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borides!! and silicides™ of the rare-earth metals (RE), there
are comparatively few investigations of ternary silicide
borides. Indeed, only a few boron-rich rare-earth metal
silicide borides such as RESiB,,, RESi,(B,;4, RESi;,By
(RE = Gd—Er, Y),F and Tb;_,C,SigB;* containing icosahe-
dral B, cages, are known. This situation is in contrast with the
ternary boride carbide phases of rare-earth metals which have
received increasing attention over these last few years both
experimentally and theoretically.” In an attempt to extend
this chemistry to the RE-Si-B systems, we have explored
different synthesis techniques, such as tin flux, and novel
silicon-rich compounds, such as ErgSi;;B;, have thus been
characterized.[’!

Herein we describe GdsSi,Bg, a novel boron-rich rare-
earth-metal silicide boride, which has been obtained from the
peritectic reaction between the binary boride GdB, and
silicide GdsSi;. Indeed, the solid-state phase diagram of the
ternary Gd-Si-B system established at 1270 K,["! shows a
thermodynamic equilibrium between Gd;sSi,Bg and the two
binary compounds GdB, and GdsSi;. In addition, numerous
tie lines connect Gd;Si,By to the other binary phases Gd,Bs,
GdsSi,, and GdSi. Parallepiped-shaped single crystals of the
ternary compound GdsSi,Bg could be extracted from solidi-
fied samples (arc melted and annealed in evacuated silica
tubes at 1270 K for one month) and used for structure
determination (Figure 1).®¥! The structure shows that there are
two crystallographically distinct gadolinium atoms (Gdl and
Gd2) and three types of boron atoms (B1, B2, B3). On the
other hand, there is only one silicon position, which is not
fully occupied (z=0.92(2)). The structure of GdsSi,Bg can
easily be described as an intergrowth of ThB,-like” and
U,Si,-like!" slabs of compositions GdB, and Gd,Si,, respec-
tively, alternating along the [001] direction. It can be
considered as the topochemical sum GdsSi,Bs=2GdB, +
Gd;Si,.

The salient characteristics of the structure result from the
occurrence of two independent, ordered, boron and silicon
substructures. The silicon atoms within the U,Si,-like slab
form Si-Si pairs with a Si-Si separation of 2.36(2) A. These
separations are consistent with those in binary U;Si,
(2.30 A)." The boron atoms within the ThB,-like slab form
distorted B, octahedra, which are built from four basal B3 and
two apical B2 atoms. These octahedra, which are inserted into
gadolinium cubes, are close to ideal O, symmetry, as shown by
the intra-octahedral B2-B3 and B3-B3 distances which are
quite similar (1.84(3) A and 1.81(2) A, respectively). B1-B1
units link four B4 octahedra in the ab plane through B1-B3
bonds (Figure 1, bottom). Being linked to one B1 and two B3
boron atoms, every Bl boron atom is three-connected and
adopts the sp>type coordination mode with bonding angles of
123(1)° for B3-B1-B1 and 113(2)° for B3-B1-B3.

The B1-B3 and B1-B1 bonds of 1.78(2) A and 1.80(5) A,
respectively, are slightly shorter than the intra-octahedron
distances. The B-B units (z = 1/2) and Si-Si pairs (z =0) align
on top of each other along the c direction. Finally, the Gd1
atoms are octahedrally surrounded by two boron and four
silicon atoms, whereas the Gd2 atoms are twelve-coordinate,
being bound by nine boron and three silicon atoms in a rather
complex arrangement.
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Figure 1. Crystal structure of GdsSi,Bs: 3D representation showing the
ThB,-like and U,Si,-like slabs, along the [001] direction (top) and a
view of the ThB,-like slab down the ¢ axis (bottom).

Magnetic susceptibility and magnetization measurements
were performed on the title compound. In the paramagnetic
regime, the reciprocal susceptibility data follow a Curie—
Weiss law (Figure 2). The derived value of the effective
moment leads to p;=825pg (Wh"=7.94 ug) with the
paramagnetic Curie temperature @,=50K. The absolute
values of the real part ' (B=0.001T) of the dynamic
susceptibility as well as ypc measured in external fields B =
0.01 T (not shown) and 0.1 T are in good accordance (a weak
field dependence is encountered, only). The curves pass
pronounced maxima at Ty, =72 K and 70 K, respectively,
which must be attributed to the onset of antiferromagnetic
order of the rare-earth-metal substructure (Figure 2, upper
inset). However, the imaginary part (" also reveals a rather
weak temperature dependency around 7Ty, which in general
is the typical fingerprint of ferro- or ferrimagnetic ordering.

The isothermal magnetization curve versus applied fields
at 1.8 K is fully reversible and practically linear up to B=2T
confirming an antiferromagnetic spin alignment at low
temperatures and moderate applied magnetic fields
(Figure 2, lower inset).

The temperature dependence of the electrical resistivity
p(T) (Figure 3) which clearly indicates that GdsSi,Bg is
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Figure 2. Reciprocal susceptibility versus temperature for GdsSi,Bs.
Upper inset: temperature dependence of the ac and dc susceptibilities.
Lower inset: isothermal magnetization versus applied magnetic field at
T=1.8 K (open symbols in increasing fields, filled symbols in decreas-
ing field, dashed line extrapolated linear region).

300
250 - o o
o o ° ° ° °”
o
200 / oo’
/o000000c@00 © ° 184 .
$
€ o1s0f 4 T 182 -
é Vi = 180 .
= # S 178 .
< 100 g .
Q 176
50 F 174 % L L \ . )
40 50 60 70 80 90 100
T(K) —>
0 1 1 1 1 1 1
0 50 100 150 200 250 300

T(K) —

Figure 3. Temperature dependence of the electrical resistivity for
Gd;Si,Bs (dashed line calculated after p=p, + AT%). Inset: reduced
scaling.

metallic in character, shows on the other hand a pronounced
change of slope at Ty, =44 K, which is close to @, The
negative temperature gradient of p(7) above the ordering
temperature is a clear indication of Brillouin zone (super
zone) scattering owing to the onset of antiferromagnetic
ordering. Furthermore a less pronounced kink in the o(T) plot
is observed at Ty; =72 K, which corroborates with the
magnetic measurements above (Figure 2, upper inset).

The following is concluded: the sample undergoes a weak
(canted) ferrimagnetic-like order at Ty, followed by a
collinear antiferromagnetic spin alignment at Ty,. The
positive value of @, however, favoring an overall ferromag-
netic coupling of the moments suggests a rather complex spin
structure, that is, the two crystallographically different Gd1
and Gd2 atoms eventually form planar ferromagnetic sheets,
which are coupled antiparallel inter-plane or, for example, a
square-wave modulation of the magnetic moments could be
established below Ty,=44 K. In the temperature interval
Ty, < T< Ty a small canting angle of both ferromagnetic
substructures might lead to the weak net magnetization, M =
0.5 pg per formula unit (f.u.), observed at a field of B=0.1T
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(ferrimagnetism). The gradual upturn of M(B) in higher fields
is reminiscent of a metamagnetic-like transition as shown in
the lower inset of Figure2. The derived value of the
ferromagnetic “saturation” moment pg=16 pg/fu. at B=
7T is far below the expected value gJ =35 pg/f.u. in case of
collinear ferromagnetic ordering.

In the ordered state, the resistivity follows only a 7"'* law
(dashed line in Figure 3), which also supports the assumption
of a more complex spin structure above when compared with
the expected T°* dependence of isotropic antiferromagnets.
Neutron-diffraction experiments have already shown the
coexistence of ferromagnetic and antiferromagnetic compo-
nents in heavy rare-earth silicides'!! and germanides,*? and
recently for Eu;Si, ™

The assignment of the oxidation states of fragments is a
useful starting point to understand the structural arrangement
of the non-metal substructure.”! The isolated Si, pairs should
satisfy the octet rule, that is, be considered as Si,*~, with a Si—
Si single bond (2.36(2) A).") The favored electron count for
the boron octahedra corresponds to B¢*~ units.'” Charge
assignment of the B1-B1 units is less straightforward. The B1
atoms are sp” hybridized and coplanar. Assuming 2-electron,
2-center bonding (2e-2c), they can either obey the sextet or
the octet rule.™™ The sextet rule assumes B1-B1 single bonds
and leads to the formal electron partitioning
(Gd*)5(Si,*")(B¢*")(B,) which is unlikely for its unrealistic
metal oxidation state. The octet rule allows the possibilities
for double or single B1-Bl bonds, corresponding to
(Gd**)5(Si," )(Bs")(B,”) and (Gd*™)s(Si* )(Bs)(By)*,
respectively. None of these charge distributions is fully
satisfactory, since the first one disagrees somewhat with the
rather long B1-B1 separation (1.80(5) A) whereas in the
second one (single bond), a nonplanar, sp® hybridization of
the (B1)*" atoms is expected.

Nevertheless, in any of the charge partitionings consid-
ered above, the metal atoms are not fully oxidized, which
suggests metallic behavior as observed experimentally (see
Figure 3). This behavior is confirmed by density functional
calculations conducted on Gd;Si,Bg within the LMTO formal-
ism.'®l The resulting total and projected spin-polarized
density of states (DOS) are shown in Figure 4. There is a
large participation of the metal 5d orbitals around the Fermi
level, but also significant contribution of B and Si orbitals.
This situation reflects strong metal-nonmetal covalent inter-
actions. Both spin-up and spin-down 4f states form rather
sharp bands separated by approximately 6.5eV weakly
spread out over around 1eV, which reflect some poor
mixing with other Gd orbitals as well as with B and Si
orbitals. Except for the 4f states, hardly any polarization of
the conduction band is observed.

Crystal orbital Hamiltonian populations (COHP) which
indicate energetic contributions of crystal orbitals between
orbitals and/or atoms were computed for the different B-B
contacts encountered in GdsSi,Bg and compared."” It appears
that B1-B1 nt* antibonding states are occupied as a result of a
formal electron transfer from the Si, nonbonding electron
pairs, which favors the proposed electron distribution (B,)*".
Indeed, rather similar integrated COHP (ICOHP) values of
—0.410 and —0.450 Ry/cell are computed for the B1-B1
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Figure 4. Spin-up and spin-down DOS for GdsSi,By: a) Total, b) Gd
d orbitals, c) Bg octahedra, d) B, units, and €) Si, pairs.

(1.80(5) A) contacts and the B1-B3 (1.78(2) A) single bonds,
respectively. This result is more in favor of a B1—B1 single
bond. As expected, the ICOHP values of —0.265 and
—0.316 Ry/cell corresponding to the B2—B3 (1.84(3) A) and
B3-B3 (1.81(2) A) bonds of the octahedra, respectively,
imply weaker bonding than in the former B1-B1 and B1-B3
bonds, reflecting their 2e-3c character.

The electron localization function (ELF) which helps to
visualize chemists' intuitive ideas of bonding and nonbonding
electron pairs in solids and molecules was calculated.'"”! The
distribution plot of ELF in the (002) plane containing B1 and
B3 atoms (Figure 5), shows maxima between B1—B1 (B, unit)
and also between B1-B3 (B, unit-octahedron) and in the
center of the (B3), square (octahedron). The latter reflects
the electron deficiency of the Bs* octahedra. Integration of
the valence electron density gives roughly the same number of
electrons for the B1-B1 and B1—B3 bonds, in agreement with
the comparable B-B separations experimentally measured
and supporting the (Gd***)s(Si,"")(B¢*")(B,)*" charge distri-
bution.

In summary, we have realized the synthesis and the
characterization of an unprecedented ternary silicide boride
which differs strongly from the handful of reported exam-
ples.*! Isostructural analogues with Sm, Tb, Dy, and YI"!
have been characterized. There is some uncertainty in the
possible electron counts for the boron network, which arises
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Figure 5. ELF plot in the boron plane for GdsSi,B; (contour
line=0.73).

from questions of bonding at the B, units linking the B¢*"
octahedra. Nevertheless, our calculations support a formal
electron partitioning B,*~ accounting for the long B1-B1l
separations which are experimentally measured. This situa-
tion is in contrast to the electron count of B,>~ proposed for
the related binary compound GdB, in which the correspond-
ing B—B bonds are shorter.['”]

Experimental Section
Suitable amounts of powder and freshly filed chips of the constituents
were mixed together and pressed into pellets. The melting of the
samples (about 800 mg each) was performed with the help of an arc
furnace using a nonconsumable thoriated tungsten electrode under
Ti/Zr-gettered argon atmosphere. To ensure homogeneity, the
samples were turned over and remelted several times. Finally, to
reach thermodynamic equilibrium, the samples were sealed in
evacuated silica tubes, heat treated at 1270 K for one month and
subsequently quenched in cold water. Single crystals of GdsSi,Bg,
resulting from a peritectic reaction between GdB, and Gd;Si;,”" were
obtained by crushing the solidified samples. Energy dispersive
spectroscopy (EDS) and wavelength dispersive spectroscopy
(WDS) using scanning electron microscopy (Jeol JSM-6400), and
electron microprobe analysis (Camebax SX 50) confirmed gadoli-
nium, silicon, and boron as the only components in the samples.”!
The magnetic properties were studied using a Faraday balance
(SUS 10) in the temperature range 80 K < 7'< 300 K and in external
fields up to 1.3 T and a Lake Shore AC susceptometer (AC 7000, f=
133.3 Hz, Boc=1mT) for temperatures 4.2 K<7<100K. The dc
magnetization was measured in the temperature range 1.8-100 K and
in fields up to 7 tesla using a superconducting quantum interference
device (SQUID) magnetometer Quantum Design MPMS XL7.
Measurements of the electrical resistivity were performed applying
a common four-probe Lake Shore ac-resistivity option (f=133.3 Hz,
i=10mA) in the temperature range 4.2-300 K. The alloy buttons
were cut into bars of approximately 1 mm?x 5 mm using a diamond
saw (Biihler Isomet). Electrical contacts were made with commercial
silver paint (Degussa, Hanau, Germany) and 25 um gold wire.
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