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Abstract

The solid solutions of ScBRh3–ScRh3 and CeBRh3–CeRh3 are synthesized by the arc melting method, where RBRh3 and RRh3

(R=rare earth element) have perovskite and AuCu3 type structures, respectively. The binding energy of Sc 2p3=2 for ScBxRh3

increases with the boron concentration. The Knight shift of 45Sc observed by nuclear magnetic resonance spectroscopy decreases

with increase of boron concentration. The decrement of the Knight shift corresponds the Sc 4s electron density at the Fermi level.

The intensity ratio of f 2: f 1: f 0 of Ce 3d XPS spectrum changes with boron concentration of CeBxRh3. It is concluded that in both

cases of ScBxRh3 and CeBxRh3 the charge on the atoms on A-site changes with the concentration of the atoms on B-site, where the

atoms are not directly bound.

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

Metal borides have been studied to obtain super-
conductors and mechanically hard compounds. The
authors have explored new properties of R–B–Rh
(R=Sc, Y, and La) systems; in which RBRh3 have
perovskite type structures. We found ScBRh3 [1] and
CeBRh3 [2] have solid solutions with ScRh3 and CeRh3,
respectively, where the latter compounds have ordered
AuCu3 type structures. The schematic crystal structures
of perovskite and ordered AuCu3 type compounds are
shown in Fig. 1. In perovskite type structure, Sc (or Ce)
and boron atoms are on A- and B-sites, respectively. Rh
atoms are on face center sites. The solid solution in the
ScBRh3–ScRh3 and CeBRh3–CeRh3 means that the
systems have non-stoichiometry on B-site in perovskite
type structure. Generally, the non-stoichiometry in
perovskite oxides is observed in deficient of oxygen
atoms on the face center sites. Another factor of change
ing author. Fax: +81-22-215-2132.

ess: oku@imr.tohoku.ac.jp (M. Oku).

e front matter r 2003 Elsevier Inc. All rights reserved.

sc.2003.03.001
of the properties is the substitution of the atoms on A-
or B-sites. The deficiency of atoms on A- and B-sites
have been found in rare cases such as Ba1�xU1�xO3 [3]
and La1�xMn1�xO3 [4]. Other systems are the A-site
deficient perovskite oxides with the general formula
A4þ

0:25&0:75B5+O3 (A=Ce, Th, U; B=Nb, Ta; &=
vacancy) [5]. On the other hand, the physical and
chemical properties of ScBxRh3 and CeBxRh3 vary with
the concentration of boron on B-sites although the
atomic ratio of the atoms on A-site to Rh atoms is fixed
at 1:3. In these systems, the lattice constants increase
with boron concentration. In this report, it is studied
whether the change of the lattice constant influences the
charge of the atoms on A-site, although the atoms on
A- and B-sites are not directly bonded.
2. Experimental

Polycrystalline samples of ScBRh3–ScBRh3 and
CeBRh3–CeRh3 systems were synthesized by the arc
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Fig. 2. Dependence of lattice constant of RBxT3 (R=Sc, Ce, T=Rh,

Pd) on boron content x The errors of the lattice constants are under

0.05 nm. CeBxPd3: referred from Ref. [6].

Fig. 1. Schematic crystal structures of perovskite type RBxT3(R=Sc,

Ce, T=Rh) and ordered AuCu3 type RT3:
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melting method using 99.9% pure Sc, Ce, Rh and B as
raw materials. These were weighted with respect to their
atomic ratios. The mixture of the starting materials,
about 2 g for each sample, was placed in a water-cooled
copper hearth in a reaction chamber. Argon was used as
a protective atmosphere. The residual oxygen in the
argon gas was eliminated by fusing a button of titanium
as a reducing agent. The starting materials were then
melted for 3min by an argon arc plasma flame with a dc
power source at 20 V and 100 A. The samples were then
turned over and melted three times under the same
conditions. Finally the synthesized samples were
wrapped with tantalum foil and annealed at 1573 K
for 20 h under to ensure homogeneity. The samples for
chemical analysis were fused with a flux reagent of
NaHSO4, and then the resulting materials were dis-
solved into HCl. The chemical composition of each
solution was determined by the induction coupled
plasma atomic emission spectrometry (ICP-AES) meth-
od, in which Zn was used as an internal standard. The
X-ray diffraction patterns showed that all the samples
have a single phase of the space group Pm%3m:

All XPS spectra were obtained using an SSX-ES 100
electron spectrometer, which has a monochromatic
AlKa X-ray as its primary excitation source. Its back-
ground pressure was less than 1� 10�7 Pa. All spectral
binding energies were referenced to the Fermi level. A
300-mm spot X-ray size and an angle-integrated mode
were used to acquire all spectra reported in this work.
The FWHM of Au 4f7/2 peak at 83.9570.02 eV is
1.03 eV. The samples for the XPS measurements were
fixed with a vacuum compatible conductive resin in
copper holders. They were fractured in the spectrometer
in situ. XPS were taken more than two times for each
boride sample having same chemical compositions, and
good reproducibilities were obtained without contami-
nated signals.

NMR measurements were carried out with a conven-
tional phase coherent pulsed NMR spectrometer under
a magnetic field of about 6T. The Knight shifts of 45Sc
were obtained from power spectra of fast Fourier
transform (FFT) of free-induction decay as a function
of frequency. As reference for Sc, gSc=10.343 MHz/T is
used.
3. Results and discussion

The dependence of the lattice constant of ScBRh3–
ScRh3 and CeBRh3–CeRh3 systems on the boron
concentration is shown in Fig. 2. The dependence of
CeBPd3–CePd3 system [6] is compared in order to
discuss the electronic structure of CeBxRh3. The lattice
constant increases with the concentration of boron for
both systems. The atomic distances between Sc and Rh,
and Ce and Rh in ScRh3, ScBRh3, CeRh3 and CeBRh3

are 92%, 96%, 90% and 93% of the sum of the
elements’ radii, respectively, where the elements’ radii
are cited from Ref. [7].

The atomic distance between A and B atoms having
covalent bonding is influenced by the difference of their
electronegativities as suggested by Schomaker and
Stevenson [8].

The correction for the atomic distance between A and
B atoms in a solid due to the difference of the
electronegativity is –0.009 |wA�wB| nm. The corrections
for Sc–Rh and Ce–Rh are 0.008 and 0.009 nm,
respectively. These corrections are too small to explain
the atomic distances for the Sc–Rh and Ce–Rh of
RBxRh3 systems. It means that the hybridization of
orbitals between Sc, Ce and Rh shortens the atomic
distance.

Fig. 3 shows Sc 2p3/2 XPS for the ScBxRh3 system.
The spectral profiles of Sc 2p3/2 for ScBxRh3 are
represented with a symmetrical Gaussian peak, but
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Fig. 3. Sc 2p3=2 XPS for ScBxRh3 and elemental Sc.

Fig. 4. Dependence of Knight shift of 45Sc for ScBxRh3 on boron x:

The relative errors of the shift are under 1%.

Fig. 5. Curve fitting of Ce 3d XPS for CeRh3 and CeBRh3.
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elemental Sc has an asymmetrical peaks. Moreover,
FWHMs for ScBxRh3 are smaller than that for the
element, and they do not change over all the boron
concentration. The Sc 2p3/2 binding energy of 398.45 eV
for ScRh3 is slightly higher than 398.38 eV for elemental
Sc, and it increases with the boron content. The intensity
of Sc LVV Auger electrons was too weak to obtain good
spectra having large signal-to-noise ratio, where the long
accumulations of photoelectrons caused change of the
surface state.

The temperature dependence of the 45Sc Knight shift
for ScRh3 has been measured between 10 K and room
temperature. It changes from 0.360% (10 K) to 0.318%
(room temperature) as temperature changed. The
temperature dependence of the Knight shifts in the
other samples was smaller than 0.01%. The Knight shift
of 45Sc decreased with x in ScRh3Bx as shown in Fig. 4.

The ab initio calculations for ScRh3 and ScBRh3 have
been reported by us [9] The results of the calculation
regarding to Sc orbitals are the following. Comparing
with the elemental Sc, the Sc 3d, 4s, and 4p orbitals for
ScRh3 are located at the inner sides of the Fermi levels.
The PDOS of the levels have continuously some values
from the valence to the conduction bands. The PDOS of
Sc 3d and Sc 4s at the Fermi level drop into one tenth
from ScRh3 to ScBRh3. Using geometrical partitioning
of charge (i.e., Wigner Seitz cell partitioning), we found
that relative to ScRh3, in ScRh3B, 0.5 electrons per Sc
atom in the unit cell are lost and 0.08 electrons per Rh
atom in the unit cell are gained.

The binding energy of core level depends not only on
charge of the atoms but also on surrounding atoms. It is
caused by an extra relaxation effect after photoemission
of the core electron. The lack of good Sc Auger electron
spectra for the system of ScBxRh3 prohibits us from the
quantitative discussion of the chemical shift of Sc levels.
However, we can say the following from the Sc 2p XPS.
FWFM of Sc 2p3/2 in the system of ScBxRh3 did not
depend on the concentration. It indicates that the charge
on Sc atoms has a unique value and for each x;
irrespective of whether the nearest B-sites are occupied
or empty. In other words, the compounds of ScBxRh3

(0oxo1) are not a mixture of ScRh3 and ScBRh3 even
in the life time of XPS. Although the Knight shift of
45Sc is reflected from the Sc 4s electron state, the unique
charge of Sc atoms is supported by the linear
dependence of the Knight shift of 45Sc with the boron
concentration. The increase of the positive charge from
ScRh3 to ScBRh3 was obtained from the ab initio band
calculation. Then it is thought that the binding energy of
Sc 2p3/2 increases with the increase of the positive charge
in the system of ScBxRh3. Such dependence of the metal
core levels have been well known in many metal–oxygen
systems.

The curve fitting results of Ce 3d XPS for CeRh3 and
CeBRh3 are shown in Fig. 5. The constraints for the
curve fitting with Shirley type background subtraction
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Fig. 6. Dependence of f 0 intensity on boron content in CeBxRh3 and

CeBxPd3 CeBxPd3: referred from Ref. [14].
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are follows: The spin–orbit splitting is same for the final
states of f 0; f 1 and f 2: The intensity ratio of 3d5=223d3=2

for each final state is the statistical ratio of Ce 3d level.
Braicovich et al reported Ce 3d XPS excited with Mg
and AlKa X-ray for CeRh3 scraped with a diamond file
[10]. Owing to the large photoelectron kinetic energy,
they considered that the AlKa excited photoelectron
spectrum is a good approximation to the bulk. How-
ever, their intensity of f 0 is lower than that in Fig. 5. The
difference may originate from the surface preparation
methods, where scraping the sample increases the
surface contribution. The long exposure of the sample
to the atmosphere of the spectrometer changed the
spectral profile into a different profile, in which f 0 peak
of 3d5=2 was not well separated from f 2 peak of 3d3=2:
The change is explained with the sample oxidation by
the residual gases in the spectrometer.

In the system of CeBxPd3 [10], there are three final
states after Ce 3d photoemission when x is zero. The
intensity of f 0 decreases with increase of x; and vanishes
at x ¼ 0:5 as shown in Fig. 6. This means that Ce in
CePd3 is in mixed valent state. The absence of f 0 peak in
CeB0.5Pd3 and CeSn3 [11] is explained by the fact that
the Ce–Ce atomic distance is too large to interact with
each Ce atoms. In the CeBxRh3 system, although the
intensity of f 0 decreases with increase of x; the peak is
observed even at x of one. The spectrum indicates that
Ce in CeBRh3 is still in a mixed valent state. The
number of f electrons in CeRh3 and CeBRh3 are 0.6 and
0.7, respectively. The values are calculated with constant
& of 0.38 eV by a theory of Fuggle et al. [12] The lattice
constant of CeBRh3 corresponds to that CeB0.2Pd3 as
shown in Fig. 2. The f 0 intensity for the former is larger
than that for the latter. This indicates that the transition
metal plays an important role in correlation between
Ce–Ce atoms in CeBxT3 systems.
4. Conclusion

The core level XPS of rare earth atoms for ScBxRh3

and CeBxRh3 and 45Sc NMR spectra show that their
electronic structures change with boron concentration.
It has been considered in perovskite oxides that the
interaction between A- and B-site atoms are negligibly
small. The addition of boron atoms in RRh3 (R=Sc and
Ce) having AuCu3 type structure increases the lattice
constant, and makes perovskite type borides. In these
systems, although boron atoms are not directly bonded
to rare earth atoms, the valence state of rare earth atoms
changes with boron content.
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