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a b s t r a c t

Yb26B12O57, a rare earth oxyborate previously assigned as Yb3BO6, has been studied by various techniques
including neutron and X-ray diffraction, 11B NMR spectroscopy, electron diffraction and high angle angu-
lar dark field-scanning transmission electron microscopy (HADDF-STEM). It crystallizes in the space group
C2/m with cell parameters of a = 24.5780(4) Å, b = 3.58372(5) Å, c = 14.3128(3) Å and � = 115.079(1)◦. The
structure consists of slabs of rare earth sesquioxide and borate groups. The sesquioxide part is iden-
tified from the structural refinement, and is observed from HADDF-STEM image, while elucidation of
eywords:
are earth alloys and compounds
rystal structure
eutron diffraction
-ray diffraction
ransmission electron microscopy

borate groups is not straightforward. An additional oxygen atom (O31), which links two B2O5 groups
into a B4O11 polyanion, is identified from the analysis of neutron diffraction data. The occupancy of this
oxygen site is only quarter, which results in a random distribution of B4O11 and B2O5 groups along the
b-direction. The chemical formula of ytterbium oxyborate is Yb26(BO3)4(B2O5)2(B4O11)O24, instead of the
simple stoichiometric formula Yb3BO6. This compound is paramagnetic but its susceptibility deviated

at lo
omposition fluctuations from the Curie–Weiss law

. Introduction

Recently, rare earth oxyborates have attracted attention due
o their potential applications as luminescent materials and fast
roton conductors [1–6]. Y3BO6:Eu was reported to have high red
uorescence efficiency, comparable with the commercial red phos-
hors (Y,Gd)BO3:Eu3+ and Y2O3:Eu3+ [1,2]. Yb3+ doped yttrium
xyborate was also used for the spectroscopic studies of Ytterbium
7]. The incorporation of water into lanthanum and neodymium
xyborates enabled these compounds to show fast proton conduc-
ive property [3,4]. All of these properties were closely related to the
tructures of the rare earth oxyborates, and a hard effort has been
aid on the structural solutions of rare earth oxyborates [5,6,8–12].

Rare earth oxyborates were initially identified from the phase
iagrams of Ln2O3–B2O3, and their formula was tentatively
ssigned as Ln3BO6 based on preparative phase identification

9,11,12]. These structures were all monoclinic but divided into
hree different types according to the similarities in their pow-
er X-ray diffraction patterns [11], i.e., the La3BO6-type for La–Nd,
he Y3BO6-type for Sm–Yb and the Lu3BO6-type for Lu. Later,

∗ Corresponding authors. Fax: +86 10 627 53541.
E-mail addresses: wangyx@pku.edu.cn (Y. Wang), jhlin@pku.edu.cn (J. Lin).

925-8388/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2011.01.098
w temperature.
© 2011 Elsevier B.V. All rights reserved.

the experimental evidence suggested that these rare earth oxyb-
orates were not simple Ln3BO6 compounds, but had variable
Ln/B ratios in different structure types. Accordingly, the struc-
tural details were also complicated [5,6,8,10]. The composition
of lanthanum oxyborate was La26(BO3)8O27 with a La/B ratio
significantly higher than 3 (26/8), and its structure contained
fluorite-type rare earth oxide slabs and BO3 groups, [10]. This type
of structure was further confirmed by the structural study on its
neodymium analogue Nd26(BO3)8O27 [4]. The Y3BO6-type, repre-
sented by Ln17.33(BO3)4(B2O5)2O16 (Ln = Y, Gd), was reported to
have a Ln/B ratio of 17.33/8, in which all boron atoms were solely
tri-coordinated [5,6,8]. However, the solid state 11B NMR studies
revealed the presence of BO4 groups that challenged the proposed
structural model [9]. Besides, the structure of Lu3BO6-type oxybo-
rate still remains unknown up to now.

The difficulties for the determination of the structures of rare
earth borates are mainly due to the large difference of X-ray
scattering abilities between rare earth and boron atoms. Addi-
tionally, the structures of borates are often complicated because

boron atom can form triangular BO3 and tetrahedral BO4 groups
with oxygen atoms and these two groups can be isolated, or
polymerized to larger anions by sharing oxygen atoms [13]. To
obtain the correct structural solution, various techniques includ-
ing neutron diffraction and spectroscopic characterization need to

dx.doi.org/10.1016/j.jallcom.2011.01.098
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:wangyx@pku.edu.cn
mailto:jhlin@pku.edu.cn
dx.doi.org/10.1016/j.jallcom.2011.01.098
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into the Y3BO6-type [11]. However, as shown in Fig. 3, the XRD
pattern of the ytterbium oxyborate prepared in our study was very
similar to that of the Lu3BO6-type but significantly different from
that of Tm3BO6, and the later was classified into the group of Y3BO6-
type [9,11], It indicated that ytterbium oxyborate should have a

Table 1
Experimental conditions and refinement results for Yb26B12O57.

Chemical formula Yb26B12O57

Formula weight 5540.76
Space group C2/m
a (Å) 24.5780(4)
b (Å) 3.58372(5)
c (Å) 14.3128(3)
ˇ (◦) 115.079(1)
Cell Volume (Å3) 1141.82(3)
Density (g/cm3) 8.0607(1)
Fig. 1. Electron diffraction of Yb26B12O

e employed. In particular, neutron diffraction is a very power-
ul tool, as has been demonstrated in determining the structure
f YBO3 [14–16]. In the present work, we report the structural
nvestigation on ytterbium oxyborate using powder X-ray (XRD)
nd neutron diffraction, infrared (IR) and 11B NMR spectroscopy,
nd high angle angular dark field-scanning transmission electron
icroscopy (HADDF-STEM). Ytterbium oxyborate, with a complex

ormula Yb26(BO3)4(B2O5)2(B4O11)O24, is identified to belong to
he Lu3BO6-type structure.

. Experimental

Polycrystalline samples of all the rare earth (RE) oxyborates were prepared from
E2O3 (99.99%) and AR grade H3BO3. These starting materials were mixed in an agate
ortar, and preheated at 900 ◦C for 8 h. The samples were reground, pressed into pel-

ets and heated at 1300 ◦C for 12 h. The above steps were then repeated several times
o promote the reaction. A series of samples with different Yb2O3/H3BO3 ratios were
repared for sieving the product with the proper composition. The samples for neu-
ron diffraction measurement were prepared from boric acid containing solely 11B
sotopic boron with a starting Yb/B ratio of 2.125. Lutetium oxyborate was obtained
t higher reaction temperature (1500 ◦C) and thulium oxyborates were prepared at
300 ◦C.

Neutron diffraction data were collected at room temperature with a high resolu-
ion powder diffractometer BT1, using Cu(3 1 1) monochromator at NIST Center for
eutron Research. Lutetium analogue samples were used for NMR measurements
ecause trivalent ytterbium is paramagnetic. Solid-state 11B NMR spectrum was
ecorded with a Varian Unity Plus-400 spectrometer at a field of 9.4 T with frequency
28 MHz for 11B, and BF3·OEt2 was used as the reference. Electron diffraction (ED)
nd HADDF-STEM were carried out using a Tecnai F30 electron microscope. Powder
RD data were collected using a Bruker D8-Advance diffractometer with a curved
ermanium primary monochromator (Cu K˛1 radiation) in transmission mode (2�
ange: 6–120◦ , step: 0.0144◦ , scan speed: 30 s/step, 50 kV, 40 mA) at room temper-
ture. Chemical analysis was carried out for ytterbium and boron using Inductively
oupled Plasma (ICP) techniques with an ESCALAB2000 analyzer (samples were
issolved by 6 mol/L HCl and the solution was diluted to meet the demand of ICP
nalysis). IR spectra were recorded using a Nickel Magna-750 FT-IR spectrometer.
agnetization (M) data were measured with a Quantum Design MPMS XL-5 SQUID

ystem.

. Results and discussion

.1. Structure determination

The initial structure model of ytterbium oxyborate was estab-
ished from XRD data, and its pattern can be readily indexed with a
-centered monoclinic cell (Table 1). The systematic absence of XRD
eflections (h + k /= 2n) suggested possible space groups of C2, Cm
r C2/m, which was also confirmed from ED (Fig. 1). To establish the
tructural model, a full-pattern decomposition program EXTRA was
sed to extract integrated intensities from the XRD pattern [17].
y refining the lattice constants, background and profile param-
ters, 962 individual reflection intensities (331 non-overlapping)

ere obtained in the 2� range 7–118◦. Profile refinement led to a

esidue value of Rp = 0.0452. The structure model was constructed
sing the direct method with SIRPOW92 [18]. The three possible
pace groups above were all employed in calculating the struc-
ure, and C2/m was found to be the most suitable space group. The
ng the zone axes (a) [0 1 0], (b) [1 0 0].

E-map construction revealed seven Yb and thirteen O positions.
Phase information of the uncompleted structure was then used to
modify the integrated intensities of overlapping reflections, which
recovered one additional oxygen and two boron atoms. Another
boron atom was identified during construction of the difference
Fourier map by Rietveld refinement, which led to a tentative unit
cell formula [Yb26B12O56]2+. At this stage, all borates were found
to be in a triangular geometry (BO3 or B2O5). The Rietveld plots are
shown in Fig. S1 in supporting information (SI) and the structure
parameters are summarized in Table S1 (SI). Although the refine-
ment proceeded smoothly, unbalanced charge and the presence of a
BO4 group revealed from the 11B NMR spectrum indicated that cer-
tain species were missing from the structural model. The Rietveld
refinement of the neutron diffraction data enabled us to locate an
additional oxygen atom (O31) at the position (0.713, 0, 0.774). O31
was partially occupied (1/4) and located between the triangular
planes of BO3 groups (B3), indicating that these borate groups were
randomly distributed BO3 and BO4. An additional boron atom (B31,
Occ = 1/4) related to B3 was then introduced at the center of the
tetrahedron formed by O31 and the three oxygen atoms of the
BO3 group (B3). The final refinement with constrained isotropic
temperature factors led to a chemically meaningful structure and
low residual factors, Rp = 0.0344, Rwp = 0.0408 and �2 = 1.50 (Fig. 2).
The composition derived from structural analysis was Yb26B12O57.
The crystallographic data, refined atomic parameters and bond
lengths are listed in Tables 1–3 respectively. Bond angles are given
in Table S2 in SI.

3.2. Structure-type and composition of ytterbium oxyborate

The structure of ytterbium oxyborate was previously classified
Temperature Room temperature
Wavelength of neutron/Å 1.5403
2� range for extraction 3.0–161◦

Preferred orientation (0 1 0) 1.012 (2)
Final R indices Rp = 0.0344, Rwp = 0.0408, Rexp = 0.0272
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ig. 2. Rietveld refinement plots for Yb26B12O57 by neutron diffraction data. The em
ifference curve is also shown below the diffraction profiles. The upper bars refer
eflection positions of Yb2O3 (∼11%, w/w).

u3BO6-type structure other than the previously reported Y3BO6-
ype. To obtain the pure product, a series of samples with Yb/B
atios from 4 to 1.5 in starting materials were prepared. Fig. 4
hows the XRD patterns of four typical samples. The samples from
he reactants with higher Yb/B ratio contained a small amount of
b2O3 as impurity, while YbBO3 appeared for the lower Yb/B ratio.
single-phase product was obtained at the ratio of Yb/B = 17/8. The

omposition of product was affected by the reaction time, owing to
vaporative loss of B2O3 at high temperature. For example, for the
ample containing trace YbBO3 impurity, prolonging the reaction
ime gradually reduced the YbBO3 content, and eventually might
esult in the appearance of Yb2O3 (Fig. S2 in SI). For the pure sam-

le which was obtained after calcination for 60 h, its Yb/B ratio
2.167) was in agreement with that of the starting material (2.125)
nd that obtained by chemical analysis (ICP, 2.24 ± 0.09). The com-
osition of the compound, Yb26B12O57, was finally established by
he structural refinement from neutron diffraction data, and the

able 2
tomic coordinates, occupancies and isotropic thermal displacement parameters of Yb26B

Site x y

Yb1 0.8071(2) 1/2
Yb2 0.9389(2) 0
Yb3 0.9504(2) 1/2
Yb4 0.1919(2) 1/2
Yb5 0.8473(2) 0
Yb6 0 1/2
Yb7 0.0824(2) 0
O1 0.9884(4) 0
O2 0.7924(4) 0
O3 0.9494(4) 1/2
O4 0.8396(4) 0
O5 0.9421(4) 0
O6 0.5993(4) 0
O7 0.0937(4) 1/2
O8 0.0084(4) 1/2
O9 0.1087(4) 1/2

O10 0.7210(4) 1/2
O11 0.6191(4) 1/2
O12 0.6850(4) 1/2
O13 0.7021(4) 1/2
O14 0.7873(3) 1/2

B1 0.0710(3) 1/2
B2 0.6775(3) 1/2
B3 0.7302(4) 1/2

B31 0.7302(4) 0.406(5)
O31 0.713(1) 0
ycles represent the observed data, and the solid line is the calculated pattern. The
Bragg reflection positions of Yb26B12O57, while the lower bars refer to the Bragg

details about the structure analysis and the refinement results are
discussed in the following sections.

3.3. Structure features of Yb26B12O57

There are seven ytterbium, fifteen oxygen and four boron atoms
in an asymmetric unit of Yb26B12O57, as listed in Table 2. Among
them, except Yb6 (2b) and B31 (general position 8j), all the other
atoms are located at the special Wyckoff position 4i (x, 0, z), i.e., on
the mirror planes at y = 0 and 1/2. There are three partially occupied
sites, B3 (1/2), B31 (1/4) and O31 (1/4), while the other sites are fully
occupied. The projection of the structure along the b-direction is

shown in Fig. 5a. To emphasize the rare earth oxide parts, Yb and
surrounding oxygen atoms have been shadowed. In Fig. 5a, smaller
bright parts are BO3 moieties, and larger ones are B2O5 or B4O11. The
HADDF-STEM image of Yb26B12O57 along the b-direction confirmed
these details, as shown in Fig. 5b. The image intensity of a HADDF-

12O57.

z Occupancy B/Å2

0.6295(3) 1 0.277(23)
0.7569(3) 1 0.277(23)
0.5623(3) 1 0.277(23)
0.9158(3) 1 0.277(23)
0.8964(3) 1 0.277(23)
0 1 0.277(23)
0.6802(3) 1 0.277(23)
0.6570(6) 1 0.507(31)
0.9936(7) 1 0.507(31)
0.4081(8) 1 0.507(31)
0.7317(6) 1 0.507(31)
0.9165(6) 1 0.507(31)
0.3392(6) 1 0.507(31)
0.8056(7) 1 0.507(31)
0.8457(6) 1 0.507(31)
0.9798(7) 1 0.507(31)
0.6589(7) 1 0.507(31)
0.5416(6) 1 0.507(31)
0.7909(6) 1 0.507(31)
0.4872(6) 1 0.507(31)
0.8305(6) 1 0.507(31)
0.8789(6) 1 0.268(63)
0.5590(5) 1 0.268(63)
0.7632(6) 1/2 0.268(63)
0.7632(6) 1/4 0.268(63)
0.774(2) 1/4 0.507(31)
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Table 3
Bond lengths in Yb26B12O57.

Atom Atom Distance/Å Atom Atom Distance/Å

Yb1 O6 2.149(10) Yb2 O5 2.252(10)
O4 2.236(5) × 2 O1 2.237(12)
O10 2.326(11) O6 2.211(5) × 2
O13 2.395(7) × 2 O4 2.311(10)
O13 2.520(7) O8 2.430(5) × 2

Average: 2.322 Average: 2.297

Yb3 O3 2.196(12) Yb4 O2 2.149(5) × 2
O1 2.201(5) × 2 O2 2.237(9)
O6 2.224(12) O7 2.255(7)
O11 2.488(6) × 2 O12 2.485(7) × 2
O3 2.313(10) O9 2.572(11)
O31 2.298(38) × 0.25 Average: 2.332

Average: 2.302

Yb5 O4 2.282(10) Yb7 O3 2.141(5) × 2
O14 2.257(4) × 2 O1 2.190(10)
O2 2.314(12) O12 2.342(8)
O5 2.222(10) O7 2.467(7) × 2
O9 2.429(5) × 2 O11 2.502(11)

Average: 2.313 Average: 2.321

Yb6 O8 2.304(10) × 2
O5 2.286(4) × 4
O9 2.806(10) × 2

Average: 2.42

B1 O9 1.352(8) B2 O10 1.373(8)
O8 1.394(8) O13 1.395(11)
O7 1.385(11) O11 1.352(10)

S
t
r
a
d
a

Y
c
t
c

F
t
o

ytterbium atoms are irregularly seven-coordinated. In Fig. 6c, the
B3 O14 1.324(10)
O12 1.329(10)
O10 1.411(10)

TEM pattern is proportional to Z2 (Z is the atomic number) [19,20];
hus the bright points correspond to Yb atoms, while B and O atoms
eside in the dark areas. The calculated positions of the Yb atoms
re superposed on the HADDF-STEM image, which shows that the
istribution of Yb atoms fits the image precisely, and an enlarged
rea containing one unit cell is shown as inset in Fig. 5b.

Among the seven ytterbium atoms, five (Yb1, Yb2, Yb3, Yb5 and

b7) are seven-coordinated by oxygen atoms, one (Yb6) is eight-
oordinated, and one (Yb4) has a variable configuration related to
he occupation or the un-occupation of the O31 site. The eight-
oordinated Yb6 atom is in a cubic geometry (Fig. 6a), similar to

ig. 3. XRD patterns of Lu, Yb and Tm oxyborates. Yb oxyborate is isostructural
o Lu oxyborate, but different from Tm oxyborate (Y3BO6-type). The sample of Lu
xyborate contains trace Lu2O3 impurity.
B31 O14 1.366(10)
O12 1.371(11)
O10 1.451(10)
O31 1.539(20)

that in the fluorite-type structure. Yb4 is seven-coordinated, when
the O31 site is empty; if the O31 site is occupied, an additional bond
between Yb4 and O31 (2.3 Å) is formed, and the configuration of
Yb4 transforms to eight-coordinated (shown in Fig. 6b). Consider-
ing that O31 has only 1/4 occupancy, on average 3/4 of Yb4 atoms
are seven-coordinated and 1/4 are eight-coordinated. All the other
coordination polyhedron of Yb7 is shown as an example, and oth-
ers are given in Fig. S4 in SI. The seven-coordinated polyhedron is
common for rare earth atoms as in the sesquioxide Ln2O3 structure.
The structure of Yb26B12O57 can be considered as a combination

Fig. 4. XRD patterns of Yb-oxyborate samples prepared from different Yb/B ratios.
The peak at 20.3◦ marked by *Corresponds to YbBO3, while that at 20.8◦ marked by
# is due to Yb2O3.
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Fig. 5. (a) Projection of the structure of Yb26B12O57 along the b direction. Large/black
balls represent ytterbium, light balls represent oxygen, small black balls represent
boron, and the oxide parts of the structure have been shadowed for clarity. (b)
HADDF-STEM image of Yb26B12O57 along the b direction. Bright balls correspond
to Yb atoms and dark areas are the positions of borate groups. Superimposed points
are Yb positions calculated from the structural model.

Fig. 6. Coordination polyhedra of (a) Yb6, (b) Yb4 and (c) Yb7.
Fig. 7. (a) Distribution of B2O5 groups and possible O31 positions along the b direc-
tion; (b) sketch for the formation of B4O11 groups.

of borate groups and ytterbium sesquioxide slabs. This is differ-
ent from the structure of lanthanum oxyborate La26(BO3)8O27 [10],
where rare earth oxide parts are predominantly of the fluorite-type.

There are three different borate anions, BO3
3−, B2O5

4− and
B4O11

10− in the structure of Yb26B12O57. The isolated triangular
borate BO3

3− (B1) is surrounded by eight Yb atoms. From the pro-
jection along the b-direction, five Yb atoms can be identified (Fig. 5)
while the other three are hidden due to the overlap of atoms in
the projection. The large dark areas in the HADDF-STEM image
correspond to sites filled by B2O5 or B4O11 groups. The planar
B2O5 groups are located on the mirror plan perpendicular to the
b-direction at y = 0 or 1/2, and run parallel in a distance of 3.584 Å,
equal to the b-parameter of the unit cell. O31 atoms (Occ = 1/4)
are at positions between two B3 atoms from two B2O5 groups, as
shown in Fig. 7a. As a consequence, the insertion of the O31 atom
induces the two neighboring boron atoms to shift toward it, giving
rise to a tetrahedral configuration, and leading to the formation of
B4O11 group, as shown in Fig. 7b. From this structural view, O31
atoms cannot appear in neighboring cells simultaneously. If there
is an O31 in position A, the next possible positions for O31 are C,
D or E but not B (Fig. 7). On average, there is one inserted O31
atom for every four B2O5 borate groups. The distribution of B2O5
and B4O11 groups along the b-direction could be either ordered
or random. Since no super-reflections along the b-direction were
observed (Fig. 1b), this distribution is more likely to be random. The
chemical formula of the ytterbium oxyborate can be expressed as
Yb26(BO3)4(B2O5)2(B4O11)O24, in which the B4O11 group consists
of two BO3 and two BO4 groups, leading to an overall BO3/BO4 ratio
of 10:2.

The order-disorder distribution of BO3 and BO4 groups often
occurs in borates. For instances, in boromullites, BO3 and BO4
groups are randomly distributed in Ga4B2O9 but are ordered in
Al4B2O9 [21–23]. For the structural determination, such a disor-
der is not readily apparent from X-ray diffraction data due to the
weak scattering ability of boron atom. Thus, great caution should
be paid when dealing with the structures of borates. Fortunately,
spectroscopic methods such as 11B NMR and IR provide useful infor-
mation about the local coordination of borate groups. As ytterbium
oxyborate is paramagnetic, 11B NMR measurements were carried

out on its analogue, lutetium oxyborate, as shown in Fig. 8. The
11B NMR spectrum presents a broad band of several peaks. Accord-
ing to a typical spectrum of BO3 and BO4 groups [24], the sharp
band at ∼0.5 ppm can be attributed to the BO4 group, while the
broad band at 3.2–20 ppm arises from BO3 resonance. The intensi-
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Fig. 8. 11B NMR spectrum of lutetium oxyborate.

ies of the BO3 and BO4 signals approximately agree with the ratio
f BO3/BO4 (10:2) in the structure. The IR spectrum of Yb26B12O57
iven in Fig. S3 in SI also confirmed the existence of both BO3 and
O4 groups.

The structural analysis of Yb26B12O57, especially the elucidation
f the O31 atom and formation of B4O11 groups, provides a clue
n understanding the structure of the yttrium oxyborate. Yttrium
xyborate was initially assigned as Y3BO6 [11], but was found to
ave the composition of Y17.33(BO3)4(B2O5)2O16 [6]. In this com-
osition, a metal deficient structural model was proposed from
RD and ED data, and all boron atoms are triangularly coordinated.
owever, 11B NMR revealed both BO3 and BO4 groups [9], which

mplied that there were oxygen atoms missing in the previously
tructural model. If the positions of Y atoms are all fully occupied,
charge-unbalanced formula [Y18B8O38]2+ can be deduced. The

tudy on the structure of Yb26B12O57 indicated that the structure
f the Y3BO6-type oxyborates may be interpreted using a similar
orate model. We suggest the possible composition for Y analo-
ous might be Y18B8O39. Neutron diffraction data is necessary for
he identification of the missing oxygen atoms in the structure of
ttrium oxyborate.

.4. Magnetic properties of Yb26B12O57

The magnetic susceptibility of Yb26B12O57 was measured at
he temperature range of 2–300 K, under a magnetic field of
kOe. Fig. 9a shows the plots of �mT and 1/�m versus T. The
/�m curve deviates from the Curie–Weiss law at low tempera-
ure. The �mT value gradually increases and approaches a value
f ∼29.6 cm3 mol−1 K at 300 K. The magnetic ion in Yb26B12O57 is
bIII, which has a valence electron configuration of 4f13, with the

ow energy levels including the lowest 2F7/2 ground multiplet and
2F5/2 excited multiplet at about 10,000 cm−1 higher. The 2F5/2

xcited state has almost no influence on the magnetic properties.
he magnetic interaction between the f-configuration is relatively
eak and its influence can also be ignored. However, the crystal
eld surrounding Yb3+ ions may induce the splitting of the 2F7/2

round state. The deviation from Curie–Weiss law observed for
b26B12O57 may originate from the thermal population of electrons

n sublevels of the ground states induced by the crystal-field. In
rinciple, the magnetic susceptibility can be quantitatively inter-
reted from crystal-field theory [25,26]. However, for Yb26B12O57 it
Fig. 9. Magnetic properties of Yb26B12O57: (a) temperature dependence of suscep-
tibility, (b) magnetization curve.

is extremely difficult to conduct the quantitative calculations due
to the existence of seven different Yb sites in the structure. The
field dependence of the magnetization is almost proportional to H
at 2 K in the low field region, and shows saturation behavior with
the increase of magnetic field (Fig. 9b).

4. Conclusions

Rare earth oxyborates have been known for many years, but
there are still many unsolved issues for these materials, includ-
ing their structures and even compositions. This study clarifies
that ytterbium oxyborate crystallizes in the Lu3BO6-type structure
with a composition of Yb26B12O57 other than the simple Yb3BO6.
Yb atoms are either seven or eight coordinated, and the struc-
ture can be regarded as a composite of A-type rare earth oxide
slabs and borate groups. There are three kinds of borate groups:
BO3, B2O5 and an unusual polyanion B4O11. B4O11 is formed by
the insertion of an oxygen atom (O31) between two adjacent B2O5
borates. This quarterly occupied oxygen atom causes the random
distribution of B4O11 and B2O5 groups along the b-direction. The
structural analysis of Yb26B12O57, especially the elucidation of the
O31 atom and formation of B4O11 groups, provides the clue for
improving the structure of the yttrium oxyborate and accordingly

we proposed a modified formula Y18B8O39 for yttrium oxyborate.
Then, we can conclude that the three different rare earth oxybo-
rates, Ln26(BO3)8O27 (P21/c) for Ln = La to Nd, Y18B8O39 (Cm) for
Ln = Sm to Tm, and Ln26B12O57 (C2/m) for Ln = Yb and Lu, all signifi-
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antly deviate from the Ln3BO6 composition. They have decreasing
n/B ratios from 3.25 (La26(BO3)8O27), to 2.25 (Y18B8O39), and
nally to 2.167 (Yb26B12O57). Further investigation on the struc-
ure of yttrium oxyborate by neutron and NMR techniques is
ngoing, and a modified structure model will be presented in the
uture.
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