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Abstract

New rare-earth boron-rich compounds with the formula of RE; ,B5Siz; s (RE=Y, Gd-Lu) (0<x<0.5,0~0.3) have been
synthesized. They belong to a new type of rhombohedral structure with the space group of R-3m (No. 166) and z = 9. The lattice
constants were measured from powder XRD data. Crystal structure solved from powder XRD data for TbgeB;,Si3 as a
representative has been compared with that of YB;7¢Sis¢ (or Yo3B12Siz01), whose structure was solved from single-crystal
reflection data. The structure model is confirmed by high-resolution transmission microscope analysis. The vibrational modes of the
new crystals were measured by Raman spectroscopy. Temperature dependence of magnetic susceptibility which was measured for
RE|_,B1,Si;53_s single crystals by SQUID revealed that they are paramagnetic materials down to 2.0 K.

© 2002 Elsevier Science (USA). All rights reserved.
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1. Introduction

Boron-rich compounds have attracted much attention
in the last two decades because of their unique crystal
structure and interesting physical properties [1,2]. Many
new rare-earth boron-rich solids have been found in the
binary systems [3,4] and RE-B-C ternary systems [5-8]
in recent years. Boron atoms in these compounds form
rigid framework with interconnected stable clusters such
as icosahedra and octahedra, etc., rare-earth elements
reside in the voids of the framework. Due to the electron
deficiency of the boron clusters, these rare-carth boron-
rich compounds are usually semiconductors. Silicon is
an element with strong covalent bonding tendency and
many boron-rich compounds have been found in the
Si-B system [9]. However, the phase behavior of RE-
B-Si ternary systems, especially in boron-rich region
was seldom studied till recently when a new ternary
compound of REB4;Si;,, which is isostructural with
YBsg, was found [10] during the crystal growth
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investigation of YBs, by the floating zone method.
The ternary compound containing Tb in this series
shows an antiferromagnetic transition at low tempera-
ture [11]. So the formation of new compounds and the
investigation of their properties in the RE-B-Si systems
is a quite new and interesting field. Very recently,
another new type of boron-rich compound with
composition of YB7¢Sis¢ (or Y(63B15Si391) was found
in the Y-B-Si ternary system [12]. It was indexed with a
rhombohedral = structure with cell parameters of
a=b=10.0841A, ¢=164714A and space group
R-3m (No. 166) from single-crystal X-ray diffraction
data. The boron atoms in the new structure form
icosahedra, which stack along the c-axis forming boron
icosahedral layer. Each icosahedron is interconnected
with four neighbors within one layer. However, the
boron icosahedra in different layers are not bonded
directly and they are only linked through Si—Si bridges
and Y atoms reside in the voids, which lie between
boron icosahedral layers. Further investigations re-
vealed that other rare-earth elements from Gd to Lu
can also form the same structure. Here, we report on the
structural analysis from powder X-ray diffraction
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pattern by the Rietveld method and high-resolution
transmission electron microscope observations, single-
crystal growth, vibrational and magnetic properties
measurements for other RE-B-Si compounds.

2. Experimental

Powder samples were synthesized by solid state
reaction with starting materials of REB4, REB¢, SiBg
and amorphous B (SB-Boron Inc., USA). REB, and
REBg were obtained by the borothermal reduction
method from the corresponding oxides, except the case
of RE=Y, Tb and Er, for which commercial powders
(YB; and TbBg (Japan New Metal Co. Ltd), ErB,
(CERAC, USA)) were used. The details of the synthesis
and purification process can be found in Refs. [3,12].
The solid-state reaction was performed at around
1650°C in an RF heating furnace with a BN crucible
and a graphite susceptor under a vacuum environment.
Single crystals were obtained by high-temperature
solution growth method by using Si as the flux under
a flowing argon atmosphere. Wet chemical analysis and
EPMA analysis were performed to analyze the composi-
tions of powders and single crystals, respectively.

The unit cell parameters were determined from
powder XRD data with the program TREOR90 [13].
The powder X-ray diffraction profile of pure phase in
the Tb-B-Si system was collected using a Rigaku
RINT2200 powder X-ray diffactormeter with graphite-
monochromated CuKa radiation. The reflection data
were collected from 5° to 130° with step width of 0.02°
and recording time of 10s for each step. The crystal
structure was solved by using the program EXPO
[14,15], a combination software of EXTRA and
SIRPOWY97, and finally refined by the Rietveld method
with the program Fullprof [16]. A pseudo-Voigt profile
function was used to describe the peaks shape during
refinement.

TEM analysis was performed on a JEOL300 high-
resolution transmission electron microscope. The com-
positions of the samples were analyzed by wet chemical
method and the details are described in Ref. [10]. The
Raman spectra of the single crystals were measured in a
backscattering mode using the 514 nm line of an Ar ion
laser at a spectral resolution of ~1cm™'. The tempera-
ture dependence of the magnetic susceptibility for single-
crystal samples was measured in the temperature range
between 2 and 300 K by using a SQUID magnetometer
(Quantum Design, MPMS-5S).

3. Results and discussions

Besides yttrium, other rare-earth elements from Gd to
Lu can all form the same structure by the solid state
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Fig. 1. Powder XRD patterns of RE; ,B|,Si33_s compounds
(RE=Y, Gd-Lu). The weak peak around 28° in the systems
containing Ho, Er and Tm is attributed to the impurity phase of
REB4;Si.

reaction method. The mixture of REB4 (REBg), amor-
phous B, SiBs and Si with nominal composition of
REB;o »5Si5_7 was first well mixed and pressed into a
cylinder by hydrostatic pressure. After being reacted in
vacuum at a temperature of 1650°C for 8-12h, the new
phase was produced. In order to suppress the formation
of REBsy-type compounds, addition of an excess
amount of Si in the starting material is essential. In
some cases, the powders need to be purified by conc.
nitric acid to remove REB,, (n = 4,6) and/or a mixture
of HF and HNOj; to remove the excess Si. Their X-ray
diffraction patterns are shown in Fig. 1. The similarity
of the powder X-ray profiles between Y and other rare-
earth systems indicated that all of them are isomorphous
with the compound of YBj;¢Siss. All reflections of
these compounds could be indexed with a hexagonal
structure. The unit cell parameters and cell volumes,
which were indexed with the first 20 reflections, are
plotted in Fig. 2a and b, respectively. The cell para-
meters in Fig. 2a show an interesting staggering pattern,
the rare-earth ions with an even number of f-electrons
(Tb, Ho, Tm) have a larger a-axis and smaller c-axis
than the rare-earth ions with an odd number of
f-electrons (Gd, Dy and Er). We are not sure if it has
any relation with the different states of outside
f-electrons in the rare-earth elements. However, the cell
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Fig. 2. Indexed parameters of unit cell and volumes for RE|_,B,Si3 3_s compounds (RE=Y, Gd-Lu): (a) unit cell parameters of a, b and ¢; (b) cell

volume.

volume is proportional to the ionic radius of trivalent
ions of rare-carth elements and they decrease from Gd
to Lu with an exception of Yb. The same phenomena
were also observed in the compounds of REB,, REB,,
REB(,, REB]z and REB66 [17]

In order to have a comparison with the structure of
YBi76Si46 (or Yo63B12Si301), which was solved from
single-crystal X-ray reflection data, here we use the
X-ray diffraction data from high-quality powder
samples of Tb-B-Si system as a representative to
analyze their structure. Eight atomic positions were
derived from the reflection data by a direct method.
According to the height, they are assigned with one Tb,
three Si and four B atoms. The atomic positions and the
occupancy of atoms Tb and Si3 were further refined
with the least square method. The refined atomic
positions, thermal factors and occupancies for all
elements are listed in Table 1. The fitting of the powder
pattern of Tb—B-Si system after final Rietveld refine-
ment is shown in Fig. 3. Thirty-three parameters were
refined from 685 diffraction peaks, which gave the fitting

Table 1
Refined atomic positions, thermal factors and occupancies for
Tbo.6sB12S13.04 from powder X-ray diffraction file

Atom  x/a /b z/c B(A?)  Occu.
Tb 2/3 5/6 1/3 1.422)  0.68(4)
Sil 1/3 2/3 02381(1)  1.56(1) 1.0

Si2 0.4647(6)  0.5352(3)  0.2719(1)  1.56(1) 1.0

Si3 2/3 1/3 0.3815(1)  2.63(5  0.71(4)

Bl 0.4776(3)  0.5223(7)  0.3981(6)  0.74(6) 1.0
B2 0.5097(1)  0.6679(5)  0.4713(6)  0.74(6) 1.0
B3 0.57722)  0.4227(9)  0.4382(6)  0.74(6) 1.0
B4 0.65433)  0.6232(1)  0.4512(6)  0.74(6) 1.0

results of Ry, = 14.7%. Besides the single-crystal data,
only 3 silicon positions could be derived from the
powder XRD file. The position of Si3 here is split into
two in the single-crystal structure analysis [12]. In fact,
one of the split positions can also be occupied with B
from the bonding environment. Structure analysis
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Fig. 3. Rietveld refinement results for Tbg sB12Si3.04 powders synthesized by solid state reaction method. The conventional Rietveld R-factors for
the pattern are: Ryp = 14.7%, Rexp = 8.11%, Rp = 6.37% and y*>=3.26 in the 20 range of 5-130° with step width of 0.02°.

from powder pattern cannot give such details and the
occupancy rate for Si3 equals the total occupancy rate of
the two split positions. The occupancies of Tb and Si3
are not full, only 0.684 and 0.714, respectively. The
occupancies of rare-earth elements in all recently found
compounds are not full [3,5,6,8,12] except for the case of
YB4;Si;» [18], so the partial occupancy of rare-ecarth
elements seems to be a quite common character in
rare-earth boron-rich compounds. The unusual short
bonding distances between Si3-Si3 (1.5824 A) and Si3-B
(average 1.8185 A) indicate that the partial occupancy
for Si3 site is reasonable. The refined composition of
Tbg ¢sB12Si3 04 is quite consistent with the chemical
analysis and is also very close to that in YBSi system
(Yo.68B12Si3.01)-

Very recently, Salvador et al. [19] have obtained single
crystals in the quarternary system of TbBSiC by high-
temperature solution growth method with liquid gallium
flux. The crystals seem to have the same structure as
with our sample. They have indexed the Si3 position
here with carbon. In our experiments, it is possible for
carbon contamination from the crucible, however, we
have neither found any detectible carbon in powders by
chemical analysis nor in single crystals by EPMA
analysis. In the refinement of single-crystal X-ray data,
if we set Si3 position as C, its occupancy is much larger
than 1. In addition, the atomic distance between Si3
position and B atoms in the icosahedral in our sample is
1.8185A and larger than the normal B-C bonding
length. Of course, we believe the Si3 position is the most
reasonable position for C if it is incorperated in the
samples. So it may be possible that both RE-B-Si

ternary and RE-B-Si—C quarternary systems can form
the same structural crystals.

The structure of the powder samples was also
investigated by high-resolution transmission microscope
(HRTEM). Fig.4 shows the HRTEM image of the
Tbg 6sB12Si3.904 compound with projection along [001]
axis and [211] axis, respectively. The inserted pictures
are the corresponding electron diffraction patterns and
simulated high-resolution images calculated with Mac-
Tempas simulation package based on the multi-slice
calculation method. The electron diffraction analysis
verified the rhombohedral unit cell. The dark spots with
a light center in the high-resolution images are
attributed to boron icosahedra. The alignment of boron
icosahedra and rare-earth atoms for the structure
projected along the [112] direction is quite regular
(Fig. 5). The interconnected boron icosahedra form in
rhombus and one rare-earth atom resides in the center.
The inserted simulation of HRTEM pictures based on
the above model match the observed images quite well.

It is interesting to grow bulk single crystals by the
floating zone method or other methods in order to
measure their physical properties accurately. From the
powder synthesis experience, we know that extra silicon
can greatly reduce the formation of REBsg-type phase.
This suggests that additional Si in the feed rods may
suppress the nucleation of REB5y-type crystal. However,
crystal growth by the floating zone method from a feed
rod with composition of YB,,Sij, failed. All the grown
crystals were mixtures of YBso(Si) crystals and Si.
Further high-temperature heating of powder samples
revealed that the above structure was not stable at very



F.X. Zhang et al. | Journal of Solid State Chemistry 170 (2003) 75-81 79

Y

Fig. 4. HRTEM image of Tbg¢3B12Si304 compound: (a) projection
along [001] axis; (b) projection along [211] axis.

high temperature and decomposed before melting.
Fortunately, single crystals of this structure could be
easily grown by high-temperature solution growth
method with silicon as the flux. The starting composi-
tion for crystal growth was REB,(Sisg 199 and the
growth process was performed in a BN crucible. After
keeping at about 1600°C for 10 h, the max dimension of
single crystals can reach Smm at a cooling rate of
around 40°C/h. This indicates that the growth rate for
the crystal by this method is quite high. Fig. 6 shows the
optical microscope images of the single crystals grown
with the high-temperature solution method.

The vibrational properties of the crystals were
investigated with a micro Raman spectrometer coupled
with a metallographic microscope. The scattering data

Fig. 5. Schematic crystal structure of RE|_,B;,Si;;_s projected along
the [211] direction.

were collected by back-scattering geometry and excited
by an argon-ion laser operated at a wave length of
514nm and a low incident power (50 mW) in order to
avoid thermal effects. Fig. 7 shows the typical Raman
spectrum for Y ¢3B2Sis and Tbg B ,Si3 crystals.
Crystals for all other rare-earth elements showed a
similar Raman spectrum. The vibrational frequency
dependence on the atomic mass of rare-earth elements
can easily derive that the low frequency Raman shifts
(154 cm ™! for Y 65B1,Si; and around 120 cm ™! for other
rare-carth systems) are contributed by heavy rare-earth
atoms. The Raman peaks between 600-1300 cm ™' with a
wide width may be due to the contribution of various
modes of the boron clusters just like the case in boron
carbide [20]. The peak around 200cm™' is very sharp
and only with a slight shift for all the crystals. The
environment for Sil and Si2 atoms in this structure is
similar to that in diamond-like Si where the strongest
Raman shift is around 500cm™'. So the sharp peak at
201+3cm ™' may be only attributed to the above Si-Si
bonds and other peaks between 200 to 600 cm ™' may be
contributed by other Si—Si bonds and Si-B bonds. The
strong intensity of Raman shifts indicates the covalent
bonding character for these boron-rich compounds and
full index of the vibrational modes is quite difficult and
can form another topic.
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Fig. 6. Optical microscope image of single crystals of RE;_B,Siz3_5
(a) Yo.63B12Si; crystal and (b) Tby gB,Si3 crystal.
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Fig. 7. Raman spectrum of RE;_,B,Si;3_s (RE=Y and Tb). The
spectra of other rare-earth compounds are similar with that of
Tbo.6sB12513 04-

The temperature dependence of magnetic susceptibil-
ity was measured by SQUID and Fig. 8 shows the
magnetic susceptibility curves versus temperature for
some of the compounds from room temperature down
to 2 K. The increase of susceptibility at low temperature
range revealed that these compounds are all paramag-
netic materials. The behavior of the Ho, Er, and Yb
phases (not shown) were similar to the others and are
also paramagnetic. The effective magnetic moment for
example for the Tb and Dy phases was determined from
the high temperature Curie—Weiss fit and yielded 9.2 g/
Tb atom and 10.3 ug/Dy atom which is slightly smaller
than but close to that of the trivalent ions. The
indication is that the rare-earth atoms in these phases
are trivalent and that the stoichiometry of 0.68 for the
rare-earth atoms is possibly smaller than but close to
that determined from the structure analysis.
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Fig. 8. Temperature dependence of the static magnetic susceptibility of
RE,_,B,Si3 3_; single crystal (RE=Gd, Tb, Dy and Tm). Other rare-
earth elements Ho, Er, Yb and Lu show a similar behavior in
susceptibility.

4. Conclusion

A series of new compounds was synthesized by the
solid state reaction method in RE-B-Si (RE=Y, Gd—
Lu) systems and their crystals were grown by high-
temperature solution method with Si flux. The structure
was analyzed from powder X-ray diffraction data and
high-resolution transmission microscope observation.
Their vibrational properties were investigated by Raman
scattering and magnetic susceptibility measurement
revealed that they were paramagnetic materials.
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