X. The structure of <S'—S_rSiO3 is constructed

of Sr atoms and (Si4012)8— rings by packing along the b axis.
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Table VIII. Interatomic distances (Z) and angles (°) in

' , . . . s .
G—Sr8103, with their estimated standard deviations in
parentheses

(a) The Si4012 Ring
i Si(l)~Tetrahedron

si (1) -o(1) 1.693(9) 0(l)-si(l)-0(2) 104.6(5)
Si(l) -0(2) 1.620(9) 0(1)y-8i(1)-0(3) 112.1(5)
Si(l) -0(3) 1.624(9) 0(1)-Si(1)-0(4) 103.1(5)
Si(l) -0(4) 1.622(9) 0(2)-51i(1)~-0(3) 116.0(5)
average ) 1.640 0(2)-8i(l)-0(4) 115.7(5)
0(3)-Si(1)-0(4) 104.6(5)

average 109.4
) 'Si(2)-Tetrahedron ,
Si(2) -0(1) ~ 1.646(9) 0(1l)-8i(2)-0(4) 107.4(5)
8i(2) ~0(4) 1.662(9) 0(1)-5i(2)-0(5) 106.0(5)
si(2) -0(5) 1.636(9) 0(1)-5i(2)-0(6) 107.1(5)
Si(2) -0(6) 1.602(9) 0(4)-5i(2)-0(5) 112.4(5)
average 1.637- 0{(4)-51(2)~0(6) 111.6(5)
0(5)-58i(2)-0(6) 112.0(5)

average 109.4

{b) Sr~0O Distances
Sr(l)~Polyhedron ,
.556(8)

Sr(l) -0(1) 3.058(9) Sr(l) -o(3) ,6 2
3.054(9) - 8r(l) -0(5111) 2.409(9)
Sr(l) -0(2), 2.648(9) Sr(l) -0(6) 2.510(8)
Sr(l) -o0(211) 2.721(9) Sr(l) -o(61) 2.652(8)
average 2,701
Sr{2)-Polyhedron ,
sr(2) -o(liii) 2.714(9) . Sr(2) -0(4) 2.627(9)
Sr(2) -o(21) 2.492(9) Sr(2) -0(5), 3.063(9)
Sr(2) ~0(3) 2.752(8) Sr(2) -0(511) 2,478(9)
Sr(2) -o0(31) 2.496(8) Sxr(2) -0(6) 2.503(8)
average 2.641

8symmetry transformations: Sr(ni) and o(nl), (%, ¥, 2);
sr(nii) and o(nii), (%, 1/2+y, 1/2-2); Sr(niil) ana o(niily,
{x, 1/2-y, 1/2+z),
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Figure 4. A projection of the 6'—SrSiO3 structure viewed along
the b axis.

C. High-pressure polymorphism of Sr5i03 and EuSiO3, The lattice

parameters for the high-pressure phases of CaSiOB, SrSiO3, and EuSiO3
are summarized in Table IX. The behavior for the phase transformation
of CaSiO3 differs somewhat from the cases of SrSiO3 and EuSiO3° Two
phases 0~ and 6-—CaSiO3 correspond to the 0 and § forms of SrSiO3 and
EuSiOB, but the & form is a phase which has not been observed in CaSi0

Since the ionic radii of Sr2+ and Eu2+ are almost equal to each other

3°

(see ref. 57), both of SrSiO3 and EuSiO3 can be seen to show the same

high~pressure polymorphism.

D. Luminescent spectra of CaSiO3:Eu2+ and SrSiO3:Eu2+. A series

of high-pressure phases of CaSiO3:Eu2+ and SrSiOB:Eu2+ except for e~
CaSiO3:Eu2+ were obtained by treatments at 35-100 kbar and 800-1400°C,

All of the obtained samples showed band emissions assigned to the
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Table IX. Lattice parameters for the high-pressure polymorphs of
MSi04 (M=Ca, Sr, and Eu) :

_176—

Compound o form § form , 8’ form e form
a= 6.90 A a= 6.695(5) A
b=11.78 b= 9.257(7)
.~ a c=19.65 c= 6.666(6) _ 9
Ca8103 2= 90.0° a= 86.63(5)° a= 3.485(8) A
B= 90.8 B= 76.13(5)
Y= 90.0 Y= 70.38(5)
o a= 6.874(2) A o
a=12.323(5) A b= 6.894(2) a= 7.452(4) A
' b= 7.139(2) c= 9.717(3) b= 6.066(2)
Srsio c=10.873(5) o= 85.01(3)° ¢=13.479(7)
3 R=111.58(4)° R=110.57(3) R=117.09(4)°
v=104.01(2)
, a= 6.877(3) A .
a=12.337(6) A b= 6.898(3) a= 7.455(6) A
b= 7.141(3) c= 9.727(5) b= 6.,074(4)
EuSio vc=10.894(6) o= 85.01(4)° c=13.513(10)
3 R=111.58(4)° 3=110.58(4) R=117.19(6)°
Y=104.00(4)

85ce refs. 46-49.



48 - 4f65d transitions of Euz- ions, and their luminescent properties

con31derably varied with the phase transformations. The emission and
excitation spectra of Ca5103:Eu2+(1 atZ) and SrSiOB:Eu2+(1 at?%) are
shown in Figs. 5 and 6, and the luminescent data are summarized in
Table X. |

The peak positions for the emission bands of the samples shift to
short wavelength when the host lattices transform into high-pressure
forms, S—CaSiO3 and 6LSrSiO3, The emission bands are centered at the
following positions: 507 nm (green), a—CaSiO3:Eu2+; 472 nm (blue), &~
’CaSiOB'Eu2+; 498 nm (green), a—SrSi03:Eu2+; 503 nm (green), 6—SrSiOB:
Eu2+; 466 nm (blue), st Sr5101 Eu2+.

The excitation spectral patterns of samples consist of a band

2+

peaking at 311 or 323 nm for OL—CaSiOB:Eu2 or a—SrSiO3:Eu , two bands

peaking at 257 and 356 nm for 6—SrSiO3'Eu2+, and three bands peaking

at 248, 312, and 335 nm or 250, 314, and 350 nm for 6- ~Cas10,:Eu’"

8- SrSlO3 Eu2 . For the compounds containing Eu2+ ions, the absorptlons
in the near-ultraviolet region are attributable to the 4f+5d transi-
tlons of Eu2+ ions. Therefore, the absorption (reflection) spectral

patterns of the samples are generally compatible with their excita-~

Table X. Luminescent data for the high-pressure polymorphs of
Ca$103:EuZ*(1 at%) and SrSiO3:Eu2t(1l aty)

Treatment a b
Phase P T Amax(nm) A/2 (om) Q.E. (%) TSO(K)
(kbar)  (°C) :
0~CaSio, 507 70-80 =1 420
6-Ca3io3 45 1000 472 83 22 420
0-SrSi04 498 75-80 <1 380
§-5rsi0, 35 1000 503 63 6 300
515r5103 60 1000 466 58 37 360

aQ.E. =quantum efficiency under an optimum excitation at 300 K.

T5 —quenchlng temperature at which the intensity of the luminescence
is half of that at 77.4 K.
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Figure 5. Relative emission and excitation spectra (solid line),

and diffuse reflection spectra (dashed dotted line) for o~ and

6-Caslo3-Eu2 (1 atZ).

250 300
T

350 400 450 500 550 600
100 T T " T 100
—~ 5ok 50
o0
»
a 6=
0 g0
4',:1’ 100 100 —
c 5
g 3
o Y
g 50 50 @
3 —
o Ut
[
. 27
~ 9 0
(4]
100 100
SOF e et 50
0 % 1 L ] 1 1 1 [4]
250 300 350 400 LS50 500 550 600
X (nm)
Figure 6.

Relative emission and excitation spectra (solid line),
and diffuse reflection spectra (dashed dotted line) for the
high-pressure polymorphs of SrSi0Oj3:Eu +(1 at?).
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tion spectral patterns. The reflection spectra for 6—CaSiOB:Eu2+, S~

SrSiO3:Eu2+, and 6'—51’5103:Eu2+ can be seen from Figs, 3 and 4 to cor-
respond to the excitation spectra, but the excitation spectral patterns
of OL—CaSiO3:Eu2+ and a—SrSiOB:Eﬁ2+ are not compatible with the reflec-
tion spectral patterns which consist of two absorption bands- around

270 and 350 nm. From this observation, we can presume that there are
two kinds of Eu’’ ions in 0-Cas10,:Eu®" and a-SrSio3:Eu2+, that is,

one acts as the luminescent center but the other does not contribute

to the luminescence. If most of the Euz+ ions in the samples belong

to the latter type, we should observe only absorption (reflection)
patterns fotr this type of Eu2+ ions. The small amount of Eu2+ ions
must be classified as the former type and contribute to the lumines-
cence but not tovthe overall observable absorption spectrum.

The emission intensities (quantum efficiencies) of CaSiO3:Eu2+

3
with shifts for the peak positions of the emission bands when the host

and SrSioO :Eu2+ also were found to increase apﬁreciably to 20-40 times

1attices transform into G—CaSiO3 and GLSrSiO3. thile the quantum ef-
ficiencies of o phases are very weak (Q.E.~1 %), their high-pressure
phases give relatively high quantum efficiency values (under optimum
Eu2+; 7 %, 6-

Eu2+ concentrations and excitations): 22 %, 6—Ca5103:
:Eu2+. The concentration dependences for

sr$10,:8u°; 37 2, 8-51510,
quantum efficiencies of samples are summarized in Figs. 7 and 8. The
optimum concentration of Eu2+ ions for the 1umineScen¢e is around 1-2
at? for a—CaSiOB:EuZ+, 1 at% for 5-CaSi03:Eu2+, 2 at% for a-SrSiO3:Eu2+,
4 at?% for 6—SrSiOB:Eu2+, and 1 at?% for GLSrSiO3:Eu2+, respectively.

The temperature dependences for the emission intensities of the
samples are shown in Figs. 9 and 10. The light output at 77.4 K was
adopted as a standard for the température dependence of each sample.
The‘quenching curves of OL—CaSiOB:Euz+ and (S--CaSiOB:Eu2+ can be seen to
be closely similar to each other, and both of these phases give T50=
420 K (Table X). The shape for the quenching curve of OL—SrSiO3:Eu2+
differs from that of &~ and GLSrSiO3:Eu2+. The T50 values are 380,
300, and 360 K for the o, 8§, and & forms, respectively. However, the

data of the o form seem to be unreliable because its emission intensity
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Figure 7. Quantum efficiency vs. Eu2+ content (x) for the O and

§ phases of Cal_XEuX8103.
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» Figure 8. Quantum efficiency vs. Eu2+ content (%) for the high-
pressure polymorphs of Srl_XEuXSiO3.

is weak,

Ringwood and Major58) have pointed out that the perovskite modifi-

cation of CaSiO3 (¢ form) is obtained under pressures exceeding 100

kbar, but on the release of pressure, it retrogressively transformed

either to glass, e-CaSiO3, or mixtures of these phases. For CaSiO

2+, however, instead of e—CaSiO3 or the vitreous phase which are

3
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Figure 10. Temperature dependences of the light outputs for the
' high-pressure polymorphs of SrSiO3:Eu2+(l at?)

are expected to be obtained by the treatments of oL—CaSiOB:Eu2+ at 150
kbar and 1000°C, an unknown phase was obtained. Its X-ray powder dif-
fraction data are presented together with the data of e—CaSiO3 in Table
XI.

The stability for perovskite type structure of ABO3 oxides (A,
large cation; B, small cation) can be estimated from the tolelance fac-

tor t. In Table XII, the t values for the some silicates MSiO3 (M=Ca,
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Table XI.

X-ray powder diffraction data

for CaSiO3:Eu2+(l at%) and €-CaSi0y

CaS104:Eu’"  e-Casi0,?
< N
dps. B 1/Tg dps. B T/
3.03 100 2.467 100
2.92 75 2.009 60
2.79 95 1.742 80
2.75 .65 1.570 5
2.69 35 1.427 60
2.61 50 1.229 ‘ 50
2.52 ~ 55
2.44 50
2.40 30
2.28 30
2.19 55
2.12 30
2.04 35
2.02 25
1.98 50
1.89 20
1.63 .30
1.60 30
4Ref. 49b.
Table XII. Tolerance factors for

Sr, and Eu) are summarized.
When the value of t is between
0.89 and 1,00, in general, the
cubic perovskite modification
All of CaSiO3,
SrSi03, and EuSiO3 give larger
It is

is formed.

values of t than 1.00,
impossible for those silicates
that the perovskite modifica-

tion is obtained. From the

experimental results,ag)
however, CaSiO3 whose t value
is the smallest among them has

been found to be barely trans-

perovskite modifications of
MSiO3 (M=Ca, Sr, and Eu)

Compound ' v' t2
CaSiO3 1.08
SrSiO3 1.12
EuSiO3 1.11

rytrp
tjfg?;;figgy, where the value of

Tps rB; and ry represent the ionic
radii of M2+, si4t, and 02~, of
which the values are given in

ref. 57.
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formed into the € form by the treatments at very high pressures, but,
from their large values of t, both SrSiO3 and EuSiO3 cannot be expected
to give the € phase. Therefore, the experimental observation that the
perovskite modification of CaSiOB:Eu2+ has not been obtained by the
treatment at 150 kbar must be responsible for the large Eu2+vions in
the matrix of CaSiO3,

4-4, Discussion

. . o . + . '
Since the absorption (excitation) spectra of Eu2 —activated phos-
phors are attributable to the 4f+5d transitions of Eu2+ ions, their

spectral patterns reflect splittings of 5d levels By the crystal fields.

The Eu2+ ions in CaSiOB:Eu2+ and SrSi03:Eu2+ phosphors occupy the sites

of Ca2+ and Sr2+ ions. 1In Fig. 11, we illustrate the oxygen arrange-
ments around the Eu2+ ions in SrSiO3:Eu2+ polymorphs, The o and §

pﬁases of CaSiO3 or SrSiO3 are approximately or entirely isostructural
with the corresponding analogues, and hence the anion environments of

the Eu2+ ions in CaSiO3:Eu.2+ are closely similar to those in SrSiO3
Eu2+, The symmetries of these polyhedra are very low (point group Cl),
although the Eu08 polyhedra in a—SrSiOB:Eu2+ have a symmetry similar to
that of a polyhedron with point group Ci. It may be difficult, there-
fore, to assign exactly the excitation specfral patterns on the basis
of the splittings of 5d levels by the crystal fields.

The Eu2+ ions in GLSrSiOS:Eu2+; which are surrounded by eight
oxygens, give an excitation spectrum consisting of three bands (Fig.
6). This observation means that the Eu(l)O8 and_Eu(2)08 polyhedra
shown in Fig. 11 form the crystal field by which the 5d level is split
into three levels. o
2+

:Eu2+ and SrS$i0,:Eu” , the Eu2+ ions

3 3
occupy the eightfold sites to form similar EuO8 polyhedra to those in

For the o phases of CaSiO

GLSrSiO3:Eu2+. Thus these phosphors can also be expécted to give the
same crystal fields around Eu2+_ions as GLSrSiO3:Eu2+. However, the
estimated excitation spectral profile agrees with the reflection

spectra, but not with their excitation spectra., It is concluded that
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a) o form

Eu(2)0g
b) § form

Figure 11. Schematic illustrations of the Eu0, polyhedra in the
high-pressure polymorphs of SrSiO3:Eu2+ phosphors.

the Eu2+ ions placed on the eightfold sites in OL—CaSiO3 and OL—SrSiO3
cannot give the luminescence and contribute only to the absorption in
the near-ultraviolet region. The Eu2+ ions responsible for the lumi-
"nescent centers must be located -on positions difficult from the above-
mentioned eightfold sites, e.g., grain boundaries or vitreous regions
in the matrix,

For §-SrSi0,:Eu

3
oxygens to form Eu(l)OS, Eu(2)06, and Eu(3)06 polyhedra. Among them,

2+, the Eu2+ ions are surrounded by six or eight

the EuO6 octahedra give a different crystal field from that of EuO8
polyhedra, by which the 5d level of Eu2+ ion is split into two levels
of e_ and t2g’ roughly speaking, because the symmetries of the Eu(Z)O6

g
and Eu(3)06 octahedra are similar to that of the regular octahedron.
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As two~third of the Eu2+ ions statistically occupy the sixfold sites
of Sr(2) and Sr(3) atoms in G-SrSiO3, this phosphor apparently gives
the excitation spectrum of two bands peaking at 257 and 356 nm.

The § phase of CaSiOB:Eu2+, which is isostructural with 6—SrSi03:
Eu2+, is expected to give an excitation spectrum with two maxima, but

its spectral pattern consists of three bands like that of 8-SrSioO.:

3
Eu2+. This can be interpreted from the difference in the ionic radii
24+ 2+ 24 . . 2+,
of Ca”', Sr” ', and Eu”'. The ionic radius of Eu™ is almost equal to

that of Sr2+, but it is larger than that of Ca2+. Thus the Eu-~0 and

Sr-0 distances should be long compared with the Ca-0 length. The mean
Ca-0 and Sr-0 distances in CaSiO3 and Sr8103 polymorphs are presented
in Table XIII. For 6- Ca8103, the Ca-0 length of the Ca(l) site (2.630
A) is longer than those of Ca(2) and Ca(3) sites, and is comparable to
the normal Sr—-0 or Eu-0 distance (2.60—2.70 A). In G—Ca8103:Eu2 R
consequently, most of the Eu2+ ions are located on the eightfold site
of Ca(l) atom rather,than the sixfold sites of Ca(2) and Ca(3) atbmé,'
and hence this phosphor must give the same excitation spectral pattern
as GCSrSiOB:Eu2+.

The peak positions for emission bands of Eu2+;activated phosphors
also depend on the arrangements of the anions around Eu2+ ions, the
electronegativity of»anions, etc, Both'G—CaSi03:Eu2+ and GLSrSiOS:
Eu2+, in which the Eu2+ ions must occupy the eightfold sites with the
similar Eu-0 distances to each other, show the same emissions around
470 nm, whereas the Eu2+ ions placed on the eightfold and sixfold
sites in G-SrSiOB:Eu2+ give the emission band peaking at about 510 nm.

It is noticeable that the quantum efficiencies of CaSiO3:Eu2+ and
SrSiO3:Eu2+ appreciably increase when the host lattices transform into
the high-pressure phases. Since the constituent chemical species of
the samples are unchangeable throughout the phase transformations, the
differences in their quantum efficiencies are qualitatively inter-
preted by considering the crystal structures.

Repeats of the energy transfers via Coulomb and exchange inter-
actions between neighboring Eu2+ ions are pointed out as one of the

quenching effects on Eu2+—activated phosphors. The critical distance
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Table XIII. Oxygen arrangements around Sr atoms in
the high-pressure polymorphs of CaSiO3 and SrSiO4

Phase Site c.N.2 Mean M-0O dist.(&)
d~CaSiO3b Ca . 8 ’ —
Ca(l) 8 2.630
G—CaSiOBC ca(2) 6 2,467
’ Cca(3) 6 2.375
Sr(1) 8 2.68
0-5r5104 Sr(2) 8 - 2.65
Sr(3) 8 2.60
Sr (1) 8 2,71
6—-SrSiO3 Sr(2) 6 2,45
Sr(3) 6 2.62
/ . . Sr(l) 8 2.701
8-5r5104 Sr(2) 8 2.641

8C.N. =Ca or Sr coordination number to oxygen.

bThe detailed structural analysis of thls form
has not been performed.

“Ref. 52.

Re for most of them is 20-25 A for the Coulomb interaction and 4~5 &
for the exchange interaction, where R, represents the distance between
the luminescent centers, S (sensitizer) and A (activator) at which the
probability of transfer from S to A is equal to the probability of ra-
diative emission of S. The Eu2+ ions in Eu2+—activated phosphors act
as both S and A, The magnifudes of the above-mentioned interactions
can be estimated from the proportion of oveflap between the absorption
(reflection) and emission bands, and depend on the number of neighbor-
ing Eu2+ ions and their interatomic distances., The distances between
the neighboring sites which can be occupied by the Eu2+ ions in SrSiO3:
Eu2+ polymorphs are summarized in Table XIV. The mean distances are

3.85-4,12 A for the nearest Eu neighbors and 4.24-5.08 A for the second~-

nearest Eu neighbors, respectively. These distances suffice for the

energy transfer.
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Table XIV. Interatomic distances between the Eu neighbors
in the high-pressure polymorphs of SrSiO3:Eu2+

Mean Eu-Eu dist.(&)a

Phase Site
» nn nnn

. Eu(l) ' 4,12 (x6) 5.08(x2)
OL--SrSiO3 Eu(2) 4,12(x6) 5.07(x2)
Eu(3) 4.12(%6) 5.04(x2)

Eu(l) 3,89 (x4) 4,24 (%2)

6—Sr5103 Eu(2) 3.88(%3) 4,41 (%x2)
Eu(3) - 3.85(x4) 4,41 (%X2)

SLSrSiO Eu(l) 4,03(%6) o 4,62(%1)

3 Eu(2) 3.92(%6) 5.05(%X1)

a__ - . '
nn and nnn represent the nearest and second-nearest Eu
neighbors, respectively. '

From the reflection spectral measurements of the éamples (Figs. 5
and 6), generally speaking, the overlaps between the reflection and '
emission bands are small. Thus, energy transfers between the neighbor-
ing Eu2+ ions do not occur so often. However, OL—CaSiO3:Eu2+ or O.-
SrSiOB:Eu2+ has a great absorption band at 320-450 nm, and consequent-
ly, if the Eu2+ ions which occupy the eightfold sites give the emission .
around 470 nm like S—CaSiO3:Eu2+ or 6LSrSiO3:Eu2+, the overlaps between
their absorption and emission spectra will be great, This assumption
sufficiently suggests that no luminescence is caused by the Eu2+ ions
placed on the eightfold sites, and emission spectra (507 and 498 nm)
which hardly overlap with the absorption bands are observable.

On the basis of the measurements of quenching temperature, we can
estimate the effect of lattice Vibrations on the luminescence. It is
noticeable that the T.. value of 6-SrSiO :Eu2+ (ca. 360 K) is higher

than that of 6—SrSiO3?gu2+ {(ca. 300 K). 3This means that, in SLSrSiOS:
Eu2+, the quenching effect caused by the lattice vibration is to be
smaller than that in the § form.

The silicate anions can be regarded as mainly taking part in the

lattice vibration of samples. The silicate anions in SrSiO3 polymorphs
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Figure 12. Illustrations of the silicate anions in the high-
pressure polymorphs of SrSiOj.

are illustrated invFig. 12, The (Si309)6_ rings of the O form show
the symmetry of twofold rotation around an axis of Si(1)-0(1) or Si(3)
~-0(6) and the (514012)8— rings have in§ersion centers, but no symmetry
element can be found out about the (Si309)6- rings of the § form,
Their point groups are C2 (pseudo D3h), Cl, and Ci for the a, §, and &
forms, respectively. Consequently, the IR spectral patterns of CaSiO3
and SrSiO3 polymorphs are expected to be very complex.

For an isolated tetrahedral SiO4 anions with a symmetry Td, there
are four fundamental modes of vibrations, viz., a normally inactive -
symmetric strech (800 cm_l), an inactive doubly degenerate bend (500
cm-l), a strongly active triply degenerate stretch (1050 cm—l), and

—l)'59)

another active bending mode (625 cm When the Si0, units are

4
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connected withvone another by sharing oxygens, the symmetric stretch
of SiO4 unit becomes an inffared active mode.

The IR spectra for the high-pressure polymorphs of CaSiO3 and
SrSiO3 are shown in Figs. 13 and 14, 1In Table XV, their spectral
patterns are interpreted according to the assignments of some silicates

attempted by Lazarev and co—workers.60)

These metasilicates give
strong absorptions over three regions around 580, 615-750, and 815-
1070 cm—l. The absorption bands of 815-1070 cm—1 are derives from
(O—SiO—), vy (SiOSi), and Vg (O—Sio_) where V,g and v correspond
to the antlsymmetrlc and symmetrlc stretching modes of SlO4 unit, and
v (078i07) and v (810Si) represent the Si-O bonds of oxygens non-shared
and shared with the other SlO4 units, respectively., The bands below
580 cm_l are responsible for the Si-O bending and Ca-0 or Sr-0 stretch-
ing modes. The group of bands in the regions of 615-750 cm-l corre-
sponds to the mode originated from the vS(SiOSi), which has been sug-
gested to be a characteristic mode of the silicates containing cyclic

61)

anions by some workers. From the absorption bands around 615-750

cm —, consequently, we can obtain informations for the ring structures
of éilicate anions in the high~pressure polymorphs of CaSiO3’and SrSiOB.
- The IR spectral patterns of 5-—CaSi03 and 6—SrSiOB, of which the
crystal structures have been found to be entirely isostructural from
the previous X-ray analyses, are closely similar to each other. For
the o form, however, the spectral profile around 615-750 c:m—l for
CaSiO3 somewhat differs from that of SrSiOB. The former silicates
consists of three bands: 616, 653, and 717 cm"l whereas two bands: 622
and 705 cm_l are observed on the latter silicate. This suggests that
the shapes of (51309)6_ rings in a—CaSiO3_and a—SrSiOé are.similar but
their symmeries are distinct from each other., The symmetries of
crystal structures are generally higher than those of structure ele-
ments, e.g., silicate anions, in crystal lattices. From Table XV, the
symmetry}for the (Si309)6— ring in OL—CaSiO3 is expected to be low com-
pared with that for a—SrSiOB, and possibly the silicate anion in o-
CaSiO3 does not show the symmetry of twofold rotation. This must be

confirmed if the detailed structural analysis of a-CaSiO, is performed.

3
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Figure 13, IR spectra for the
high~pressure polymorphs of
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Figure 14, IR spectra for the
high-pressure polymorphs of
SrSlOB. ’ ‘
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For the §’ form, the IR spectral profile responsible for the mode
' 1

of vS(SiOSi) consists of two. strong bands at about 648 and 690 cm ,

which shift toAlonger wavenumber compared with the main absorption

bands of o- or 6-SrSiO This observation suggests that the ring of

3°
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Table XV. IR spectra (cm-l)a for the high-pressure polymorphs of
MSi03 (M=Ca and Sr)

CaSi04 Srsi0s
Hode o 5 a 5 5
1050 m 1046 vs 1067 s 1033 wvs 1067 s
v (07Si07) 1003 s 1031 s 1053 s 1007 s 1025 wvsb
as 985 wvs 1004 s 970 wvs 997 s 985 wvs
o 948 wvs 994 s 925 ws 976 wvs 968 s
'vas(SlOsl) 940 vs 972 wvs 910 vsb 943 vs 938 vs
v (075107) 906 s 949 vs 840 m 929 s 910 wvsb
s 846 s 933 s 915 s 840 w
882 w 858 m 816 ww
847 w 842 w
817 w 816 m
717 s 753 s 705 wvsb 749 m 690 s
.~ 653 m 700 wvs 622 wvw 734 vs 648
v, (51081) 616 w 666 s 692 vs
643 w
$i-0 bending 560 s 581 m 549 m 535 m 526 m
538 wvs 509 vs 529 m 519 s 511 vs
and M-0 474 sb 484 m 504 s 502 vs 505 s
. 421 w 466 s 436 sb 485 s 495 s
stretching 425 m 480 s 476 s
vibrations - 400 w 476 s 470 s
' 421 m 417 vw
395 m

a .
~“The characters of absorption bands are represented as follows: v, very;
s, strong; m, medium; w, weak; b, broad.



(Sl4 12) anion 1is less flex1ble than that of the (Sl )6_ anion in
o- or &SrSlO3 The (814012) rlng in the & form must be hard to vi~
brate compared with the (81,50 ) ring in the 8 form. Therefore, 8-
SrSio 'Eu2 » which consists of the r1g1d (Sl4 12)8_ rings, give the

3
relatively strong emission.

The Eu2 ions in 6-CaSiO3:Eu2+ must selectively occupy the eight~
fold sites rather than another sites. As the dispersion of the Eu2+
. ions in the matrix is expected to be good, the quenching effect of the
Energy transfer seems to be smaller than that of G-SrSiO3:Eu2+. The

great T50 value (ca. 420 K) indicates that the quenching effect of
lattice vibration is relatively small. We can interpret from these

considerations that S-CaSiO3:Eu2+ gives strong emission similar to 8-
SrSiO3:Eu2+‘in spite of the crystallographic mismatch between Ca2+ and

Eu ions.

The same results as described above have been observed on the

high-pressure polymorphs of CaSiO :sz and SrSlO3 Pb2+ The relative

3
emission and excitation spectra for CaSiOB:Pb2+ and SrSiO3:Pb2+ poly-
morphs are shown in Figs., 15 and 16, These luminescent properties are

presented in Table XVI. Among the atmospheric phases of CaSiOB:Pb2+

and SrSiOB:Pb2+, the B form shows a violet emission and is an efficient
material with the‘bright luminescence under 253,.7 nm excitation because
its excitation spectrum peaks at about 257 nm. For oL-SrSiO3:Pb2+

however, the emission spectra colored with light-blue are broad and
weak, and furthermore, the excitation spectra peak around 230 nm.
Therefore, their luminescences are not sensitive to the 253.7 nm ex-—

citation. These observations agree with the results reported by

62)

Froelich and Fonda.
. . 2+ R 2+
By high-pressure treatments of a—Ca8103:Pb and a—Sr8103:Pb
their resulting materials were found to give the luminescences sensi-
tive to the 253,7 mm excitation. A high-pressure phase, (S—CaSiO3:Pb2+

shows a strong violet emission (ca. 341 nm) with a half-width of 37 nm
as well as that of B—CaSiO3:Pb2+. The excitation spectrum consists of

a band peaking at about 244 nm, and hence 6—CaSiO3:Pb2+ may be also

useful for an ultraviolet-exciting phosphor. Similarly, 8- and &-
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Figure 15, Relative emission and Figure 16, Relative emission and

excitation spectra for the excitation spectra for the
polymorphs of CaSi03:Pb 2+ polymorphs of SrS$iOj3: :Pb2t
(5 atz). (5 at%).

SrSiO3:Pb2+ give violet emissions peaking at about 337 and 331 nm, and
the peak positions of those exc1tat10n spectra are around 250 and 255
nm. It was found that the emission intensity of Sr8103 sz drasti-
cally increased when the host lattice (g form) transformed into the §

2+

and 8’ forms. The ionic radii of Ca , Sr2+, and Pb2+ are summarized

in Table XVII. The ionic radius of Pb2+ is considerably larger than

that of Caz+. In B- or §-CaSiO

39 the Ca2+ ions occupy two kinds of
sites, especially a third of them occupy seven- or eight-coordinated
sites. Consequently, the large Pb2+ ions in the B and § forms are ex-
pected to be selectively located at those large sites.

The luminescent properties of B—Cal_prXSiO3 (0.01£x<0.20) are
given in Table XVIII. The emission band of sample shifted to longer
wavelength and broadened with increasing the content of Pb2+ ions. For

the samples with x>0,07, the emission spectra were found to consist of

-111~



Table XVI. Luminescent properties for the polymorphs of
CaSiO3:Pb2+(5 at?%) and SrSiO3:Pb2+(5 at?)

Phase A (0T A2 (nm) I (%)? Tsq (K)
oc-CaSiO3 light-blue broad 6

B-Casio, 346 45 32 430
§-Casi0, 341 37 | 26 440
q—SrSiO3 light~blue broad weak

§-8r8i0, 337 37 ISR 330
§-5r$i10, 331 37 6 320

a . . . . . .
I =relative intensity estimated by integrating the correspond-
ing area below the emission curve obtained under 254 nm

excitation at 300 K, where the intensit

1026) is defined as 100 %.

two bands and the concetration
quenching effect on luminescence
was observed. Possibly the Pb2+
~ions at seven-coordinated sites
give the emission band at shorter
 wave1ength, while another band
may be responsible for the Pb2+
ions at six~coordinated sites,
This suggests that the Pb2+ ions
in the B or § form which must be
selectively located at the large
sites are effectively dispersed
in the matrix, and hence the
interactions between the neighbor-
ing Pb2+ ions must be relatively

small. Therefore, R~ and 6-
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[+]
Table XVII. Ionic radii (A)?
for some divalent-metal

cations

Ton vP vITIP
ca?t 1.00 1.12
sr2t 1.18 1.26
pp 2t 1.19 1.29
#Ref. 57)

bThese values represent
the coordination numbers
to oxygen,.



Table XVIII. Luminescent properties for B—Cal__bexSiO3
sztng’“tent Ay (BT A/2 (am) NGO
0.01 336 33 21 |
0.03 337 34 31
0.05 346 45 ' 32
0.07 348,355 54 29
0.10 349,356 54 24
0.20 350,359 55 .16

aExcitation at 254 nm and 300 K.

CaSiO3:Pb2+ give the strong emissions compared with a—CaSiOB:Pb2+, in
which the Pb2+ ions arbitrarily occupy only the eight-coordinated

2+

sites in the matrix., In a similar manner as CaSiO,:Pb“", G—SrSiO3

. 3
which is isostructural with (S--CaSiO3 has two kinds of sites for PbZ*t
ions may be effectively dispersed compared with those occupying the
eightfold sites in a- and GLSrSiO3:Pb2+. However, this dispersion
effect of Pb2+ ions in_ﬁ’—SrSiO3:Pb2+ is small because the difference
between the ionic radii of Sr2% and Pb2* is small (see Table XVII).

'?b2+
3}

and SrSiOB:Pb2+ are shown in Fig. 17. The light output at 77.4 K was

The temperature dependences for the luminescences of CaSiO

adopted as a standard for the temperature dependences of the sample,
The quenching temperatures of a-CaSiO3:Pb2+ and a—SfSiO3:Pb2+ could

not reproducibly be measured because their luminescences were weak.,
From the quenching curves, the temperatures required to quench the
luminescences of B- and G—CaSiOB:Pb2+ can be seen to be high compared
with those of §- and SLSrSiOB:Pb2+, and their T5o values are 320-440 K
(see Table XVI). This result suggests that the quenching effect caused
by the lattice vibrations in R~ and 6—CaSiO3:Pb2+ are smaller than the
corresponding effect in §- and GLSrSiO3:Pb2+, and that the emission
intensities of the former materials are strong compared with those of

'
the latter materials. The phase, G—SrSiO3:Pb2+, which has the same
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Figure 17. Temperature dependences for the light outputs of
CaSiO3:Pb2+(5 at%) and SrSiO3:Pb2+(5 at%) polymorphs.

Tgy value as G—SrSiOB:Pb2+, gives the relatively strong emission as
well as that of the § form although the dispersion effect of the s

form cannot be expected as described previously.

é—S. Summary

The high-pressure synthesis up to 150 kbar was carried out on
europium(II) metasilicate, EuSiOB, and Eu2+—activated calcium and

2+ (M=Ca and Sr), and the luminescent

strontium metasilicates, MSi03:Eu
properties of the resulting materials were studied. The crystal struc-
tures for the host lattices, a-, 8-, and GLSrSiO3, were determined from
three-dimensional X-ray diffraction data. New high-pressure phases,

6- and GLEuSiO3, were obtained under pressures of about 60 and 70 kbar

~at 1000-1400°C, and the atmospheri§+phases, OL,--CaSiO3:Eu2+ and urSrSiO3:

Eu’t, transformed into 6-Cas10,:Eu”T, 6-5r5i03:Eu2+, and §-5r510,:Eul

at 35-100 kbar and 800-1400°C, The peak positions for the emission
bands of MSiO3:Eu2+ shifted to short wavelength with the phase trans-—
formations: green (ca., 510 nm), arCaSiOB:Eu2+; blue (ca. 470 nm), 6~
CaSiO3:Eu2+; gre;z (ca. 500 nm), og- and 6—SrSiO3:Eu2+; blue (ca. 465

nm), GLSrSiO3:Eu . In addition, their emission intensities were
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appreciably increased when the samples transformed into high—pressufe
phases. The phosphors, G—CaSiO3:Eu2+ and SLSrSiO3:Eu2+, gave quantum
efficiency values of about 20 and 40 %, whereas those of the atmos-
pheric pressure phases were around 1 %. The crystals of o-, 8-, and &-
SrSiO3 belong to the monoclinic system (space group: C2), the triclinic
system (space group: P1l), and the monoclinic system (space group:
P21/c), respectively., Thses structures were solved by the direct method
and refined by the block-diagonal least-~squares. Final R values were
3 0.043 for 1458 observed
reflections of 6- Sr8103, and 0.046 for 914 observed reflections of 6—

0.053 for 730 observed reflections of qg-SrSiO

SrSlOB. The crystal lattices of o- and 6- SrSlO3 consist of (Sl )
rings while that of &% SrSlO3 is constructed of four-membered rings of
(Si4012) . The Sr atoms in S—SrSiO3 are surrounded by six or eight
oxygens whereas those in o- and 6'—SrSiO3 occupy only the sites coordi-
nated by eight oxygens. The above-mentioned luminescent properties

are discussed on the basis of X-ray structural and IR structural analy-
ses of the host lattices and temperature dependences of the emission
spectra. For CaSiOB:Pb2+ and SrSiO3:Pb2+, the high-pressure phases,

viz., the § and &' forms, also were found to give strong violet

emissions sensitive to the 253.7 nm excitation.
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GENERAL CONCLUSION

The purpose of the present studies is to synthesize new Eu2+-
containing compounds and to appreciate the possibilities for magnetic
materials and phosphors. The structural analyses of the resulting
materials are a significant approach towards the purpose since the
magnetic and luminescent properties closely relate to crystal struc-
tures. In this work, these physical properties, especially lumi-
nescences, have been discussed with regard to the interactions between
neighboring Eu2+ ions or the lattice vibrations of matrixes based on
the X-ray and IR spectral analyses of the europium(II) compounds pre-
pared or host lattices. New materials, findings, or informations ob-
tained in the present studies are summarized in the following.

In the first chapter, new europium(II) borates, Eu8407, EUBZOA’
and EuzBZOS, have been prepared in the binary system EuO—BZO3. These
borates and Eu3B206 as obtained previously crystallize in the follow-
ing symmetries: the orthorhombic system of Pnm21, EuB4O7; the ortho-
rhombic system of Pnca, EUBZOA; the monoclinic system of P2i/a,
EuZBZOS; the trigonal system of R3c, Eu3B206. From the three-dimen-
sional X-ray and IR spectral analyses, their crystal lattices have
been found to be constructed of a three-dimensional (3407)m network,
(BOz)w chains, 52054—, and BO33- ions for EuB407, EUBZOA’ EUZBZOS’ and
Eu3B206, respectively. The structures of these borate units reflect
the habits of single crystals: (B407)m network, prism; (BO,), chain,

needle; BZOSA— ion, plate; BO3 ion, hexagonal prism.

The borate, EuBZOA’ is an antiferromagnet with Ty=3 K while EuB,0
and Eu2B205 are paramagnetic over the measured temperature. The

7

magnetic properties have been understood by considering the relation-
ship between their structures and the magnetic interactions. The

magnetism of EUB204 is attributable to the antiferromagnetic inter-

action resulted from indirect 99.0 or 100.4°Eu2+—02'---—l'3u2+ superexchange

pairs between nearest neighboring Eu2+ ions with Eu2+—Eu2+ distance of

3.896 K. On the other hand, the magnetism of Eu (T¢=7.5'K) are

38,%
responsible for the following ferromagnetic exchange and superexchange
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. ; ; 2+,
pairs between nearest and second-nearest neighboring Eu ions: direct
2+
Eu™ -

and indirect 166.0°Eu
distance of 5.450 A,

Eu2+ exchange pairs with interatomic distances of 3.509-3.778 A

2+—Ozn—Eu2+ superexchange pairs with Eu2+—Eu2+

A few of the europium(II) borates, e.g., EuBAO7 and EuBZOQ, givé
the band emissions assigned to 4f7—4f65d transitios of Eu ions, which
are colored with violet-blue. No luminescence is observed on EUZBZO5

2+
and EU3BZO6. It has been found that EuBAO7 and SrB407.Eu consist-

ing of the (B407)w network give remarkably stronger emssion intensi-

4—

ties than the other borates consisting of (BOz)m chains, BZOS , and

BO3 " ions. These experimental results are interpreted from their
crystallographic properties with the help of the Dexter theory. For
EuB407 and SrB4O7:Eu2+ in which the Eu2+ ions are completely surrounded
by BO4 tetrahedra of (3407)m network, the quenching effect via the
Coulomb or exchange interactions between neighboring Eu2+ ions can be
expected to be smailer than that of the other borates. Therefore,
EuB407'and SrB407 give the relatively strong emissions.

The borate, EuB407, has excellent thermal stability at high
temperatures in air. This is attributable to the fact that the Eu2+
ions in EuB407 are completely surrounded by‘BO4 units and are hardly
attacked by oxygen.

In the second chapter, two europium(II) haloborates, Eu,BO.X and

EﬁZBSOQX, have been obtained in the ternary system EuO—EuX2(§=Ci and
Br)—B203, and their single crystals with the shapes of hexagonal prism
and needle or prism have been grown using the flux method. The
crystals of Eu2B03X belong to the hexagonal symmetry of P63mc while
Eu2B509X crystallizes in the orthorhombic system of Pan2. The crystal
structure of Eu2B509X has been found to consist of a three~dimensional
(B509)oo network from the X-ray analyses. The Eu’t and X ions are
alternately located in tunnels of the (B509)°° network,'and each Eu2+
ion is almost entirely isolated from neighboring Eu2+ ions because of
the (B509)°° network for the a- and b—ax;s directions and X ions for
the c—axis direction.

The haloborate, Eu2B03X, is a ferromagnet with Tc=5 K while
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Eu2B509X is paramagnetic over the measured temperature. This result
indicates that the magnetic interactions are strong for Eu.BO_X but

2773
weak for.Eu2B509X.

The haloborate, Eu2B509X, is a blue-emitting phosphor and the
compounds obtained by the dilution of the Eu2+ ions in the matrix,
e.g., Sr2B509X:Eu2+, have been found to be efficient photoluminescént

materials. However, no luminescence has been observed on EUZBOBX'
‘This finding can be accounted for by estimating the magnitudes of the
Coulomb and exchange interactions between neighborinnguz+ ions in
Eu2B509X, which are expected to be weak from the magnetism and the
arrangement of anions around Eu2+ ions.,

In the third chapter, the high—pressure phases of EuBZO4 and
MBZOAZEU2+ (M=Ca and Sr) have been synthesized, viz., phases y and §.
The_pressure—temperature'phase diagram of EuBZO4 consists of the
following four regions: the high-pressure phases of o, <y, and § forms

and the decomposed phase of Eu}3407 and Eu,B, 0 The phases y- and

272757
S—EuBZOQ are isostructural with the corresponding high-pressure phases
of CaB,0, and SrB.,0 respectively. Under the conditions above 40

274 274
kbar and 900°C, EuB204 decomposes as follows:

3 EuB204 EuB407 + EUZBZOS.

According to this scheme, the overall mole number is reduced from 3
to 2 and the volume of the sample also is reduced to 87,5 % compared
with that of aFEuBZOA. The Y or decomposed phase of EuBZO4 are anti-
ferromagnetic at low temperatures while 6—EpB204 has the tendency to
be paramagnetic.

The high-pressure phases of EuBZO4 and SrBZO[}:EuZ+ give the band
emissions assigned to 4f7—4f65d transitions of Eu2t ions. The
emission peék posision shifts to long wavelength with transformation
into the § phase because of the differences in the coordination of
oxygen around Eu2+ ions. The emission intensity also increase with
transformation into the § phase. Particularly, the relative emission

intensity of 6—SrB204:Eu2+ is about 100 times higher than that of
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a—SrBzoazEu2+ under 313 nm excitation, and hence the § phase is one of

excellent phosphors. This is due to the fact that the Eu2+ ions in
the § phase are effectively surrounded by the BO4 tetrahedra of three-

dimensional (B306)m network and hardly interact with neighboring Eu2+
ions in a similar manner to those in SrB4O7:Eu2+ and Sr2B509X:Eu2+.

The luminescent properties of the high-pressure phases of CaBZOA:Eu

correspond to those of EuB204 pressed out into the grain boundaries

2+

of the matrix because of the crystallographic mismatch of Eu2+ and Ca2+

ions.

A high-pressure phase, B-SrAl4O7, has been obtained by the hydro-
thermal preparation method under high pressures. The crystal lattice
consists of a three-dimensional (A1407)m network of AlO6 octahedra and
AlO4 tetrahedra,

In the fourth chapter, the high-pressure phases of EuSiO3 and
MSiOB:Eu2+ (M=Ca and Sr) have been prepared at 30-150 kbar. Both of
SrSiO3 and EuSiO3 show similar high-pressure polymorphisms to that of
CaSiOB, and transform into phases § and & at pressures of 35-70 kbar.
The § form is isostructural with 6—CaSiO3, but the G'phase is not
formed for CaSiO3, and hence it is a characteristic phase of SrSiO3 or
EuSiOB. The ¢ (perovskite) form of SrSiO3 or EuSiO3 is not obtained
because of the large ionic radius of Sr2+ or Eu2+. The structures of
S—SrSiO3 and 5—EuSiO3 consist of (Si309)6~ ringé in a manner similar
to G—CaSiOBIWhile the & forms of SrSiO3 and EuSiO3 contain (Si4012)8_
rings. The Sr or Eu atoms in these phases are surrounded by six or
eight oxygens for the § form and eight oxygens for the 8’ form.

The luminescent properties of CaSiO3:Eu2+ and SrSiO3:Eu2+ phos-
phors considerably change following the phase transformations. The
excitation and emission spectra of G—CaSiO3fEu2+'and Gf—SrSiO?):Eu2+ are

responsible for the Eu2+ ions which occupy the eightfold sites in the

matrixes while the Eu2+ ions on the eightfold sites in 6—SrSiOB:Eu2+

. . . ‘ . 2+
contribute to its luminescent spectra. For the g phases of Ca5103:Eu

. + :

and SrSi03:Eu s the reflection spectra disagree with their excitation
, . 2+ .

spectral patterns. This means that there are two kinds of Eu ions in

the matrixes: one functions as the luminescent center whereas the other
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does not. Most of the Eu2+ ions belong to the latter type, and hence
the emission intensity of this phasé is wéak. The experimental ob-
servation that the quantum efficiency of the sample appreciably in-
creases with transformation into the 6-—CaSiO3 or (SI—SrSiO3 phase ié
qualitatively interpreted by considering the crystal structure of host
lattice and the dispersion of Eu2+ ions in the matrix.

It has been pointed out throughout this work that the efficient
phosphors obtained consist of three-dimensional network or rings as
highly condensed with borate or siiicate units, which relieve the
quenching effects on Eu2+ ions caused by the Coulomb and exchange
interactions between neighboring Eu2+ ions or the lattice vibrations
of matrixes. These informations must give a guide to research
efficient Eu2+—activated phosphors. For Eu2+—activated phosphors,
whose crystal lattices can be expected to transform into high-pressure
phéses with highly condensed frameworks, the high-pressure treatments

are very effective means of increasing the brightness of phosphors.
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