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The present work deals with the phase diagram of the
Gd,0,-B,0; binary system where three solid phases with re-
spective stoichiometries Gd;BO;, GdBO;, and Gd(BO,), have
been evidenced. MAS NMR experiments were performed using
similar yttrium compounds. Only B" sites exist in orthoborate at
room temperature and the transition phase observed at about
900°C has to be attributed to the change of the boron environ-
ment with progressive formation of B™ and fast exchange
between B™ and B"Y when temperature increases. MAS NMR
results confirm the existence of two yttrium sites. In Y;BO,, two
threefold and one fourfold boron atoms are observed. One
B"™ corresponds to a planar orthoborate group; the other would
be distorted. Fifteen yttrium sites have been observed which are
not interpreted yet. © 2000 Academic Press

INTRODUCTION

Many compounds containing rare-earth ions are good
candidates for applications in laser and luminescence mater-
ials, but the emission is often quenched by doping ion interac-
tions over a critical concentration. The quenching phenomenon
is reduced when active ions are separated by large enough
anions such as PO, WO,, or BO;. Particularly, rare-earth
borate compounds present a great structural complexity
because boron atoms can form planar or nonplanar BO;
groups, where three oxygen atoms form sp? bonds, and also
tetrahedral BO, groups, where four oxygen atoms form sp?
bonds (1). Furthermore, borate materials exhibit interesting
optical properties due to their high UV transparency and
their exceptional optical damage threshold, allowing them
to be used in vacuum discharge lamps or screens.

The general objectives of this work concern the lumines-
cence properties of some rare-earth borates doped by Ce**
and Yb*" in relation to the environmental structure of the
activator ion, which is influenced by the localized bonding
arrangements of the borate groups.
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This first paper focuses on the gadolinium borates. It
concerns essentially the study of the different solid phases
formed in the binary system Gd,O;-B,O3 and of the struc-
tural environments of boron and rare-earth atoms in these
compounds.

EXPERIMENTAL PART

(1 — x)Ln,03-xB,05 samples with Ln = Gd, Y, or Yb
were prepared by solid-state reactions. The starting mater-
ials were mixtures of Ln,O5; and H;BO; powders, to which
an excess amount of boric acid (between 5 and 10 mol%)
was added in order to compensate for the loss due to the
evaporation of B,O3 during the firing. After pressing under
4000 kgem ™% to form cylinders of 13 mm of diameter,
samples were heated under an air or oxygen (Po, = 1 bar)
atmosphere. Several grinding and firing cycles were needed
to obtain complete reaction and well-crystallized specimens.

The nominal composition was calculated through the
weight losses during each thermal treatment and controlled
by boron and Ln titrations.

Samples were characterized by X-ray diffraction measure-
ments using a Philips PW 3710 diffractometer at CuKo
radiation. The phases were identified by comparison with an
X-ray diffraction pattern known for analog compounds or
given in the literature.

Thermal behavior of samples was followed by X-ray
diffraction and by differential thermal analysis associated to
thermogravimetry using a Setaram TAG 24 analyzer work-
ing under 1 bar of oxygen. Heating and cooling rates were
fixed at 5°C min .

MAS NMR experiments were carried out on a Bruker
DSX 400 spectrometer operating at principal field of
9.4 T with Larmor frequencies for #°Y and ''B of 19.6 and
128 MHz, respectively. For ''B, the spinning speed was
between 12,000 and 13,000 ts~ ! and for 7Y, it was between
4000 and 5000 ts~!. Chemical shifts have been reported
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relative to B,O; in saturated solution for *'B and to a 1 M
solution of Y(NOj), in nitric acid solution for 8°Y. The
quadrupolar coupling constant C, and the quadrupolar
asymmetric parameter 7o have been extracted by simulation
using a modified version of the Bruker Winfit program.

Raman spectra were drawn between room temperature
and 1200°C using a DILOR XY with an excitatrice
wavelengh of 514 nm.

RESULTS

In this work, the phase equilibria in the Gd,0;-B,0;
binary system has been previously determined as a good
tool for preparing pure and well-crystallized materials. For
each solid phase observed, the best thermal conditions are
given in Table 1.

1. Phases Equilibria in the Gd,03-B,03 Binary System

The binary system has been drawn between 20 and
90 mol% BO; 5 content and is shown in Fig. 1. Three solid
phases, GABO3;, Gd;BO¢, GA(BO,)3, and a demixion liquid—
liquid field are observed. The gadolinium orthoborate with
formula GdBO; melts congruently at 1580 + 20°C, in good
agreement with the Levin et al. data (2). It takes part into
two eutectic reactions:

— the first one at 1575°C corresponds to the reaction
lig. <= GdBO; + Gd;BOg;

— the second one at 1275°C is a monotectic equilibrium
lig. = liq. + GdBOs;.

In the range between 875 and 940°C, orthoborate pres-
ents a phase transition with high thermal hysteresis during
the cooling. The small difference of the transition temper-
ature between sub- and hyperstoichiometric specimens
evidences a very narrow homogeneity field (about 0.2 BO; 5
mol%) around the theorical stoichiometry GdBO;.

TABLE 1
Thermal Conditions to Prepare Pure and Well Crystallized
Borate Phases Belonging to Gd,0,—B,0; Binary System

Temperature of the

Compounds heat treatment (°C) Time (h) Observed phases
Gd;BO 400 5 Gd;BO6 + GdBO;
1200 20
1300 10 Gd;BO,
GdBO; 400 5 GdBO; + Gd(BO,);
1100 10
1450 1 GdBO;
Gd(BO,); 400 5 Gd(BO,); + B,O;
1040 20
1040 20 Gd(BO,);
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At about 1400°C, a probable polymorphic transition
leads to a high temperature form which was not indexed but
which could be attributed to the formation of a structure
type (H)INdBOj as it was seen for La and Nd orthobo-
rates. Gd;BOq is peritectically decomposed at 1590 + 20°C
into a liquid (about 48 mol% BO, 5) and Gd,O3;, and at
1575 + 20°C, it participates in an eutectic reaction corre-
sponding to liq. < GdBO; + Gd;BOy. The phase Gd(BO,);
presents a peritectic decomposition at 1085 + 20°C given
GdBO; and a liquid rich in B,O3 (about 90 mol% of
BO,.5).

For the three solid phases, the X-ray diffraction patterns
at room temperature are given in Fig. 2.

GdBOj; displays hexagonal symmetry and the cell para-
meters calculated using the space group P6c2 are
a=662A, ¢c=880A. For Gd;BO4, the main lines
have been attributed using the literature data concerning Eu
and Tb (3). The proposed space groups are C2/m, C2, or Cm
and the cell parameters calculated from our results and for
a monoclinic symmetry are a = 18.52 A, b=3704,
c=14214, o = y =90° p =120.7°. The structure of the
metaborate Gd(BO,); is well known. It crystallizes in the
space group I2/c (4). The cell parameters calculated from the
diffraction pattern are in good agreement with the literature
values: a =7.82A, b=803A, ¢=626A, «=7y=090°
p =93.7°.

2. Structural Considerations Concerning
GdBO3 and Gd3BO6

As the structure of the metaborate Gd(BO,); has been
well investigated (4), the structural considerations focused
only on the two phases GdBO; and Gd;BOg. The struc-
tural modification of GdBO; at about 900°C has been
reinvestigated using X-ray diffraction, Raman spectroscopy,
and "'B MAS NMR due to the considerable ambiguity
regarding the disposition of boron and the influence of
temperature for rare-earth orthoborates between Sm to Lu
including Y (5-11).

GdBOj; is not isostructural of vaterite and is referred to as
“borate with YBOj; structure” (5). From X-ray diffraction
patterns four structures have been proposed:

1. The first structural determination (6) proposed a hex-
agonal symmetry with two molecules in the unit cell. The
considered space group is P6;/mmc and it was assumed that
the structure of the borate group corresponded to that of
a T-shaped monomeric BO3 ™~ ion.

2. The second structure proposed by R. E. Newnham
et al. (7) for YBOj; involved monomeric planar and triangu-
lar BO3™ anions inclined to one another but parallel to
the ¢ axis with two possible arrangements, leading a dis-
ordered (space group P6;/mmc) or an ordered (space group
P65/mcm) hexagonal structure. In these structures, each
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FIG. 1. Phase equilibria in the Gd,0;-B,0O; binary system.

rare-earth ion would be coordinated to a distorted cube
with eight oxygen atoms.

3. Infrared absorption analysis (5, 8-10) disclosed that
boron would be in fourfold coordination with a cyclic
trimeric structure. Two models were proposed for YbBO;
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and are consistent with the optical and absorption pro-
perties and with the X-ray diffraction powder patterns.
They involve edge-sharing nets of YbOg octahedra de-
crypting polyhedra where a 12-coordinated Yb is in
special position surrounded by borate groups and lead
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FIG. 2. X-ray diffraction patterns of the different solid phases observed in the Gd,03-B,O; binary system. *, Main lines corresponding to B,Os.
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to a low- and a high-temperature form. The low-tempera-
ture form had the probable space group P6c2, where
the strict requirements of the optical and absorption
spectra criteria make it necessary to choose tetrahedral

(a)
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104° | {50
114 30042000 2020
203°
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borate groups. The high-temperature form had the
probable space group P6322, where boron and oxygen ions
are to be accomodated as borate triangles inclined to the
¢ axis (11).
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FIG. 3. X-ray diffraction patterns of GdBOs;. (a) Low- and high-temperature forms; (b) progressive change with increase of temperature; (c) large
hysteresis when sample is cooled from high temperature.
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TABLE 2 4. Recently, a new structure was proposed for YBOj; (12).
Temperature Range of the Structural Modification in It would be solved in the P6;/m space group and yttrium
Dependence on Nature of the Rare Earth Ion atoms would be eightfold coordinated by oxygen atoms
) - . in a trigonal bicapped antiprisms forming a [YOyg] frame-
Tonic radii Beginning of End of thermal . . .
. o . o work. The yttrium atoms would present a unique coordina-
Nature of the ion (A) thermal peak (°C) peak (°C) . . . ..
tion but two different environments due to a statistical
Gd3+* 0.938 882 910 distribution of two oxygen atoms with a partial occupancy
y3* 0.900 940 971 (1/3).
Yb3* 0.868 988 1009

715.5
8433
905.8
930
11954

1000 °C

;5
580.2
667

117.8

918.2

T

AN 25 °C
! | ' | ! 1
0 200 400 600 800 1000 1200 1400
(b) wavenumber (cm'])

FIG. 4. Raman spectra of GdBO;. (a) At room temperature and when temperature increases; (b) large hysteresis when sample is cooled from high
temperature.
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TABLE 3
Vibrational Assignment Based on Denning and Ross’s Work (5)
Wavenumber
(cm™Y) Assignment
1016.1 Terminal stretching v;o(E’) or ring stretching vo(E’)
996.2 Terminal stretching vo(E’) or v,(A}) or ring
stretching vg(E’)
917.5 Terminal stretching vs(A%) or ring stretching vg(E’)
825.1 Ring stretching vo(E’) or vg(E’) and/or terminal
stretching v,(A) or vi4(E”)
614.4¢ Ring stretching v;(A})
507.7¢ Ring bending v,(A’)
428 Terminal bending v,(E’) or v;,(E’)
409.6“ Ring bending v;3(E’)
301.2°-293.4°  Terminal bending v,¢(E’)
251.7¢ Terminal bending v;,(E’) and v;(A})

“Assumptions providing the framework on which were built the assig-
ments presented in the Denning and Ross work.
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From our X-ray diffraction measurements it has been
shown that:

— At low temperature, the powder pattern is consistent
with those of the P6;/mmc, P6¢c2, P65/mem, and P65/m space
groups (Fig. 3a); the difference concerns the assignment of
the lines and some very very weak lines which are better
accounted for the P6c2 space group.

— At high temperature, the X-ray diffraction diagram is
consistent with P6522 (Fig. 3a).

— The transition observed at about 900°C is associated
with a progressive and slow space group change which
occurs over a large range of temperatures and with a large
hysteresis when the sample is cooled (Figs. 3b and 3c). The
comparison between Figs. 3b and 3c shows the reversibility
of the structural transition.

The low- to high-temperature transition involves expan-
sion along the a axis and shrinkage in the ¢ direction. The
cell parameters have been calculated using the space group

After
heating
Before
heating
1
\l
\}
30.0 20.0 10.0 0.0 -10.0 -20.0 -30.0 -40.0 -50.0
(a) PPM
hiaad M v 1010C
1150C
1080C
Ard—errenaey 1010C
asanat Ragate 5 850C
700C
A/’\\ 500C
AP A A b P A pmrnsrrtvent— R 0Om temperat‘urc
200 150 100 50 0 -50 -100 -150 -200 -250
(b) PPM

FIG. 5.
increases.

1B spectra at 9.4 T of YBO;. (a) At room temperature before and after heating; (b) high static ''B NMR experiments when temperature
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P6¢2, and the values are
a=664A
a=712A

c=888A
c=855A

at 500°C
at 1200°C.

Similar progressive transition occurs (Table 2) when Gd is
substituted by Y or Yb and for YbBO3, the temperature
range where the low-high transition is observed is in good
agreement with the literature data (13).

The Raman spectrum of GdBO; at room temperature is
given in Fig. 4a and agrees with the only one proposed in
the literature (5). About 25 bands are observed between
1250 and 100 cm ™. Involving a planar ring with D5, sym-
metry, a possible assignment of the strongest bands may be
proposed (5); it is given in Table 3. There is no absorption
above 1016.1 cm™! as is expected for borate not having
boron in threefold coordination with oxygen atoms.

Up to 900°C, the main modifications concern the follow-
ing (Fig. 4a):

— the progressive decrease of the group between 1016.1
and 614.4cm™' (most of these bands disappear, except

COHEN-ADAD ET AL.

those located at 1016.1 and 996.2, which are modified into
a unique band at 979 cm !, and those at 843.3 cm ™~ !, which
remain up to 1000°C);

— a small shift of the bands toward the left for the major
part of the bands.

The group between 507.7 and 100 cm ™! is present up to
900°C, except for the small vibrations at 266.8, 293.4, and
301.8, which disappear when temperature increases.

Between 900 and 1000°C, the Raman spectrum drastically
changes and a weak band appears at 1195.4 cm ™', where it
may be expected if triangularly coordinated boron atoms
are formed.

The change of the atomic arrangement in borate groups
induces a structural transition. Figure 4b shows the return
toward the initial state when sample is cooled, proving the
reversibility of the transformation.

Due to the magnetic properties of gadolinium, the
boron and rare-ecarth environments were investigated
by MAS NMR using YBO; as a good representative
compound.

)

SOREDS— YBO,
Y,BO, + Y,0,
. . . . Y,BO, + YBO,
350 300 250 200 150 100 50
(a) PPM

Y,BO,

YBO,

rotor
;

340 320 300 280 260 240 220 200 180 160 140 120 100 80 60 40

PPM

(b)

FIG. 6.

89Y spectra at 9.4 T of YBO; and Y3BOs. (a) Experimental spectra; (b) details of the simulation.
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"B, At room temperature, an unique fourfold coor-
dinated boron site (Fig. 5a) is observed with a chemical shift
diso = — 20 ppm. This result is confirmed by the simulation
of the experimental curve. Very high static '’B NMR ex-
periments clearly show the existence of a narrow signal
above 970°C and a continuous shift of the line to the left
(Fig. 5b) when temperature increases. After cooling (Fig. 5a),
the ''B MAS NMR line returns to its initial position.
A residual line located at 0 ppm can be attributed to con-
densed free B,O; formed during the heating. This unusual
behavior suggests that the structural modification with
temperature could be attributed to a sudden increase of the

(@)
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boron mobility. At high temperature, the chemical shift
Jiso at about 14 ppm is in the range between B'Y and B™ and
could traduce a progressive formation of B™ with a fast
exchange between B™ and residual B'. This result argues
for the Bradley et al. (11) structural proposition but dis-
agrees with the Chadeyron et al. data (12).

8. Spectra obtained by **Y MAS NMR are shown in
Fig. 6. Two sites are clearly distinguished by simulation.
From the results of simulation, if three rare-earth atoms are
considered, one is located on a different site. This re-
sult agrees with the structure proposed by Bradley et al. (11).

Y,BO, (25.1 % BO, )
*Y BO,
H YZOJ

Y,BO, (31.13 % BO, )
*Y BO,
°YBO,

() *

20 30

* Gd,BO,
2 Gd,0,

Gd,BO, (253% BO, ,)

40 50 60
Angle2 9

FIG.7. X-ray diffraction pattern of Ln3;BOg. (a) For Ln =Y, at 31.1 and 25.1 mol% of B,O3; (b) for Ln = Gd, between 17.6 and 27.2 mol% of B,0;.
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For borates with Ln;BO, stoichiometry, the first X-ray
crystallographic data were given by Leskald and Niinisto
(13) in 1986. The structure was considered as an orderly
arrangement of all atoms within the crystal. The sharp
characteristics of the diffractograms were interpreted by the
authors as due to the absence of rotational disorder of the
borate groups. Orthoborate BO3 ~ group was considered as
the only possible arrangement to satisfy the requirements of
crystal symmetry and chemical stoichiometry.

Recently, Lin et al. (14, 15) proposed Ln, 33(BO3),
(B,0O5)O46 as the composition of previously known
Ln;BO¢ with Ln = Y and Gd. The structure would contain
two different kinds of BO3~ and B,0O%", with a B-O-B
angle about 150°.

We have reinvestigated the stoichiometry of Ln;BOg for
Ln =Y and Gd. As it is difficult to obtain pure compounds,

COHEN-ADAD ET AL.

two yttrium samples were prepared for 25.1 and 31.1 mol%
B,0;. The comparison of the X-ray diffraction patterns
(Fig. 7a) shows that for 25.1 mol% B,0O3, Y,O3 is present as
weak impurity and for 31.1 mol% B,0O3, the sample is two-
phased YBO; and Y;BOg. The stoichiometry of Ln;BOg is
also confirmed for Ln = Gd as is shown in Fig. 7b, where
X-ray diffraction patterns for 25.3 mol% of B,O; can be
indexed as Gd;BOg using the Leskald and Niinisto data
(13). When B,0; content decreases below 25 mol%, the
main characteristic lines of Gd,O; appear. Our results
confirm the stoichiometry Ln;BOg for Ln = Gd and Y.
A small homogeneity range has not to be excluded, but it is
not realistic that it was extended up to 31.6 mol% of B,Os.
Boron and yttrium environments have been investigated
by MAS MNR and, as it was done previously, the structural
environments of boron and gadolinium atoms in Gd;BOg
were determined through the analog compound Y;BOs.

Y,BO,+Y,0,
(a) 1
3
2
100 50 00 50 -t00 -ISIO ~2C:0 -25‘0 -30‘0 »35[0 :0’0
PPM
Y,BO, + YBO,
(b)
4
100 50 0;) S0 100 -I;O -2(’1‘0 -2;0 -3(;0 »3;0 -4(.)0
PPM

FIG. 8.

1B spectra of Y3BOs. (a) For Y3BOg containing Y,Oj5; (b) For Y3;BOg containing YBO;.
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"B, Figure 8 shows that two different threefold and one
fourfold coordinated boron are present in a 1:1:1 ratio. One
B" site, with a quadrupolar asymmetric parameter 1g =
0.02, is in agreement with a planar triangulary BO3 ™ group;
the second B™ site would be distorted (o = 0.22). For
sample containing YBOj5, the two B sites (one for Y;BOg
and one for YBO,) are clearly distinguished by simulation.

87Y. Figure 6 shows the result of simulation concern-
ing the spectra of sample containing Y3;BOg and YBO3. The
signal relative to 8°Y in orthoborate differs clearly from
those relative to Y;3;BOg. Simulation permits the separation
15 of different sites occupied by yttrium atoms with relative
population of approximatively (1);:(2),:4:5:9.

CONCLUSIONS

In the Gd,0;3-B,0O; binary system, three solid phases with
respective stoichiometry Gd;BOg4, GdBO3, and Gd(BO,);
have been evidenced. Orthoborate melts congruently, and
the two others decompose before melting.

GdBO; presents a very narrow existing field and at
about 900°C a structural transition occurs induced by
a progressive change of the boron environment. At room
temperature, MAS NMR experiments show only fourfold
boron atoms. When temperature increases the change of the
chemical shift of the boron signal traduces formation of
threefold boron with fast exchange between B'Y and B™. The
existence of two kinds of yttrium atoms is confirmed.

For Ln =Y and Gd, the stoichiometry of Ln;BOg was
confirmed and disagrees with the results of Lin et al. (14, 15).
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The boron environment in Gd;BOg is constituted by two
kinds of B™ and one B" in equivalent proportion. Simula-
tion of %Y spectra makes it possible to distinguish 15
different Y sites. These results are not yet interpreted.
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