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Abstract

A new family of quaternary carbon and nitrogen containing Rare Earth (RE: Sc, Y, Ho, Er, Tm and Lu) borides: REB15:5CN; has
been synthesized and structurally characterized by powder X-ray diffraction data. They are all isotypic with Sc1�xB15.5CN whose

structure was solved based on single-crystal X-ray data and HRTEM investigations. The structure refinement converged at a RðF2Þ
value of 0.044 for 364 reflections. The new structure type of Sc1�xB15.5CN is composed of a three-dimensional network based on

interconnected slabs of boron (B12)
ico icosahedra and (B6)

oct octahedra. A linear [CBC] chain and nitrogen tightly bridges

icosahedra. Sc partially occupies voids in the sheets of boron octahedra. It crystallizes with the trigonal space group P3m1, with

Z ¼ 2: Lattice parameters (nm) are as follows: for RE: Sc, a; b ¼ 0:5568(4), c ¼ 1:0756(2); Y, a; b ¼ 0:55919(6), c ¼ 1:0873(2); Ho,

a; b ¼ 0:55883(7), c ¼ 1:0878(6); Er, a; b ¼ 0:55889(5), c ¼ 1:0880(6); Tm, a; b ¼ 0:5580(1), c ¼ 1:0850(6); Lu, a; b ¼ 0:55771(9),
c ¼ 1:0839(4). Magnetic characterization of ErB17C1.3N0.6 has been performed.

r 2003 Elsevier Inc. All rights reserved.
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1. Introduction

The crystal structures of boron rich compounds are
governed by a three-dimensional arrangement of clus-
ters formed by boron atoms, namely (B6)

oct octahedra
and (B12)

ico icosahedra as well as other polyhedra. All of
these compounds exhibit significant hardness and a
refractory nature which can be correlated with a strong
bonding in the networks of the linked boron polyhedra
[1].

Recently, we have reported the synthesis of a series of
compounds in Rare-Earth (RE) boron carbon and/or
nitrogen systems, in which (B12)

ico and (B6)
oct build

homologous phases with crystal structures generated by
different stacking sequences of structural motifs found
in ‘‘B4C’’ [2–4].
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Here we want to give a detailed discussion of the
synthesis and crystal structure of the family of
REB15:5CN (RE: Sc, Y, Ho, Er, Tm and Lu) compounds
which represents the starting member of this remarkable
series.
2. Experimental procedures

2.1. Crystal growth of Sc1�xB15.5CN

In a typical experiment about 1 g of a ‘‘ScB17C’’
master alloy was powdered and mixed with Sn powder
followed by cold isostatic pressing into a cylindrical bar.
This rod was placed in a crucible made from sintered
BN which was inserted into a graphite susceptor with a
cap. Under a flow of Ar gas this setup was quickly
(within 1 h) inductively heated up to 1600�C, kept
there for 6–8 h and cooled down to room temperature
(100�C/h). The tin matrix was dissolved by leaching in
warm concentrated HCl. Silver gray agglomerates of
intergrown hexagonal plates with a metallic luster with
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the size of up to 1� 0.5� 0.5mm3 were isolated.
Crystals can be also grown in a Si flux under similar
experimental conditions.

2.2. Bulk synthesis of REB15.5CN phases

Starting materials for the sample production were
powders of REBm (m:12–16) (RE: Rare Earth metal)
which were synthesized by boro thermal reduction (in a
BN crucible inserted in an inductively heated carbon
free TiB2/BN composite susceptor under dynamic
vacuum) according to the following reaction:

RE2O3 þ ð2m þ 3ÞB-2REBm þ 3BOm

at temperatures up to 1700�C. (Sc2O3 powder: 3N,
Crystal Systems Inc. Japan; RE2O3 powders: 3N, Rare
Metallics Co., Japan; amorphous boron: 3N, SB-Boron
Inc. USA and graphite powder: 3N, Koujundo Kagaku
Co., Japan.) Then the desired amounts of carbon and
hexagonal BN (4N, Showa Denko Co., Japan) were
added to the powdered sample and fired again at 1600�C
in a graphite susceptor under a flow of Ar-gas. Typical
reaction paths could be read as

REB14:5 þ BNþ C-REB15:5CN;

REB12 þ 2:5Bþ BNþ C-REB15:5CN:

Quotation marks mean that in nearly all cases the
product was not single phase but contained additional
binary rare earth borides (REB6 and/or REB12) or in
case of Sc the compound ScB17C0.25 [5]. The best yields
with respect to phase purity could be achieved in the
case of (Ho,Er)B15.5CN (qualitatively about 95% yield,
judged from powder X-ray diffraction). In case of a
REB6 contamination treatment in warm diluted HNO3/
H2O (1:2) could dissolve the hexaboride phases without
attacking the REB15:5CN phases. Because of the much
higher chemical inertness of the rare earth dodecabor-
ides, REB12 impurities could not be removed from the
samples by acid leaching.

The addition of carbon as graphite powder is an
essential step to produce REB15:5CN phases in signifi-
cant amounts. If the reaction starts from prereacted
‘‘REB14:5C’’ and BN is added, compound formation is
only sluggishly achieved. Already at 1600�C free carbon
seems to catalyze the decomposition of hex-BN which
obviously facilitates the formation of the quaternary
compounds. Under dynamic vacuum this kind of
synthesis of REB15:5CN can be also performed though
reaction yields are not satisfying.

Another possibility to synthesize the REB15:5CN (RE:
Sc, Y, Ho, Er, Tm, Lu) compounds represents the
introduction of nitrogen via the gas phase. Here we
started with samples of ‘‘REB15:5C’’ composition.
Though reaction under pure nitrogen gas at 1600�C
leads to complete decomposition of the starting materi-
als, a ‘‘small’’ partial pressure of nitrogen produced
inside the reaction unit (in these experiments only via
‘‘reaction’’ of the BN container with the hot graphite
susceptor) is sufficient for quaternary compound for-
mation within a few hours.

2.3. Chemical characterizations

The chemical composition of several crystals grown in
a Si and Sn-flux were checked by EPMA. Standards in
the form of FZ-grown crystals of ScB12 [17], B4.3C [18]
and hex-BN (their compositions were established by wet
chemical analysis) were used to deduce the stoichiome-
try. Special attention was paid to possible Si or Sn
inclusions. The compositions of the crystals were found
to lay in the range of ScB16.3C1.39N1.13 (for the crystals
grown in the Sn flux) and ScB17C1.58N0.88 (for the Si flux
experiment). No Sn or Si was detected in the crystals.

For bulk ‘‘ErB15.5CN’’ (prior treated with diluted
HNO3) a complete wet chemical analysis was per-
formed. After the powder was dissolved in a HNO3/HCl
(1:1) solution keeping it at 150�C for 16 h, the erbium
and boron contents were determined by chelate titration
and inductively coupled plasma atomic emission spec-
troscopy, respectively. The carbon content was deter-
mined by a volumetric combustion method using a
carbon determinator (WR-12, Leco-Co.). Nitrogen
content was measured with a standard inert gas fusion
method (TC-436AR, Leco-Co.). A composition of
ErB17C1.3N0.6 was deduced.

Oxygen impurities were analyzed by a standard inert
gas fusion method (TC-136, Leco Co.) and were found
to represent 0.07wt%.

2.4. X-ray diffraction and crystal structure

Phase identification was carried out using a standard
X-ray powder diffractometer (R-2000, Rigaku Co.) with
CuKa radiation. The Ka1 peak intensities were deter-
mined after rejecting Ka2 peaks, using RINT software
(Rigaku Co).

For several platelet Sc1�xB15.5CN crystal specimen
symmetry was checked on a Weissenberg camera (Ni-
filtered CuKa-radiation). Equiinclination Weissenberg
photographs of several layer-lines were recorded show-
ing a reciprocal space of trigonal symmetry without any
special extinctions and no indications of superstructure
formation. Single-crystal data collections of a crystal
grown in a Si-flux were done on a Rigaku AFC7R
rotating anode 4 circle diffractometer (data collection at
60 kV and 200mA, MoKa) and for a specimen grown
from a Sn-flux (results presented here) on a Rigaku
AFC7-CCD (data collection at 50 kV and 40mA,
MoKa). The intensity data were corrected for Lorentz
and polarization effects. Absorption corrections
were empirical based on c-scans (3). Details of the
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Table 1

Crystallographic and data collection parameters of ‘‘Sc1�xB15.5CN’’

Crystal system Trigonal

Space group P3m1 (No. 164)

a; b (nm) 0.5568(2)a

c (nm) 1.0756(2)a

Volume (nm3) 0.2888(2)

Z 2

Fw 226.12

Dx (g/cm3) 2.842

Applied radiation, l (nm) Monochromator MoKa
0.71073 nm

Linear absorption coefficient m (mm�1) 1.18

Crystal dimensions (mm) 0.035� 0.035� 0.0075

Absorption correction Empirical (c-scans)
Data corrections Lorentz, polarization

Reflections measured 0php7

�7pkp6

�15plp15

2ymax (deg) 59.95

Unique reflections 364

Structure refinement program SHELX97 (based on Fo
2)

Number of variables 41

R1
b [Fo44sðFoÞ] (for 314 Fo) 0.044

R1 [all Fo] (for 364 Fo) 0.054

wR2 (F2)b 0.115

aThe lattice constants were determined on the four circle diffract-

ometer.
bR1¼

P
JFoj � jFcJ=

P
jFoj; wR2¼ ½

P
jwðF2

o�F2
c Þ

2j=
P

jwðF 2
o Þ

2j�1=2;
w ¼ ½s2ðF2

o Þ þ ðxPÞ2 þ yP��1; where P¼ ðMaxðF2
o ; 0Þ þ 2F2

c Þ=3:
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crystallographic data and data collection parameters are
given in Table 1.

Crystal chemical considerations together with the
program SIR92 [6] were used for structure solution and
the program SHELXL-97 [7] was used for refinement. In
the course of this investigation the graphic program
ATOMS [8] was used for visualization and drawing of
the structures.

The isostructural nature of all REB15:5CN phases was
deduced from their similar X-ray powder diffraction
patterns, complete indexing based on the trigonal unit
cell and good match of observed and calculated
intensities based on the atomic positions derived for
the Sc containing compound.

2.5. Transmission electron microscopy and electron

diffraction

High-resolution transmission electron microscopy
(HRTEM) and electron diffraction were carried out on
a field-emission JEM-3000F (JEOL) instrument oper-
ated at 300 kV. HRTEM image simulations by the
multi-slice method were performed using the MAC
Tempas simulation package with the appropriate
electron optical parameters for our microscope. The
simulated images presented herein were chosen near the
Scherzer defocus of �59 nm, and for crystal thickness
resulting in the best match with the experimental image.
2.6. Magnetic characterization

Magnetic susceptibility was measured by using a
Quantum Design superconducting quantum interference
device (SQUID) magnetometer from 300K down to
1.8K under a magnetic field of 50G.
3. Results and discussion

3.1. Compound formation

In one of our early attempts to grow crystals of
ScB17C0.25 from a Si metal flux in a BN-crucible [5] a few
hexagonal platelets were found as a side product. A
single-crystal study led to a crystal structure which was
not observed before. From our previous establishment
of the Sc–B–C ternary [9] all ternary boron rich phases
were known thus giving strong indication of the
discovery of a quaternary phase most probably stabi-
lized by nitrogen. Additionally the Rare Earth–B–N
phase diagrams recently compiled [10] gave no indica-
tion of the formation of boron rich nitrogen containing
compounds. The puzzling question in these crystal
growth experiments is now the origin and reaction
mechanism of the nitrogen incorporation into the
compound. As a possible scenario we could envision a
decomposition of BN which is in contact with the hot
carbon susceptor (see experimental section) catalyzed by
traces of oxygen. This assumption is backed by the
absence of Sc1�xB15.5CN formation in metal fluxes in
the same experimental setup under dynamic vacuum. So
a supposedly very small partial pressure of N2 in the
system is sufficient for the compound formation in
liquid tin and silicon. Our successful synthesis of bulk
material of REB15:5CN (RE: Sc, Y, Ho, Er, Tm, Lu) can
be understood as a constructive proof supporting the
necessity of nitrogen for compound formation (Table 4).
We were not able to synthesize isotypic phases with
Rare Earth metal atoms larger than Ho. Synthesis of a
Yb containing compound also failed under experimental
conditions used in this work.

3.2. Crystal structure description

The crystal structure of REB15:5CN shows structural
features commonly observed in boron rich solids. The
three-dimensional boron framework is composed of
interconnected boron (B6)

oct octahedra and (B12)
ico

icosahedra. But this particular combination of both of
the two well known boron clusters within the rather
small unit cell represents an unique arrangement in a
diversity of structures usually encountered in solid state
chemistry of materials rich in boron. Here we want to
point out the striking similarities with the crystal
structure of rhombohedral boron carbide ‘‘B4C’’. In
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the hexagonal setting the crystal structure of ‘‘B4C’’ can
be basically understood as a stacking of layers of (B12)

ico

perpendicular to the c-axis and [CBC] chains parallel to
the c-axis linking together with inter-icosahedral bonds
the icosahedra in neighboring layers (see Fig. 1b)
[11,12]. If now icosahedral layers are replaced in a
regular manner by sheets formed by (B6)

oct with
interstitial RE-atoms, closely related crystal structures
of homologous character are generated. It turns out that
replacement of every third layer in ‘‘B4C’’ (see Fig. 1a)
already leads to the periodic stacking observed in
Fig. 1. Comparison of the structures of Sc1�xB15.5CN and ‘‘B4C’’.

Projection along the hexagonal b-axis. The polyhedra are boron (B6)
oct

octahedra and boron (B12)
ico icosahedra. (a) Sc1�xB15.5CN and (b)

‘‘B4C’’.

Fig. 2. (a) Coordination environment of the linear [CBC] chain in Sc1�xB15.5
Sc1�xB15.5CN (which can be understood as Sc2(B6)
oct

(B12)2
ico[CBC]N2) which therefore contains two icosahe-

dral sheets between two octahedral slabs. The number of
icosahedral layers can increase to three and four in
recently synthesized homologous phases REB22C3 and
REB28:5C4 [3]. In Sc1�xB15.5CN icosahedra are linked by
[CBC] chains, boron octahedra, inter-icosahedral bonds
and nitrogen atoms (see Figs. 2a and 3a). Atoms B1–B4
form the (B12)

ico centered at ð1
2
; 2
3
; 0:8107Þ: The intera-

tomic distances (0:1783pdBBp0:1828 nm) within the
icosahedra are listed in Table 3 with a mean value of
0.1803 nm. The angles within the triangular faces range
between 58.85� and 61.45�. Thus no severe distortion of
this polyhedron is observed. Of these 12 icosahedral
boron atoms 3 B2 atoms form direct inter-icosahedral
bonds with dB2B2¼0:1729 nm, 3 B1 form bonds with
nitrogen (dB1N ¼ 0:1547 nm), 3 B3 atoms are connected
with the B5 atoms (forming the octahedra) and 3 B4 are
bonded to C with a dB4C¼ 0:1587 nm: For the linear
[CBC] chain we find a bond length of dB6C ¼ 0:1439 nm
(see Fig. 3a).

In rhombohedral ‘‘B4C’’ we observe interatomic
distances within the linear [CBC] chain and between
the (B12)

ico and the chain of 0.1432 and 0.1605 nm,
respectively [11,12]. The B4–C bonds observed in
Sc1�xB15.5CN deviate from the ideal [13] bonding
direction of the normal to the pentagonal pyramid (the
‘‘coordination polyhedron’’ for B4 in the icosahedron is
a pentagonal pyramid consisting of 5 next neighboring
2B1, 2B2 and 1B3 atoms and one bonding orbital
perpendicular to the pentagonal plane [13] by only 0.38�.
In case of ‘‘B4C’’ a deviation of 0.21� is observed. The
inter-icosahedral B2–B2 (dB2B2 ¼ 0:1729 nm) bonds
however show a deviation of 3.34� compared with 4.8�

in ‘‘B4C’’ (dBB ¼ 0:1717 nm). Those bonds are signifi-
cantly shorter than the intra-icosahedral bonds (mean
CN. (b) Coordination environment of the linear [CBC] chain in ‘‘B4C’’.
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Fig. 3. (a) Environment of the boron (B12)
ico icosahedra in Sc1�xB15.5CN. (b) Environment of the boron (B6)

oct octahedra in Sc1�xB15.5CN.

Fig. 4. The structure of Sc1�xB15.5CN projected along the c-axis.
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d‘‘BB’’ ¼ 0:1803 nm and d‘‘BB’’ ¼ 0:1788 in ‘‘B4C’’) (see
Table 3), a situation commonly observed in higher
borides.

In ‘‘B4C’’ the interconnection of (B12)
ico gives rise to

planar B4C2 six membered rings similar to the planar
hexagons observed in graphite. In ‘‘B4C’’ the [CBC]
chain is perpendicular to those rings (see Fig. 2b).

In Sc1�xB15.5CN the situation is insofar slightly
different since not only C acts as a bridge (via the
[CBC] chains along the c-axis) but also nitrogen forms
very tight (see Table 3) (B12)

ico–N bonds. It bridges three
icosahedra with a deviation of the bond direction from
the normal to the icosahedra by only 0.45�. The sheets
of (B12)

ico clusters are now interconnected in an unique
way. Two icosahedra, one C and one N atom participate
in hexagonal planes thus composed of 2 CB4, 2 B2B4
and 2 B2N bonds forming the edges of the hexagons
(mean dedge ¼ 0:1639 nm) with hexagonal angles
116:6�pap122:8� (see Fig. 4). These hexagons form a
puckered array of rings (110.34� to the [CBC] chain)
which enables a connection of the icosahedra in the a�b

plane where there exist no direct inter-icosahedral
contacts!

The undistorted octahedra are composed of 6 B5
atoms (dB5B5 ¼ 0:1762 nm) and are centered at ð0; 0; 1

2
Þ:

Via 6 B5–B3 inter-cluster bonds the (B6)
oct are

connected with the (B12)
ico (see Fig. 3b).

Nitrogen is not solely bonded to three (B12)
ico but also

to Sc. Since the interstitials of the slab formed by boron
iocosahedra are already occupied, Sc resides in rather
spacious voids present in the array of boron octahedra
(see Fig. 5). While the metal atoms seem to be rather
loosely bonded to the octahedral and icosahedral atoms
(see Table 3) there exist a strong anchoring connection
with the N atom of dScN ¼ 0:2133(4) nm. In the cubic
face centered ScN (NaCl-type of structure) we find
dScN ¼ 0:2254 nm [14] for an octahedral coordination of
Sc by N. This fairly anisotropic bonding scheme is also
reflected in the thermal parameters of Sc (see Table 2). A
similar role of nitrogen is also observed in rhombohe-
dral MgNB9 [15] which crystal structure is closely
related to that of Sc1�xB15.5CN and YB22C2N [2]. There
alternating layers of boron icosahedra linked by
nitrogen atoms (dBN ¼ 0:1524 nm) and boron octahedra
form a framework with Mg atoms situated within
the (B6)

oct sheets and bonded to nitrogen (dMgN ¼
0:2086 nm) [15].

3.3. Distribution of the light interstitial atoms

The allocation of the different light atomic species to
the individual interstitial sites were made based on
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structural chemical considerations and the analysis of
the electron densities of these sites. Carbon was assigned
to position 2c based on the similarity (atomic distances
and coordination environment) of the so formed [CBC]
unit as observed in ‘‘B4C’’ [11,12]. No attempts were
made to refine similar to ‘‘B4C’’ [12] boron icosahedra
with random substitution of carbon atoms onto polar
boron sites. Already in the very initial state of this
investigation motivated from difference Fourier calcula-
tions the 2d ð1

3
; 2
3
;B1

4
Þ site was found to be occupied by

an atomic species richer in electrons than boron and
carbon therefore most likely by nitrogen. The chemical
identity was then confirmed by EPMA and unambigu-
ously revealed by the chemical analysis of isostructural
bulk ErB17C1.3N0.6.

Comparison of the compositions deduced from the
refinement of the crystal structure of Sc1�xB15.5CN with
Table 2

Refined positional parameters and anisotropic displacement parameters for

Atom Site x=a y=b z=c U11 U22

Sc 2d 1/3 2/3 0.4426(1) 0.0226(5) 0.0226(5)

B1 6i 0.4909(4) 0.5091(2) 0.2177(2) 0.0039(9) 0.0045(1)

B2 6i 0.5580(1) 0.4420(2) 0.0612(1) 0.005(1) 0.0044(9)

B3 6i 0.7737(2) 0.2263(2) 0.3175(2) 0.0043(9) 0.0043(9)

B4 6i 0.8383(4) 0.1617(2) 0.1611(2) 0.0042(9) 0.0042(9)

B5 6i 0.8945(2) 0.1055(2) 0.4331(2) 0.0062(9) 0.003(1)

B6 1a 0 0 0 0.005(1)

C 2c 0 0 0.1338(3) 0.0041(9)

N 2d 1/3 2/3 0.2446(3) 0.0061(8)

Ueq: one-third of the trace of the orthogonalized Uij tensor; thermal factors

Anisotropic thermal factor T¼ expð�2p2½h2ða�Þ2U11 þ k2ðb�Þ2U22þ?þ 2hk

The occupation of Sc was refined to 93(1)%.

Fig. 5. Coordination environment of the Sc atoms.
results of EPMA analysis of two independent Sc
containing crystal growth batches from different metal
fluxes as well as the wet chemical analysis of bulk
ErB17C1.3N0.6 give rather consistent compositions with
an average metal atom to ‘‘light’’ atoms ratio of E1:19.
Since the octahedral and icosahedral boron clusters are
very stable structure forming aggregates there is little
doubt of vacancies in these arrangements. Therefore
disorder and stoichiometric variability most likely come
from occupational degree of freedom of the interstitial
sites. Already mentioned partial occupancy of the metal
sites plays a significant role (if we assume the metal 2d

site fully occupied the ratio 1:17.5 is the lower limit of
the Rare Earth metal to light element proportion in
these series of compounds). For the crystal grown from
the Sn flux the occupation of the Sc position was refined
to 94% and for the one formed in the Si flux an
‘‘Sc1�xB15.5CN’’

U33 U23 U13 U12 U(nm2� 103)

0.0065(5) 0.0 0.0 0.0113(3) 16.1(4)

0.0049(1) �0.0005(9) �0.0003(4) 0.0022(6) 3.8(4)

0.003(1) �0.0004(4) �0.0007(9) 0.0022(6) 3.5(4)

0.005(1) 0.0006(5) �0.0006(5) 0.002(1) 4.5(4)

0.004(1) 0.000(4) 0.000(4) 0.002(1) 4.2(4)

0.004(1) �0.0004(9) �0.0002(5) 0.0016(6) 4.8(4)

T¼ expð�8p2U ½sinðyÞ=l�2Þ:
a � b � U12�).

Table 3

Selected interatomic distances in Sc1�xB15.5CN

Central

atom

Ligands Distances

(nm)

Central

atom

Ligands Distances

(nm)

Sc 1 N 0.2133(4) N 3 B1 0.1547(3)

3 B5 0.2568(3) 1 Sc 0.2130(4)

3 B3 0.2775(4)

6 B5 0.2847(3)

3 B1 0.2861(4) B1 1 N 0.1547(3)

6 B3 0.3146(5) 2 B4 0.1783(4)

1 B2 0.1803(4)

C 1 B6 0.1439(4) 2 B3 0.1828(3)

3 B4 0.1587(3)

B3 1 B5 0.1704(4)a

B2 1 B2 0.1729(5)b 2 B3 0.1788(5)

1 B1 0.1803(4) 1 B4 0.1794(4)

2 B4 0.1805(3) 2 B1 0.1828(3)

2 B2 0.1815(5)

B5 1 B3 0.1704(4)a

B4 1 C 0.1587(3) 2 B5 0.1763(5)

2 B1 0.1783(3) 2 B5 0.1762(5)

1 B3 0.1794(4)

2 B2 0.1805(3) B6 2 C 0.1439(4)

aBonds between (B6)
oct and (B12)

ico.
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Table 4

Lattice constants of REB15:5CN (RE¼ Y; Ho, Er, Tm, Lu)

Compound Lattice parameters (nm) Volume (nm3) c=a

a; b c

‘‘YB15.5CN’’ 0.55919(6) 1.0873(5) 0.2944(1) 1.944

‘‘HoB15.5CN’’ 0.55883(7) 1.0878(6) 0.2942(2) 1.947

ErB17C1.3N0.6 0.55889(5) 1.0880(6) 0.2943(2) 1.947

‘‘TmB15.5CN’’ 0.5580(1) 1.0850(6) 0.2926(2) 1.944

‘‘LuB15.5CN’’ 0.55771(9) 1.0839(4) 0.2919(1) 1.944

Fig. 6. (a) HRTEM images and electron diffraction patterns taken

along the [0001] direction. (b) HRTEM images and electron diffraction

patterns taken along the [1120] direction.
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occupation of 91% was found. This is in good
agreement with the results deduced from the EPMA
analysis. Since all atomic sites in this structure are well
localized (proved for the Sc containing compound by a
featureless difference Fourier map and the fact that all
inter boron cluster bonds are well established) the
differences in composition with respect to the carbon
and nitrogen content may stem from partial and/or
mixed site filling. A similar behavior was observed for
rhombohedral YB22C2N [2] where different to the
REB15:5CN series nitrogen can be completely replaced
by carbon and therefore seems to be not essential in
stabilizing the structure.

3.4. TEM results for Sc1�xB15.5CN

HRTEM images taken along the [0001] and [1120]
directions are presented in Fig. 6a and b, respectively.
The corresponding electron diffraction patterns (ob-
tained in the selected area diffraction mode) are shown
as insets. In Fig. 6a, hexagonal rings of black dots
apparent in the high-resolution image can be attributed
to Sc atoms seen in the [0001] plane projection. The
crystal unit cell contains two hexagonal layers of Sc
atoms stacked in the AB configuration, which in
projection appears as a honeycomb array (see also
Fig. 4). This feature is reflected in the experimental
image, and could be easily matched with a simulated
image, as shown in the inset. A dark dot situated in the
middle of the hexagonal rings is also apparent in both
the experimental and the computed image. By compar-
ing with the structure model obtained from the analysis
of the X-ray data this image contrast can be assigned to
the stacking of boron octahedra and [CBC] chains along
the c-axis. In Fig. 6b, the crystal is viewed along its
[1120] zone axis, thus showing the (0001) and the (1010)
repeat distances of the unit cell (1.076 and 0.482 nm,
respectively). Again Sc is responsible for the dominant
image features, namely the white dots arranged in a
zigzag along the [1010] direction. Although image
matching could not be carried out as successfully as in
Fig. 6a, additional structural information conveyed by
the experimental image is consistent with the proposed
model. In particular, the fainter zigzags parallel to the Sc
zigzag may be identified as the rows of (B12)

ico and
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Fig. 7. Magnetic susceptibility of ErB17C1.3N0.5 as a function of

temperature. (Inset) Behavior at low temperatures.
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[CBC] chains. Detailed TEM analysis of YB15.5CN and
YB22C2N [2,3] led to similar conclusions and clearly
confirmed the layered stacking of the different boron
clusters along the c-axis.

3.5. Magnetic susceptibility of ErB17C1.3N0.6

The static magnetic susceptibility of ErB17C1.3N0.6 is
given in Fig. 7. Although a slight anomaly is observed
below 6K where there is a downward bend in the
susceptibility curve, since the variation is small, we
attribute this to an impurity phase and not to an
intrinsic magnetic transition of ErB17C1.3N0.6. Since
small XRD diffraction peaks of ErB12 could be observed
prior to washing the sample in acid and because the
antiferromagnetic transition temperature TN of ErB12 is
6.4K [16], we conclude the impurity phase to be ErB12.
The susceptibility above 6K can be described well as the
sum of a temperature independent term w0 and a Curie–
Weiss term:

w ¼ w0 þNmeff=3kBðT � yÞ

with w0 ¼ 9:3� 10�8 emu/g, an effective number of Bohr
magnetons meff of 9.3mB=Er atom, and a Curie–Weiss
temperature y of –3.4K. The small y is consistent with
the fact that no intrinsic magnetic transition is observed
in the compound. The magnitude of meff agrees fairly well
with the value of 9.58mB=Er atom of free Er3+ and thus
indicates the Er atoms in ErB17C1.3N0.6 are trivalent ions
as is the case for other boron-rich erbium compounds.
4. Conclusions

The introduction of nitrogen during the synthesis of
rare-earth metal borocarbides gives rise to the formation
of a new class of compounds with a rather simple but
striking crystal structure. (B12)

ico icosahedra and (B6)
oct
octahedra are bridged by [CBC] chains and nitrogen
atoms in an unique way. The structure is closely related
to that of ‘‘B4C’’ and MgNB9. Interstitial sites in this
framework can be occupied by RE-metals (Y, Ho, Er,
Tm and Lu) and Sc. Deviation from full occupancy of
the metal site was quantified for the Sc and Er
containing compounds. Moreover, based on the ar-
rangement of structural motifs observed in the
REB15:5CN compounds a series of homologous phases
can be synthesized. Their crystal structure can be
derived from that of ‘‘B4C’’ by systematically replacing
icosahedral layers with layers composed of (B6)

oct

octahedra and rare-earth metal atoms.
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