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Single crystals of the orthoborate p-ErBO3 were synthesized from Er2O3 and B2O3 under high-pressure/

high-temperature conditions of 2 GPa and 800 1C in a Walker-type multianvil apparatus. The crystal

structure was determined on the basis of single-crystal X-ray diffraction data, collected at room

temperature. The title compound crystallizes in the monoclinic pseudowollastonite-type structure, space

group C2/c, with the lattice parameters a¼1128.4(2) pm, b¼652.6(2) pm, c¼954.0(2) pm, and

b¼112.8(1)1 (R1¼0.0124 and wR2¼0.0404 for all data).

& 2010 Elsevier Inc. All rights reserved.
1. Introduction

The rare-earth orthoborates REBO3 are of great scientific interest,
due to their extraordinary optical properties like vacuum ultraviolet
(VUV) transparency, outstanding optical damage threshold, and high
luminescent efficiencies for Eu3+-doped orthoborates. These com-
pounds are thus attractive materials to be used in vacuum discharge
lamps or screens and numerous studies have been performed on these
borates in the past decades. The rare-earth orthoborates REBO3

exhibit a complex polymorphism and most of them are designated
with Greek letters according to the nomenclature of Meyer [1–3]. An
overview of the known phases is given in Table 1.

While the crystal structures of most polymorphs have been
determined unambiguously, there are a low-temperature modifi-
cation and a high-temperature modification termed p-REBO3

(RE¼Y, Nd, Sm–Lu) and m-REBO3 (RE¼Y, Sm–Gd, Dy–Lu), respec-
tively, which are still the objects of lengthy discussions in the
literature. In the following, a survey of the previous works is given:
(a)
 In 1961, Levin et al. [4] first described the orthoborates
p-REBO3 (RE¼Y, Nd, Sm–Lu) as pseudo-hexagonal vaterite-
type borates with a possible boron coordination of more than
three. A phase transition into m-REBO3 was observed, which
was proposed to be nearly isostructural with vaterite, but also
possibly pseudohexagonal.
ll rights reserved.
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uppertz).
(b)
 Newnham et al. [22] presented the first structure determina-
tion of p-YBO3 powder in 1963 and proposed two possible
hexagonal structure models with BO3-groups. One was a
disordered model with space group P63/mmc, the other one
an ordered model with space group P63/mcm. Each rare-earth
ion was said to be coordinated to eight oxygen atoms arranged
in a distorted cube.
(c)
 In the following years, several IR, NMR, and Raman studies were
performed on the p-orthoborates, all indicating a tetrahedral
boron coordination in the form of B3O9-rings [29–33]. Bradley
et al. [23] thus presented in 1966 the first structure determination
from X-ray powder data, that accommodated these findings. For
the low-temperature form p-REBO3, the hexagonal space group
P6̄c2 was reported, based on Newnham’s disordered model.
Either a triangular boron coordination, analogous with vaterite,
or a three-membered ring of boron tetrahedra were considered
to be possible. For the high-temperature form m-REBO3, the
hexagonal space group P6322 with tilted triangular anions was
derived.
(d)
 In 1977, Morgan et al. [24] picked up the thought of pseudo-
hexagonality for the p-orthoborates, as indicated in the very
beginning by Levin et al. Based on Bradley’s model, they
calculated a model in the monoclinic space group C2/c with
a pseudohexagonal stacking of the B3O9-rings. The compounds
were assumed to crystallize in a pseudowollastonite-type
structure rather than in a vaterite-type one.
(e)
 It was not until 1997, when the first single-crystal structure for
p-YBO3 was reported by Chadeyron et al. [25]. Here, the
structure was solved in the hexagonal space group P63/m.
The model implies the partial occupation of oxygen and boron
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Table 1
Known polymorphs of REBO3.

Polymorphs RE Comments

b-REBO3 Sc, Er–Lu Calcite structure [3–9]

l-REBO3 La–Nd, Sm, Eu Aragonite structure [4,10–12]

w-REBO3 Dy–Er Triclinic phases [13,14]

n-REBO3 Ce–Nd, Sm–Dy Triclinic (H–NdBO3) [2,15–18]

H–REBO3 La, Ce, Nd Monoclinic (H–LaBO3) [19–21]

p-REBO3 Y, Nd, Sm–Lu Low-temperature phases [4,9,22–28]

m-REBO3 Y, Sm–Gd, Dy–Lu High-temperature phases [3,23,26–28]
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atoms and a possible rotational distortion of the B3O9-rings.
BO4-tetrahedra were identified at least as the main structural
unit via IR and NMR investigations.
(f)
 Two years later, Ren et al. [26] brought two other space groups for
p- and m-REBO3 into the discussion. On the basis of powder
diffraction data, Chadeyron’s hexagonal cell of p-YBO3 was
identified as a subcell of a rhombohedral structure. This way, a
fully ordered structure in the rhombohedral space group R32 for
p-REBO3 was obtained, but unreasonable bond distances gave rise
to doubts. The high-temperature polymorphm-REBO3 was said to
crystallize in P63/mmc, the hexagonal space group previously
identified for the low-temperature form by Newnham et al.
(g)
 Powder data of p-GdBO3 from Cohen-Adad et al. [27] in 2000
were consistent with all proposed hexagonal space groups
P63/mmc, P6̄c2, P63/mcm, and P63/m, while the best agreement
could be accounted in P6̄c2. For m-GdBO3, the hexagonal space
group P6322 was assumed; both models are in agreement with
the earlier findings of Bradley et al.
(h)
 A neutron diffraction study on (Y0.92Er0.08)BO3 powder samples
was undertaken by Lin et al. [28] in 2004. The powder diffraction
patterns of both the p- and the m-orthoborate could only be
indexed assuming a monoclinic cell in the space group C2/c, and
the results thus support the earlier structure determination of
Morgan et al. This monoclinic lattice was related to the rhombo-
hedral lattice, observed by Ren et al. by removing the 3-fold axis.
(i)
Table 2
Crystal data and structure refinement for p-ErBO3.
In 2008, Hosokawa et al. [9] presented another study on
orthoborate powders synthesized by a glycothermal reaction.
Here, the space group P63/m was reported as previously
determined from single-crystal data by Chadeyron et al.
Empirical formula ErBO3

Molar mass, g mol�1 226.07

Crystal system Monoclinic

Space group C2/c (No. 15)

Single-crystal diffractometer Bruker AXS/Nonius Kappa CCD

Radiation MoKa (l¼71.073 pm)

(graphite monochromator)

a, pm 1128.4(2)

b, pm 652.6(2)

c, pm 954.0(2)

b, deg. 112.8(1)

Volume, nm3 0.6476(2)

Formula units per cell Z¼12

Temperature, K 293(2)

Calculated density, g cm�3 6.96

Crystal size, mm3 0.04�0.04�0.02

Absorption coefficient, mm�1 38.5

F(0 0 0), e 1164

y range, deg. 3.7–30.0

Range in hkl 715, 79, 713
It is clear from the literature that the crystal structure of thep- and
the m-orthoborate has to be clarified. The red (Y,Gd)BO3:Eu3+

phosphor is known to be one of the most familiar materials, being
used for plasma panel displays, and its luminescent properties are
often discussed on the basis of a hexagonal vaterite-type structure.
Looking at the above-mentioned studies, this cannot be taken for
granted. Because of its importance in application, it is highly desirable
to refine this structure satisfactorily. Over the past 50 years, five
different structural models were proposed, revised, doubted, and
supported. Remarkably, only one single-crystal measurement on
p-YBO3 was reported, while all other models are based on powder
measurements. Light pressure during solid state syntheses often
yields coarse-crystalline samples of the products, due to pressure-
induced crystallization [34]. The high-pressure/high-temperature
synthesis now resulted in single crystals of p-ErBO3, which made
the first satisfying single-crystal structure determination possible.
Total number of reflections 3552

Independent reflections/Rint 946/0.0202

Reflections with IZ2s(I)/Rs 914/0.0170

Data/ref. parameters 946/72

Absorption correction semiempirical [40]

Goodness-of-fit on F2 1.016

Final indices R1/wR2 [IZ2s(I)] 0.0120/0.0401

Indices R1/wR2 (all data) 0.0124/0.0404

Larg. diff. peak/hole, e Å�3 1.06/�0.77
2. Experimental section

2.1. Synthesis

A 1:1 mixture of Er2O3 (Strem Chemicals, 99.9%) and B2O3

(Strem Chemicals, 99.9+%) was ground and filled into a boron
nitride crucible (Henze BNP GmbH, HeBoSintsS100, Kempten,
Germany). This crucible was placed into the center of an 18/11-
assembly, which was compressed by eight tungsten carbide cubes
(TSM-10 Ceratizit, Reutte, Austria). The details of preparing the
assembly can be found in Refs. [35–39]. Pressure was applied by a
multianvil device, based on a Walker-type module and a 1000 ton
press (both devices from the company Voggenreiter, Mainleus,
Germany). The sample was compressed up to 2 GPa in 75 min, then
heated to 800 1C in 10 min and kept there for 20 min. Afterwards,
the sample was cooled down to 600 1C in 20 min and then to room
temperature by switching off the heating. The decompression of
the assembly required 3.75 h. The recovered MgO-octahedron
(pressure transmitting medium, Ceramic Substrates & Components
Ltd., Newport, Isle of Wight, UK) was broken apart revealing nearly
phase pure p-ErBO3, from which pink air- and water-resistant
crystal platelets were obtained for the single-crystal structure
determination.
2.2. Crystal structure analysis

The intensity data of a single-crystal ofp-ErBO3 were collected at
room temperature, using a Nonius Kappa-CCD diffractometer with
graded multilayer X-ray optics (MoKa radiation, l¼71.073 pm).
Afterwards, a multi-scan absorption correction was applied to the
data [40]. All relevant details of the data collection and evaluation
are listed in Table 2. According to the systematic extinctions, the
monoclinic space groups Cc and C2/c were derived. Structure
solution and parameter refinement (full-matrix least-squares
against F2) were performed successfully in the space group C2/c,

using the SHELX–97 software suite [41] with anisotropic atomic
displacement parameters for all atoms. The positional parameters,
interatomic distances, and interatomic angles are listed in Tables 3
and 4.

Further information of the crystal structure is available from the
Fachinformationszentrum Karlsruhe (crysdata@fiz-karlsruhe.de),
D-76344 Eggenstein-Leopoldshafen (Germany), quoting the Reg-
istry no. CSD-422094.



Fig. 1. Crystal structure of p-ErBO3 along [0 1 0], displaying isolated B3O9-rings of

BO4-tetrahedra.
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2.3. IR spectroscopy

FTIR-attenuated total reflection (ATR) spectra of the crystals
were recorded with a Bruker Vertex 70 FT-IR spectrometer
(resolution �0.5 cm�1), attached to a Hyperion 3000 microscope
in a spectral range from 600–4000 cm�1. A frustrum shaped
germanium ATR-crystal with a tip diameter of 100 mm was pressed
on the surface of the crystals with a power of 5 N, which let them
crush into pieces of mm-size. Sixty-four scans for sample and
background were acquired. Beside spectra correction for atmo-
spheric influences, an enhanced ATR-correction, [42] using the
OPUS 6.5 software, was performed. A mean refraction index of the
sample of 1.6 was assumed for the ATR-correction.

2.4. Raman spectroscopy

Confocal Raman spectra of single crystals were gained with a
HORIBA JOBIN YVON LabRam-HR 800 Raman micro-spectrometer.
The sample was excited, using the 633 nm emission line of a
17 mW He–Ne–laser and an OLYMPUS 100� objective (numerical
aperture¼0.9). The size and power of the laser spot on the surface
were approximately 1 mm and 5 mW, respectively. The scattered
light was dispersed by a grating with 1800 lines/mm and collected
by a 1024�256 open electrode CCD detector. The spectral resolu-
tion, determined by measuring the Rayleigh line, was about
1.4 cm�1. The wavenumber accuracy of about 0.5 cm�1 was
achieved by adjusting the zero-order position of the grating and
regularly checked by a Neon spectral calibration lamp.
3. Results and discussion

The single-crystal structure of p-ErBO3 could be solved and
refined in the space group C2/c and is thus isotypic to the
Table 3

Atomic coordinates and isotropic equivalent displacement parameters Ueq (Å2) for

p-ErBO3 (space group C2/c).

Atom Wyckoff position x y z Ueq

Er1 4c 1/4 1/4 0 0.00399(7)

Er2 8f 0.085415(7) 0.25566(2) 0.499356(7) 0.00376(7)

B1 8f 0.1201(2) 0.0379(3) 0.2469(2) 0.0058(3)

B2 4e 0 0.6752(4) 1/4 0.0057(4)

O1 8f 0.1255(2) 0.0920(2) 0.1020(2) 0.0062(2)

O2 8f 0.2229(2) 0.0932(2) 0.3887(2) 0.0061(2)

O3 8f 0.0484(2) 0.5664(2) 0.3923(2) 0.0061(2)

O4 8f 0.3914(2) 0.3082(2) 0.2517(2) 0.0056(2)

O5 4e 0 0.1350(2) 1/4 0.0052(3)

Ueq is defined as one third of the trace of the orthogonalized Uij tensor.

Table 4
Interatomic distances (pm) and angles (deg.), calculated with the single-crystal lattice

Er1–O1 224.6(2) Er2–O3 223.6(2)

2� Er2–O2 223.6(2)

Er1–O4 234.3(2) Er2–O4 232.4(2)

2� Er2–O5 233.0(2)

Er1–O3 242.0(2) Er2–O3 243.0(2)

2� Er2–O2 243.3(2)

Er1–O2 244.6(2) Er2–O1 244.1(2)

2� Er2–O1 244.3(2)

Ø¼236.4 Ø¼235.9
pseudowollastonite-type CaSiO3 [43] and not to the vaterite-type
CaCO3 [44]. The results agree with the findings of Morgan et al. [24]
and the neutron diffraction study of Lin et al. [28]. From the single-
crystal data, we unambiguously derived a monoclinic unit cell with
the parameters a¼1128.4(2) pm, b¼652.6(2) pm, c¼954.0(2) pm,
parameters of p-ErBO3 with standard deviations in parentheses.

B1–O2 144.5(2) B2–O3 143.9(2)

B1–O1 145.1(2) 2�

B1–O4 150.5(2) B2–O4 150.7(2)

B1–O5 150.7(2) 2�

Ø¼147.7 Ø¼147.3

O2–B1–O1 121.1(2) O3–B2–O3 120.9(2)

O2–B1–O4 106.3(2) O3–B2–O4 106.4(2)

O1–B1–O4 106.6(2) 2�

O2–B1–O5 106.2(2) O3–B2–O4 106.6(2)

O1–B1–O5 106.7(2) 2�

O4–B1–O5 109.7(2) O4–B2–O4 109.6(2)

Fig. 2. Crystal structure of p-ErBO3 along [0 0 1], displaying the staggered stacking

of the B3O9-rings.
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and b¼112.8(1)1 (Table 2). The parameters of the neutron powder
diffraction experiments are similar with a¼1131.38(3) pm,
b¼654.03(2) pm, c¼954.99(2) pm, and b¼112.902(1)1 [28], while
no cell parameters were given by Morgan et al.

The crystal structure of p-ErBO3 has got two crystallographi-
cally independent boron cations (Table 3), which are fourfold
coordinated by oxygen anions. Connecting via common corners,
three BO4-tetrahedra (two around B1 and one around B2) form
isolated B3O9-rings (Fig. 1). The tetrahedra are regular with a
displacement of the central boron atoms towards the non-bridging
oxygen atoms, resulting in two shorter and two larger B–O bonds
for each boron atom (Table 4). A similar distortion for BO4-
tetrahedra with two bridging and two non-bridging ligands was
observed previously, e.g. in the fluoride borate La4B4O11F2 [45].
With an average B–O bond lengths of 147.7 and 147.3 pm, they
go together with the known average value of 147.6 pm for
BO4-tetrahedra in borates [46,47]. The bond lengths are compar-
able, but more consistent than those obtained by Lin et al.
via powder neutron diffraction [28]. For one of the hexagonal
structure models, Chadeyron et al. report B–O bond lengths
between 137 and 192 pm [25], which are rather doubtful for
BO4-tetrahedra. The distortions of the BO4-tetrahedra in p-ErBO3

also cause enlarged O–B–O angles of �1201 between the non-
bridging oxygen atoms.

Viewing along [0 0 1], the B3O9-rings are stacked in a shifted
arrangement (Fig. 2). Earlier structure determinations assumed the
presence of rare-earth cations inside of the B3O9-rings [23], which
can be now excluded from the single-crystal structure determina-
tion. Due to the staggered arrangement and the distortion of the
BO4-tetrahedra, three- or sixfold rotational axes do not exist in the
structure of p-ErBO3. Therefore, all hexagonal and rhombohedral
models have to take disorder or partially occupied atomic positions
into account, which is not the case for the monoclinic model, stated
earlier by Lin et al. [28].

The two erbium cations in the structure are both eightfold
coordinated (Fig. 3). The Er–O distances are in a narrow range
between 223.6(2) and 244.6(2) pm. They are thus much more
uniformly distributed than the bond lengths reported for p-YBO3

by Lin et al., which range between 225.7(8)–295.0(8) pm [28].
The calculations of the bond-valence sums for p-ErBO3 with

the bond-length/bond-strength (BLBS) concept [48] and the charge
Fig. 3. Coordination spheres of the erbium cations in the crystal structure of

p-ErBO3.

Table 5
Charge distribution inp-ErBO3, calculated with VaList (SV) and the CHARDI concept

(SQ).

Er1 Er2 B1 B2 O1 O2 O3 O4 O5

SV +2.97 +3.01 +3.01 +3.05 –1.89 –1.92 –1.96 –2.18 –2.18

SQ +3.03 +3.02 +2.99 +2.95 –1.91 –1.94 –1.98 –2.11 –2.12
distribution concept (CHARDI) in solids according to Hoppe
[49–51] were performed and confirmed the formal ionic charges
of the single-crystal structure analysis (Table 5).

Furthermore, we calculated the Madelung Part of Lattice Energy
value (MAPLE) according to Hoppe [52–54] of p-ErBO3 in order
to compare it with the sum of the MAPLE values for the high-
pressure modification of Er2O3 [55] and that of B2O3-II [56] [0.5
Er2O3 (15,283 kJ mol�1)+0.5 B2O3-II (21,938 kJ mol�1)]. The cal-
culated value (18,739 kJ mol�1) for p-ErBO3 and the MAPLE value
of the sum of the binary oxides (18,611 kJ mol�1) tally well
(deviation 0.7%).

Fig. 4 shows the FTIR-ATR measurement of the sample between
600 and 2000 cm�1. The main absorption bands between 750 and
1250 cm�1 are those typical for the tetrahedral borate group
[BO4]5� as in p-GdBO3, p-YBO3, or TaBO4 [26,31,57]. Fig. 5 shows
the Raman spectrum of p-ErBO3 in the range 100–1500 cm�1.
In previous Raman measurements of borates, the area below
650 cm�1 could be assigned to lattice and RE–O modes. Therefore,
the area between 700 and 1100 cm�1 shows probably the bands
evoked by the BO4-groups. The positions of these Raman bands
(Fig. 5) are compared to those reported for p-GdBO3 in the
literature (Table 6) [27] .
Fig. 4. FTIR-ATR spectrum of p-ErBO3 in the range 600–2000 cm�1.

Fig. 5. Raman spectrum of p-ErBO3 in the range 100–1500 cm�1.



Table 6
Wavenumbers of Raman bands in the spectrum of p-ErBO3 single crystals (left) and

of bands of p-GdBO3, reported for the bulk material (right) [27].

Single-crystal Raman bands (p-ErBO3) Bulk Raman bands (p-GdBO3)

724

810 825

849 843

865 881

913 918

986 996

1043 1016
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4. Conclusions

In this paper, we presented the first satisfying single-crystal
structure determination of p-ErBO3, which sheds additional light
on the extensively discussed structure of p-orthoborates. The
application of light pressure (2 GPa) during the solid state synthesis
yielded a coarse-crystalline sample of this ambient-pressure phase,
due to the pressure-induced crystallization. Based on the single-
crystal data, we can support the monoclinic structural model,
introduced by Morgan et al. [24] and Lin et al. [28]. Due to the
staggered arrangement and the distortion of the BO4-tetrahedra, no
three- or sixfold rotational axes can be applied to the structure of
p-ErBO3. All hexagonal and rhombohedral models have to take
disorder or partially occupied atomic positions into account, thus
representing subcells and/or incorrectly averaged structural mod-
els. The neglecting of several very weak reflections and the splitting
of appearing single reflections in the powder pattern led to
numerous hexagonal cells. The new single-crystal data should
end the discussion about the correct indexing of the powder
patterns. The luminescence properties for the red (Y,Gd)BO3:Eu3 +

phosphor should be discussed on the basis of a monoclinic rather
than a hexagonal structure.

For the future, single crystals of the high-temperature poly-
morph m-REBO3 will be of great interest.
Appendix A. Supplementary materials

Supplementary data associated with this article can be found in
the online version at doi:10.1016/j.jssc.2010.11.018.
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