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Yttrium borate Y, 3;(BO3),(B,05),0,, known as Y;BO, pre-
viously, was prepared from stoichiometric starting materials of
H;BO; and Y,0; by a solid-state reaction at high temperatures.
Y,733(B0O5)4(B,05),0,6 crystallizes in the monoclinic space
group Cm with the lattice constants a =1816.62(3), b=
365.16(1), c = 1397.75(3) pm, and f = 119.75(2)°. The structure
of Y,,13(B0O5),(B,05),0,s was determined using the direct
methods applied to X-ray powder diffraction data and consists of
BO3™ and B,O%™ borate groups and seven- and eight-coordinated
yttrium atoms. The composition obtained from the structure
determination corresponds to Y;BO, with a slight excess of
B,0;. The luminescent properties of the Eu** doped Y;,;;(BO;),
(B,05),0,, materials were studied and the Eu’* emission
appears as superimposed bands with a high self-quenching con-
centration. © 1997 Academic Press

1. INTRODUCTION

It has been known that rare-earth borates of the composi-
tion LnzBOg crystallize in three different monoclinic struc-
tures (1) as Ln varies from La to Lu. Bartram (2) determined
the space groups of these compounds by Weissenberg tech-
niques and refined the lattice constants from X-ray powder
diffraction patterns. The compounds were reported to cry-
stallize in three different space groups, ie., P2;/c for
Ln =La to Nd and C2/m, C2, or Cm for Ln = Pm to Yb.
The lutetium compound adopts the same space group as
that of Ln = Pm to Yb, but with a different unit cell. The
composition of these compounds was established by phase
analysis only and was considered to be the most rare-earth
cation-rich phases in Ln,O3;—B,O3 systems. The low sym-
metry of the structure and the high content of the rare-earth
element in these materials stimulated a considerable interest
because of their potential uses as hosts for luminescent
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materials, particularly as X-ray or y-ray image phosphors
(3,4).

Our initial interest in these compounds was to develop
a red emission phosphor under high intense X-ray excita-
tion. During the synthesis process it became evident that the
composition of these compounds is not LnzBOg as pre-
viously proposed. When the stoichiometry Ln;BOg was
used in the synthesis, the products obtained always con-
tained considerable amounts of LaBOj; or Y,O3 in the
lanthanum and yttrium systems, respectively. In order to
understand the chemical and physical behavior, we decided
to investigate the crystal structures of these compounds. The
crystal structure of the lanthanum compound was deter-
mined using single-crystal techniques (5) and a composition
of La,6(B0O3)sO,7 was obtained from the structure analysis.
A comparison of the X-ray powder diffraction patterns
between La,s(BO3)sO27 and LazBOg (6) confirmed that
La,6(BO3)sO,7 is the only binary phase in this composition
range. In terms of the composition, this compound can be
described as 8La3;BO¢-La,0j3; i.e., the composition is shif-
ted from the La3;BOg to the La>O3 side in the La,O3-B,03
system.

Unlike the lanthanum system, the synthesis of the yttrium
compound, Y3BOs, always leads to the presence of Y,O3 in
the products. This phenomenon has also been observed
previously by Levin et al. (1) and was attributed to the
incompleteness of the solid-state reaction. To examine this
idea, the reaction was carried out at 1450°C for several days
for the yttrium system, but it did not improve the purity of
the product. In this paper we report the structure analysis of
the yttrium compound by X-ray powder diffraction tech-
niques and demonstrate that the presence of the impurity
phase originates from the incorrect assignment of the com-
position, rather than the incompleteness of the reaction.
Starting from the right composition, the yttrium compound
can be obtained as a single phase formed at temperatures as
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low as 1150°C. The luminescent properties of the Eu®*-
doped yttrium compound are also presented.

2. EXPERIMENTAL

Polycrystalline samples of the yttrium borate were pre-
pared from Y,O3 of > 99.99% purity and analytical grade
H3BOj as starting materials. After preheating at 850°C for
6 h, the samples were ground and reheated at temperatures
in the range 1150 to 1350°C for 8 h in air. In order to obtain
a single-phase product and determine the approximate
composition of this yttrium borate, a series of samples with
a B/Y ratio varying from 2/9 to 5/9 was synthesized. Three
different phases, i.e., the desired phase, Y,O3, and YBOs,
were identified. When the B/Y ratio is smaller than 4/9,
Y,O3 is observed together with the desired phase of the
yttrium borate. B/Y ratios larger than 4/9 result in the
presence of YBOj3. The sample with B/Y = 4/9 (0.444) was
obtained almost phase pure at temperatures as low as
1150°C, indicating that the B/Y ratio of the yttrium com-
pound should be very close to this ratio. The B/Y ratio
obtained in the subsequent structure analysis was 0.462. An
attempt to grow single crystals by annealing the sample at
1450°C was not successful. The Eu®*-doped luminescent
materials were prepared in a similar fashion with Eu,O3 as
the dopant. About 5 at.% of Li,CO3 was used as a flux in
the synthesis of the luminescent materials.

The X-ray powder diffraction measurements were carried
out on a Rigaku D/MAX-2000 diffractometer using CuKa
radiation from a rotational anode, and the electron diffrac-
tion studies were made using a Hitachi H-9000 electron
microscope. The infrared spectrum was measured with
a Nicolet Magna 750 FT-IR spectrometer. The Raman
spectrum was recorded with a Nicolet FT-Raman 910 spec-
trometer. The fluoroscence spectra were obtained using
a Hitachi M-850 fluorescent spectrophotometer, and the
decay times were measured with a multiple-frequency
fluorophotometer.

3. STRUCTURE DETERMINATION

Due to the lack of suitable single crystals, the crystal
structure of Y17.33(BO3)4(B205)2016 was determined using
X-ray powder diffraction techniques. The X-ray powder
diffraction data were collected in a 26 range of 10° to 110°.
The crystal system and the unit cell were reexamined using
electron diffraction and refined from the powder diffraction
pattern using the program FINAX. Figure 1 shows the
electron diffraction along [010], and the systematic ab-
sence of the reflections with h # 2n is evidenced. From the
electron and X-ray powder diffraction patterns, it is con-
firmed that the yttrium compound crystallizes in a C-
centered monoclinic structure in one of the space groups
C2/m, C2, or Cm. The refined lattice constants are a =
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FIG. 1. Electron diffraction of Y7 33(BO3)4(B,05),0,¢ along [010].

1816.62(3), b =365.16(1), ¢ =1397.75(3) pm, and f =
119.75(2)°.

In order to establish the structure model of the yttrium
compound, a full-pattern decomposition program EXTRA
(7) was used to extract integrated intensities from the pow-
der pattern. By refining the lattice constants, the back-
ground and the profile parameters, a total of 410 individual
reflection intensities (164 nonoverlapping) were obtained in
a 20 range from 12° to 90°. The diffraction pattern for
20 > 90° was not used during the structure model construc-
tion, because of the wide overlap of the reflections. The
profile refinement lead to a residue value of R, = 0.071.

All of the three possible space groups, C2/m, C2, and Cm,
were employed in calculations of the structure model. Dur-
ing the structure analysis it was revealed that the presence of
the twofold axis resulted in an unrealistic geometry of the
polyborate group and the Cm space group was, therefore,
chosen for this structure. The structure was solved in step-
wise fashion by direct methods with the program SIRPOW
92 (8). Initially, the original integrated intensity data were
used to locate the heavier atoms. Nine crystallographically
independent yttrium positions were recognized from the
E-map. The phase information of these yttrium atoms was
then used to modify the integrated intensity of the overlap-
ping reflections and 19 oxygen atoms and 1 boron atom
were recovered using the renormalized data. The remaining
boron atoms were identified by considering the geometrical
feature of the borate groups, which were then inserted into
the structure model manually. The complete structure was
refined with the Rietveld technique. At the initial stage of
the refinements, the atoms within the borate groups were
constrained. During the refinement it became clear that
some of the yttrium positions were not fully occupied. The
occupation factors of the yttrium atoms were then refined in
subsequent calculations, which resulted in a composition
close to Y17.33(BO3)4(B205)2016. The final composition
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TABLE 2
N Atomic Coordinates and Occupation Parameters for
I~ Y17.33(BO3)4(B205)2016
i Atom X y z Soce
01 0.000 0 0.000 1.0
- 02 0.041(6) 0 0.339(9) 1.0
i Y1 0.046(1) 0 0.185(1) 0.848(7)
3 ] 03 0.097(5) 0 0.684(9) 1.0
I . B1 0.129(19) 0 0.403(22) 1.0
r 04 0.165(6) 0 0.515(10) 1.0
» ST 05 0.172(4) 0 0.028(9) 1.0
Y2 0.177(1) 0 0.871(1) 0.940(6)
. : x ; w . . . 06 0.177(6) 0 0.354(10) 1.0
10 20 30 40 50 60 70 80 S0 100 B2 0.247(15) 0 0.123(18) L0
07 0.248(5) 0 0.224(10) 1.0
2Theta Y3 0.308(1) 0 0.612(1) 1.0
) L 08 0.322(5) 0 0.124(8) 1.0
(BF(I)G).é Refined X-ray powder diffraction patterns of Y;;33(BO3)4 09 0.334(6) 0 0.963(10) 10
2sEe 010 0.860(4) 0 0.682(9) 1.0
B3 0.371(16) 0 0.076(20) 1.0
was derived by considering both the structure refinement o1l 0.429(6) 0 0.823(8) L0
d the ch ; B fthe 1 diff Y4 0.438(1) 0 0.327(1) 0.884(8)
and the ¢ a.rge requ1.rement. egause of the large difference 012 0.438(6) 0 0.659(9) 1.0
of the atomic scattering powers in the compound, the occu- 13 0.458(6) 0 0.139(9) 1.0
pation and temperature factors of the oxygen and boron B4 0.477(18) 0 0.772(21) 1.0
atoms were constrained as unique values during the refine- 014 0.512(5) 0 0.509(7) 1.0
. _ 015 0.564(6) 0 0.833(10) 1.0
ment. The final residues of the refinement are R, = 0.058 s 0.570(1) 0 0.001(1) L0
016 0.617(5) 0 0.179(8) 1.0
TABLE 1 Y6 0.649(1) 0 0.642(1) 0.918(8)
Crystal Data and Structure Refinement for 8717 g;igg; 8 82;258; (1).832(6)
Y1733(B03)4(B,05);:016 019 0.820(4) 0 0.507(7) 1.0
oular formul 018 0.783(5) 0 0.213(9) 1.0
Mo ecti ar (?rr}111u a Y17.33BgO3s Y8 0.864(1) 0 0.875(1) 1.0
Formula weight 223547 Y9 0.963(1) 0 0.555(1) 0.910(6)
Crystal system Monoclinic
Space group Cm (No. 8)

Unit-cell dimensions (pm)

a = 1816.62(3), b = 365.16(1),
¢ =1397.75(3), f = 119.75(2)°

Volume (x 108 pm?) 8.0493(1)

zZ 1

Density (Mg m™?3) 4.611

Color Colorless

Data collection
Diffractometer used D/Max 2000
Monochromator Graphite
Temperature 293 K
Radiation CuKua
20 range for data collection 10° to 110°

Data extraction
Program used EXTRA
Profile function Pseudo-Voigt
20 range for extraction 12° to 98°
Reflections extracted 410
Independent reflections 164

Structure determination
Solution

Direct method

System used SIRPOW 92
Refinement Rietveld method
Program used FULLPROF

Final R indices

R, =0.058, R,,, = 0.079, Ry = 0.071

Note. The equivalent isotropic displacement parameters were refined
with unique values for yttrium, oxygen, and boron atoms, respectively
(pm? x 107 1), Uyo(Y) = 11(4), U.(O) = 23(7), and U, (B) = 21(9).

and Ry, =0.079. In Fig. 2 we show the refined X-ray
powder pattern. The structural parameters are given in
Tables 1-3.

4. RESULTS AND DISCUSSION
4.1. Structure of Y17.33(B0O3)4(B205)2016

The asymmetric unit of Y;7 33(BO3)4(B,05),0¢ consists
of 9 yttrium, 19 oxygen, and 4 boron atoms. All atoms are
located on the special Wyckoff position 2a (x, 0, z), i.e., on
the mirror planes at y =0 and 1/2. Figure 3 shows the
crystal structure of Y;7.33(BO3)4(B,05),04¢ along a direc-
tion very close to the b axis. In contrast to the lanthanum
compound La,4(BO3)gO,~ (5), the structure of the yttrium
compound contains two different kinds of triangular borate
groups, BO3~ and B,O% . The presence of the polyborate



STRUCTURE AND LUMINESCENT PROPERTIES OF Y+ 33(BO3)4(B,05),0,6

TABLE 3

Interatomic Distances in Y;733(BQO3)4(B,05);0,s Given in pm
Y1-016 225(6) x 2 Y2-017 222(6) x 2
Y1-0O1 205(3) Y2-03 234(6)
Y1-013 227(6) x 2 Y2-05 222(7)
Y1-02 206(6) Y2-09 261(7)
Y1-06 239(7) Y2-015 257(6) x 2
Y3-019 241(6) x 2 Y4-014 218(8)
Y3-018 224(7) x 2 Y4-010 213(8)
Y3-012 214(8) x 2 Y4-08 248(7)
Y3-011 265(6) Y4-07 287(7)

Y4-013 288(7)

Y4-02 271(7) x 2
Y5-016 214(8) Y6-014 235(7)
Y5-01 230(3)x 2 Y6-017 225(6)
Y5-05 256(7) x 2 Y6-03 220(7) x 2
Y5-011 257(6) Y6-018 224(9)
Y5-015 235(7) x 2 Y6-04 279(7) x 2
Y7-019 232(7) Y8-0O1 229(3)
Y7-016 233(9) Y8-017 233(6)
Y7-08 10 253(6) x 2 Y8-0O18 232(7)
Y7-07 233(6) x 2 Y8-09 236(6) x 2
Y7-09 229(7) x 2 Y8-0O11 249(6) x 2
Y9-0O14 224(7) Y9-010 272(6) x 2
Y9-019 223(8) Y9-012 249(7) x 2
Y9-03 216(7)

group results in a higher borate content in the yttrium
compound than in the lanthanum compound. The bridged
B-O-B angles in the B,O% ™ group are about 150° and agree
with that observed in other borates, such as Co,B,0O5 (9). If
the space group C2/m or C2 is chosen, the bridged oxygen
atom will be located on the twofold axis and results in
a B-O-B angle of 180°, which is not a reasonable geometry
for this polyborate anion.

The existence of the BO3 ™ and B,O%~ borate groups in
the structure is supported by Raman and IR spectroscopy.
In Fig. 4 we show the Raman and IR spectra of the yttrium
compound at room temperature. The IR absorption and
Raman peaks at wavenumbers smaller than 500 cm ~ ! orig-
inate mainly from the lattice dynamic modes and will not
be considered because of their complexity. The vibration
modes for the remaining peaks are complicated by the
possible overlap of the different borate groups and only
those vibration modes which can be attributed to the exist-
ence of the borate groups are considered. The assignments
of the IR and Raman peaks to the vibration modes of BO3 ~
and B,0O%~ groups were derived by comparison with those
of LaBO; and Mg,B,05 (10), which are illustrated in
Table 4. A broad infrared absorption band at around
854 cm ! can be attributed to a stretching mode of B-O-B
in B,O%™ groups. In the Raman spectrum, two isolated
peaks with the Raman shifts around 926 and 1056 cm ! are
associated with v, of BO3 ™ and v, of BO, in B,O% ™ groups,
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FIG. 3. Crystal structure of Y;4.33(BO3)4(B,05),0,¢ projected along a
direction close to the b axis.

respectively. These characteristic peaks may represent the
existence of two different borate groups in the structure.
The structure of the yttrium compound Y- 33(BO3j),
(B,05),0,¢ is different form that of the lanthanum com-
pound La,4(BO3)gO,-, not only because of the presence of
the polyborate group B,O%~, but also because of a different
packing of the atoms. In La,s(BO3)3O,, the lanthanum
and oxygen atoms form a fluorite-type lattice, and the
presence of the boron atoms causes a square antiprismatic
distortion at some of the lanthanum positions (5). In con-
trast, the atoms in the structure of Y;- 33(BO3)4(B,05),04¢
seem to be packed more efficiently than in the fluorite-
structure type. The coordination polyhedra of the yttrium
atoms are all irregular with seven- or eight-coordinated
oxygen atoms. Interestingly, most of the yttrium coordina-
tion polyhedra (six in nine) in the structure are very similar
to that observed in A-type rare-earth sesquioxides Ln,0O;
(11). In Fig. 5 a typical coordination polyhedron of the

Raman

1000 800 600 400 200
Wavenumbers (cm-1)

1400 1200

FIG. 4. IR and Raman spectra of Y5 33(BO3)4(B;05),0156.
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TABLE 4
The Assignments of IR and Raman Spectra for
Y17.33(BO3)4(B205)2016

IR absorption Raman shifts

(cm™1) (em™ 1) Possible assignments
1355 vBO
1320
1241 v, BO3™
1220 v, BO,
1191
1048 1056 vy BO, in B,O%~
994
949 925 v, BO3~
854 v, BOB
742 728 yBO3~ and 7BO,
725
710

yttrium atom is presented, together with that in A-type
Ln,0O; for comparison. This seven-coordinated polyhedron
can be considered as a monocapped octahedron. It is known
that the rare-earth sesquioxides crystallize in three different
structure types, namely 4-, B-, and C-type. According to the
phase diagram (11), the A-type structure is favored for the
light rare earth. The heavy rare-earth elements, on the other
hand, crystallize in the C-type structure, which is a defect
fluorite structure. The B-type structure, as a distorted ver-
sion of the A-type structure, preferentially appears in the
middle range of the rare-earth series. The coordination
preference of the rare-earth ions seems to be reversed in
these borate compounds. For the light rare-earth elements
from La to Nd, the borate compounds crystallize in the
La,s(BO3)sO,4 structure, in which the lanthanum atoms
are coordinated by cubic or square antiprismatic polyhedra.
The borate compounds of the heavier rare-earth elements

a b

FIG. 5. A typical coordination polyhedron of yttrium atoms in (a)
A-type rare-earth sesquioxide and (b) Y;7.33(BO3)4(B205),0 6.
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Sm to Yb crystallize in the Y{7 33(BO3)4(B,05),0;¢ struc-
ture, mainly with monocapped octahedra. This coordina-
tion preference needs to be further verified by a structure
determination of the lutetium compound, which is the last
unknown structure in the series.

Although the refinement of the structure is quite satisfac-
tory as far as the residue (R, = 0.058) is concerned, there are
a number of uncertainties regarding the bond distances
between the yttrium and oxygen atoms, because some Y-O
bond distances are slightly smaller than the sum of the ionic
radii (232 pm). The deviation in the bond distances may
originate from the difficulty to precisely locate the oxygen
atoms in the presence of many heavy atoms, as well as in the
limitation of the powder diffraction techniques. Neverthe-
less, the structure analysis provides a reasonable structure
model for this “old” yttrium borate and, with this structure
model, many observations in the synthesis and physical
properties can be explained.

4.2. Luminescent Properties

The europium borate adopts the same structure as the
yttrium compound (1) and the ionic radii of Eu®** and Y**
are very similar; therefore, a large solubility of europium
atoms in the yttrium borate can be expected. We have
dissolved up to 20 at.% of europium in Y, 33(BO3),
(B,0s5),0,¢, without any other phases being observed in
X-ray diffraction patterns. Considering the difference in
scattering factors of europium and yttrium, the distribution
of the dissolved europium atoms in yttrium borate should
be distinguishable by the Rietveld refinement. Two typical
solid solution samples, (Yy.95EUg.05)17.33(BO3)4(B205),046
and (Yo.75Eu0.25)17.33(BO3)4(B,05),0,6 were employed
for the refinement. During the refinement only the occupa-
tion factors of the yttrium atoms were varied which resulted
in an almost random distribution of europium in all of the
nine crystallographically independent yttrium positions.

The excitation and emission spectra of Eu®*-doped
Y7.33(BO3)4(B,05),0,6 are shown in Fig. 6. The excita-
tion spectrum consists of a broad band at about 270 nm and
several sharp peaks at longer wavelengths. The broad band
originates from the charge transfer excitation from the Eu®*
nearest-neighbor oxygen atoms. The sharp excitation peaks
correspond to the transitions within the f° configuration.
The emission spectrum contains several peaks ranging from
580 to 720 nm and are attributed to the optical transitions
from the excited 3Dy level to the "F; (J = 1 to 6) levels of the
/¢ configuration. The yttrium positions in the structure
have no inversion symmetry and because of the mixing of
opposite-parity states into the 4 ¢ configuration, the forced
electric-dipole transition is allowed. The *D,—’F, transition
is a typical symmetry-sensitive transition and can be ex-
pected to dominate in the emission spectrum. This agrees
with experimental results, as shown in Fig. 6.
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FIG. 6. Emission and excitation spectra of Y;733(B0O3)4(B,05),04¢:
Eu’*.

The emission of single Eu®* atoms should appear as
sharp lines in solids. However, there are nine crystallo-
graphically independent yttrium positions in the Y733
(BO3)4(B,05),04¢ structure, and furthermore, the doped
europium atoms are randomly distributed in all of these
positions. Since the crystal field and the site symmetry are
different, the Eu®* emission peaks may vary slightly from
one position to the other. The observed emission spectrum
is a superposition of Eu®" optical transitions from all indi-
vidual positions and the peaks therefore appear wider than
normal.

The concentration dependence of the Eu” ™ emission in-
tensities is illustrated in Fig. 7. The emission intensities
increase with the doping concentration up to about
Cg. = 15% and then decline slightly. The energy migration
between the rare-earth ions in these materials is high
because of the large spectral overlap (12). In many host
materials, the concentration quenching becomes efficient for
doping concentrations of a few percent. In this material,
however, the energy transfer between the Eu®* ions is not
efficient, resulting in an unusually high quenching concen-
tration. The decay times of the Eu®* emission, measured
with the phase-modulation method, as shown in Fig. 7. The
decay times remain almost constant at low Eu* concentra-
tion. A significant decrease of the decay time is observed at
doping concentrations Cg, > 15%. If we consider
Cg, = 20% to be the critical concentration the approximate
critical energy transfer distance can be calculated to be
3.8 A. Such a short critical distance of the energy transfer

3+
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FIG. 7. Concentration dependence of Eu®" emission intensity and

decay time of Y;7.33(BO3)4(B,05),0,6:Eu®".

indicates that the energy transfer between Eu®* in this
material is probably due to exchange interactions.
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