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Abstract

Rare earth ternary borides, R (R=La, Gd, Lu and Sc) have been synthesized by arc melting method. BoridgB RR= La, Gd,
Lu and Sc) have perovskite-type cubic structure: space geotBm; Z=1. The lattice parametersof the stoichiometric RRIB for R=La,
Gd, Lu and Sc are 0.4251(1), 0.4183(1), 0.4126(1) and 0.4080(1) nm, respectivelyB.aRks not have boron-nonstoichiometryvas0.
In GARKB, and LURRB,, boron- nonstoichiometry ranges between &55< 1 and 0.3 x < 1, respectively. The boron-nonstoichiometry
range is the widest, 8 x < 1, for R =Sc. Boron-nonstoichiometry increases with decreasing atomic radius of R. The microhardness of the
stoichiometric RREB for R=La, Gd, Luand Scis 42 0.1, 6.8+ 0.1, 7.7+ 0.5 and 9.9t 0.1 GPa, respectively. As a result, microhardness
increases with decreasing atomic size of R in BRIR is positioned at the eight corners of the cube in the perovskite-type structure. Thus,
hardness is strongly dependent on R element. The hardness changes almost linearly with boron coneéatfatio@d and Lu in RR§B,,
while no linear dependency is found for R = Sc. Ab initio calculations have been performed to obtain the equilibrium lattice constants and the
bulk moduli. The calculated lattice constants are in excellent agreement with experimental results.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction such as the ternary borides RfEh(R =rare earth]6-8],
on the other hand, have been comparatively rare. Systematic
A large number of perovskite-type oxides have been stud- investigation of the synthesis and properties of non-oxide
ied because of their interesting features, including supercon-perovskite-type compounds is necessary.
ducting transitions, insulating—metallic transitions, ion con- The aim of the present study is to synthesize perovskite-
duction characteristics, dielectric properties and ferroelastic- type rare earth rhodium borides Rff} and to find the
ity [1-5]. Studies on non-oxide perovskite-type compounds nonstoichiometry range of boron and to investigate the
dependency of hardness on rare earth atoms and boron-
* Corresponding author. nonstoichiometry. In this study, La, Gd, Luand Sc are selected
E-mail address: shishido@imr.tohoku.ac.jp (T. Shishido). as R elements, where La, Gd, Lu are the first, middle and
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the last elements of the lanthanides. Sc is located in the
fourth row and the third column in the periodic table. The
atomic sizes with coordination number 12 for La, Gd, Lu
and Sc are 0.188, 0.179, 0.172 and 0.164 nm, respectively.
Thus, the atomic radius decreases in the order of La, Gd, Lu
and Sc.

2. Experimental details

The samples were prepared by the arc-melting method
using small pieces of 99.9% R, 99.9% Rh powder and 99.8%
B powder as raw materials. They were weighed at objec-
tive atomic ratios. Mixtures of the starting materials, about
2 g of each, were melted for 3min in an argon arc plasma
flame using a dc power source at 20V and 100A. The
samples were turned over and were remelted three timesgyy 1 Arrangement of atoms in the perovskite-type BRIR = La, Gd, Lu
under the same conditions. The synthesized samples werend Sc). The large black, large open and small gray circles represent R, Rh
wrapped in tantalum foil and annealed at 1573 K for 20 h and B atoms, respectively. An arrow indicates the atomic distance between
in vacuo to ensure homogeneity and accurate comparison ofRh and B in the octahedral framework of éth
results.

T T T T T
For the chemical analysis, the samples were fused using ,
NaHSQ, powder as a flux reagent, and then the resulting
material was dissolved in HCI. The chemical composition ”
of each solution was analyzed by induction-coupled plasma §
atomic emission spectrometry (ICP-AES) using Zn as the S
internal standard. The crystal structures and lattice parame- & L
ters of the phases were examined by the X-ray diffraction ‘?, Schn3B
(XRD) method using Cu K as a radiation source. The é LuRh3B
microhardness of the samples was measured at room temper-  — GdRh3B
ature using a square-base diamond pyramid as an indentor. A Jk
load of 300 g was applied for 15s and 10 impressions were " - o . ” -~ 100LaRh3B

recorded for each sample. The obtained values were averaged

and the experimental error was estimated. 2 6/deg(CuK o)

Fig. 2. Powder XRD patterns for RBB (R=La, Gd, Lu and Sc).
3. Results and discussion

By varying values ofr, the boron-nonstoichiometry and

. . ) the resulting change in the lattice parameter were stud-
All the synthesized samples have a silvery metallic lus- . g g P

. > jed. For LaRRB,, the perovskite-type compound does not
ter. Based on the results of chemical analyses, the chemlcat1 3B, P yb P

o . ave boron-nonstoichiometry, which indicates that1.
compositions of the obtained samples correspond almost toy, .\ vile  the B-deficient compounds can be obtained

the atomic ratio of the starting compositions. In addition, no f _
; . or R=Gd, Lu and Sc. In GdRB, and LuRRB,,
evidence of pollution of the electrodes (W) and the hearth boron-nonstoichiometry ranges betwéen 056< 1|3ar)1€d

(CL_JI_)hby thetaTctmeI;cing metlhoq s notr—.;d.th tall 0.3<x <1, respectively. A second phase appeasd.55
e crystal structure analysis reveals that all BRthave and x=0.33, respectively. ScRB, has a wide boron-

perovskite-type cubic structure: space graup3m; Z=1.
As shown inFig. 1, R is positioned at the eight corners of Table 1

the cube, Rh occupy face-centered position_s anq B is at the gyice parametet, atomic distance between Rh and B, and microhardness
center of the cubeFig. 2 shows the X-ray diffraction pat-  of the RRRB (R=La, Gd, Lu and Sc)

terns for stoighiometric RRMB (R=La, Gd, Lu and Sc). RRhB Lattice parameter, Atomic distance Hardness

With decreasing size of the rare earth atoms, XRD peaksr a (nm) between RhandB  (GPa)

are shifted to the higher angle side. The lattice parameters (nm)

of RRhgB are listed inTable 1, the values of: for La, Gd, La 0.4251(1) 0.2126 42 0.1

Luand Sc are 0.4251(1), 0.4183(1), 0.4126(1) and 0.4080(1)Gd 0.4183(1) 0.2092 6.8 0.1

nm, respectively. The value of lattice parametetecreases LU 0.4126(1) 0.2063 7.£ 05
Sc 0.4080(1) 0.2040 9.9 0.1

with decreasing atomic size of R in REB
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Table 2
Boron-nonstoichiometry in the RBB, (R=La, Gd, Lu and Sc) 10 E Sc

RRhsB, Boron- Atomic radius of  Electronegativity
R nonstoichiometry R (nm) of R
range ofx 9l-

La x=1 0.188 1
Gd 0555 x<1 0.180 ~1.15
Lu 0.3<x<1 0.174 12 Lu
Sc 0<x<1 0.164 13

nonstoichiometry as 8 x<I. The aforementioned results 3 Gd
are listed inTable 2 As shown inTable 2 boron exhibits

no nonstoichiometry in the case of R=La. La has the largest
atomic radius among all the R. The boron-nonstoichiometry
range is the widest for R = Sc which has the smallest atomic
radius among them. The present authors are strongly inter-
ested in one of the important mechanical functions of borides
[9,10]. Fig. 3shows the relationship between boron concen-
trationx and the hardness of Rg@B,. The hardness changes . fLa
almost linearly between 0.55x < 1 for R=Gd. Relation- 040 on 0.42 0.43
ship between boron concentratioand hardness is complex

for R=Lu and Sc. As listed iffable 1 the values of the a of RRhsB
microhardness for StOIChlome,mC REthare in the range of Fig. 4. Microhardness of RRB (R =La, Gd, Lu and Sc) as a function of
4-10 GPa; the values of the microhardness for La, Gd, Lu and yice parameter (nmy.

Sc being 4.2-0.1, 6.8+0.1, 7.7+ 0.5 and 9.9t 0.1 GPa,

respectively.Fig. 4 shows the microhardness of stoichio-

metric RRRB (R=La, Gd, Lu and Sc) as a function of Size of Rin RRBB. In the case of R=Sc, Sc has the small-
lattice parameter. The microhardness of RRB is strongly est atomic radius among in the elements tested and it is the
dependent on lattice parametenf the compound. Hard- ~ hardest. The electronegativity of R elemefitt] selected in
ness increases with decreasing lattice parametévhen this study is also listed ifiable 2for reference.

lattice parameter decreases, as shown Fig. 1, the dis- Hardness is known as a material parameter which indi-
tance between R atoms is shortened. In addition, the distancecates resistance to elastic/plastic deformation. To describe
between Rh and B atoms in the octahedral framework of the origin of hardness at atomistic scale theoretically, first
RhgB is also shortened. The microhardness became |argerprinciples calculations were performed to estimate the bulk
with the contraction of the volume of the B octahedron.  modulus B, from the volume dependence of the total energy.

As a result, microhardness increases with decreasing atomic  In the present stage of our study, we consider §8Rh
perovskite-type cubic structures with R=La and Sc. We

use the ab initio projected augmented wave (PAW) method

Hardness/GPa
~
T

12r [12,13]implemental in the Vienna Ab initio Simulation Pro-
r e LaRhB, gram (VASP)[14-16] Minimization of the free energy over
10 o  GdRhsB the degrees of freedom of the electron densities and atomic
E N ;‘clg';sgx positions was performed using the conjugated-gradient iter-
s e Secoﬁ,dxphase - ative minimization techniquil7]. The cutoff energy for the
s I appears u plane wave expansion is taken to be 257.2 eV, which was
o ok large enough to obtain good convergence. For the Brillouin
§ [ "u_ / zone (BZ) integrations, & 8 x 8k points were used. The
5 AL / . exchange—correlation energy has been calculated within the
T A\' 0 generalized gradient approximatifir8]. The total energy,
/ \k is calculated as a function of the lattice constant. The varia-
2K tion in the total energy as a function of the lattice constant is
L shown inFig. 5for ScCRiB. From the curve shown iRig. 5,
T R Yoy sy s one can estimate the equilibrium lattice constanand the

Baron content x in RRhsBx bulk modulus B, which is defined as:

2
Fig. 3. Microhardness for RRB, (R=La, Gd, Lu and Sc) as a function of B=— Vdp — Vdu
boron concentration in the compound. dv dv2
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-33.10 Pm3m; Z=1. The lattice parametetsof RRhzB for R=La,

Gd, Lu and Sc are 0.4251(1), 0.4183(1), 0.4126(1) and
0.4080(1) nm, respectively. The value of lattice parameter
-33.12 — decreases with decreasing atomic size of R element.$&Rh
does not have boron-nonstoichiometryxasl. In the case

of GdRKB, and LURRB,, boron-nonstoichiometry ranges
between 0.55 x <1 and 0.3 x < 1, respectively. SCRIB,

-33.14
exists in a full range of & x <I. The values of the micro-
hardness of RRiB for R=La, Gd, Lu and Sc are 4:20.1,

5516 6.84+0.1,7.7+0.5and 9.9+ 0.1 GPa, respectively. R is posi-

tioned at the eight corners of the cube in the perovskite-type
structure. Thus, microhardness increases with decreasing
atomic size of R in RR§B. The hardness almost lineary
-33.18 — changes with boron concentratiofor R = Gd. Relationship
between boron concentratiarand hardness is complex for
R=Lu and Sc. Ab initio calculations show excellent agree-
-33.20 T T T T ment with experimental lattice constant. A decrease in the
0408 0410 0412 0414 0416 0.418 lattice constant tends to increase the bulk modulus.

Total energy (eV/formula)

Lattice parameter (nm)

Fig. 5. The calculated total energy per formula unit as a function of the Acknowledgements
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whereV is the volume of the unit cell andis the pressure.
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