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Abstract

The effects of carbon content and rare earth size on the phase stability and crystal chemistry of RT B (C) (R5rare earth, T5Rh, Co)2 2

compounds have been investigated using arc-melting synthesis and X-ray diffraction. It was found that, for the transition metal cobalt,
GdCo B C compounds could be obtained for x ranging from 0.0 to 1.0. The c-axis of the compound increases significantly with increase2 2 x

in carbon content, while the a-axis decreases slightly. For the transition metal rhodium, however, RRh B could not be obtained for the2 2

largest lanthanide, La, or the smallest, Er. With the addition of C to the ternary system, new RRh B C compounds have been obtained for2 2

R5Y, La to Er, except Eu. The stability of the RRh B C phase decreases with decreasing lanthanide size, which can be explained from2 2

the rare earth dependence of the crystallographic parameters of the compounds.  1998 Elsevier Science S.A.

Keywords: Arc-melting synthesis; Borocarbide; Crystal chemistry; X-ray diffraction

1. Introduction larger transition metals Rh, Ir, Pd and Pt, however, only
larger lanthanides are reported to form the RT B C phase.2 2

R–T–B (R, rare earth; T, transition metal) ternary For the transition metals Co and Fe, which form RT B2 2

compounds have attracted wide interest for their supercon- ternary compounds for most lanthanide elements, very few
ducting and magnetic properties. Our group has studied the quaternary compounds have been reported [10].
crystal growth, structure and physical properties of the It is interesting that both the ternary and quaternary
system, especially of compounds with T5Co and Rh. We compounds crystallize in the ThCr Si -type structure [11]:2 2

have grown single crystals of three ternary phases in intergrowth of tetrahedrally coordinated T B layers with2 2

R–Rh–B systems, such as RRh B, RRh B and RRh B rare earth layers. The only difference between the two3 3 2 4 4

[1–3]. However, the RRh B compounds, which are compounds is whether or not there is a C atom in the2 2

readily synthesized for transition metals Co [4] and Fe [5], center of the rare earth layer, as can be expected from their
have not been obtained in spite of a great deal of effort. chemical composition. It is therefore meaningful to eluci-

Recently, in the system with carbon addition to the date the role of the C atoms in the crystal chemistry of the
above-mentioned R–T–B ternary system, a new group of system, and the range of the solid solution of carbon in the
RT B C (T5Pd, Ni, Pt) compounds has been reported system.2 2

[6–8] and studied for their superconductivity at tempera- Recently, we studied the Rh-based quaternary system
tures as high as the previous long-standing record of R–Rh–B–C and obtained several new RRh B C com-2 2

Nb Ge. The stability of RT B C compounds seems to pounds [12]. As part of this work, we succeeded in3 2 2

depend strongly on the size of the rare earth and transition growing single crystals of GdRh B C [13] and reported its2 2

metal. It has been reported that RNi B C compounds can crystal structure [14]. In the present study, we focus our2 2

be obtained for lanthanides ranging from the largest, concerns on the relationship of the ternary RT B and2 2

lanthanum, down to the smallest, lutetium [9]. For the quaternary RT B C compounds, especially for the transi-2 2

tion metals Co and Rh. We synthesized GdCo B C2 2 x

compounds with x ranging from 0.0 to 1.0 using the
arc-melting method. A quantitative understanding of the
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RT B (C) systems was obtained. In addition, to elucidate2 2

the rare earth dependence of the phase stability of
RT B (C) compounds, we carried out a systematic study2 2

on the synthesis and characterization of RRh B (C) com-2 2

pounds. Based on these results, a discussion on the
controlling factors of the phase stability of RT B (C)2 2

compounds is given.

2. Experimental

Samples were prepared by arc-melting and annealing.
The starting materials were lanthanide metal (99.9%), Co
powder (99.96%), Rh powder (99.9%), crystal boron
(99.86%) and carbon powder (99.999%). For the synthesis Fig. 1. X-ray diffraction patterns of arc-melted GdCo B C compounds,2 2 x

of the GdCo B C compounds, Gd, Co, B and C were where x is (a) 0.0, (b) 0.25, (c) 0.5, (d) 0.75 and (e) 1.0. Peaks indicated2 2 x
by circles in (e) belong to the ThCr Si -type structure; triangles in (a) aremixed in the atomic ratio 1:2:2:x, where x was 0.0, 0.25, 2 2

peaks of GdCo B .3 20.5, 0.75 and 1.0, respectively. For Rh-based compounds,
R, Rh, B and C were mixed in the atomic ratio 1:2:2:0 for
synthesis of the RRh B phase and 1:2:2:1 for RRh B C.2 2 2 2

To examine the size effects of the rare earth element on the
crystal chemistry of the system, the largest La, medium Gd as belonging to the diffractions of the ThCr Si -type2 2

and smaller Er were selected for synthesis of RRh B . All structure. Except for this main phase, each of the arc-2 2

lanthanides were used for RRh B C for more systematic melted alloys with different carbon content contains some2 2

research. The mixtures were arc-melted under a 1 atm impurity phase, mainly GdCo B , indicated by triangles in3 2

argon atmosphere on a water-cooled copper hearth. The Fig. 1a. With increasing carbon content, the peaks of the
melted button was turned over and remelted three times to main phase become stronger, indicating not only the
ensure homogeneity. The as-cast ingot was wrapped in increase in the amount of the GdCo B C phase obtained,2 2 x

tantalum foil and annealed in flowing He gas but also a significant improvement in the crystallinity of
21(200 ml min ) at 1475 K for 20 h. the compounds. On the contrary, the greater the carbon

X-ray powder diffraction was carried out on a rotating content, the weaker the peaks of the impurity phase, i.e.
anode diffractometer using monochromatized Cu Ka radia- the smaller the amount of GdCo B phase formed. The3 2

tion. diffraction patterns of the GdCo B C phases were care-2 2 x

fully indexed and the lattice parameters were evaluated
from least-squares refinements of 2u angles of more than

3. Results and discussion 10 reflections ranging up to 1008. The carbon content
dependencies of the a- and c-lattice parameters are plotted

3.1. Dependence of crystal chemistry on carbon content in Fig. 2a. It can be seen that the overall tendency with
x in GdCo B C increasing carbon content is a slight decrease of the a-axis2 2 x

and a significant increase of the c-axis. As a result of the
Fig. 1 shows the X-ray diffraction pattern of the arc- lattice parameter change, the unit cell volume of

melted GdCo B C alloys, where x is (a) 0.0, (b) 0.25, (c) GdCo B C compounds, shown in Fig. 2b, increases2 2 x 2 2 x

0.5, (d) 0.75, and (e) 1.0. The chemical compositions of the almost linearly as x increases from 0.0 to 1.0 (maximum
alloys were analyzed using inductively coupled plasma 8.5%).
atomic emission spectrometry (ICP) for Gd, Co and B. The Fig. 3 shows the structure of GdCo B C compounds, a2 2 x

combustion-infrared absorption method was applied for derivative of the ThCr Si -type. The rare earth R (5Gd),2 2

analysis of carbon. The results indicated that the Co and C the transition metal T (5Co), B and C are represented by
contents of the arc-melted alloys were in a good agreement large open, medium shaded, small open, and small solid
with the starting materials. However, Gd showed a slight circles, respectively. The structure can be viewed as an
increase (about 1.5%) and B showed an average decrease intergrowth of RC NaCl-type layers and T B layers. The2 2

of 12% after arc-melting. difference between the structures of ternary RT B and2 2

It can be seen from the diffraction patterns that arc- quaternary RT B C compounds therefore depends on2 2

melted alloys of GdCo B C with different x include a whether or not there is a carbon atom in the center of the2 2 x

similar main phase, the diffraction peaks of which are rare earth layer. The bonding of the inserted carbon with
indicated by circles in Fig. 1e. These peaks were identified other atoms is illustrated as broken lines. In compounds
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Fig. 2. Carbon content dependence of (a) the a-axis (s) and the c-axis
(d); (b) unit cell volume of GdCo B C compounds.2 2 x

without carbon, the c-axis oriented layered structure is
established by the boron–boron bonding. In compounds Fig. 3. Schematic diagram of the structure of RT B C (R5rare earth,2 2

T5transition metal). The R, T, B, and C atoms are represented as largewith carbon, the two layers are connected to each other by
open, medium shaded, small open, and small solid circles, respectively.boron–carbon–boron bonding. The strong bonding be-

tween boron and carbon, as revealed in single crystals of
GdRh B C [14], seems to make it possible for the2 2

ThCr Si -type structure to accommodate a carbon content GdCo B C compounds is in progress and the results will2 2 2 2 x

x from 0.0 to 1.0 in GdCo B C compounds, while be published in a separate paper [15].2 2 x

maintaining the overall structure unchanged.
From the crystal structure of GdCo B C compounds, 3.2. Dependence of crystal chemistry on rare earth size2 2 x

the increase of the c-axis with increasing carbon content is in RRh B (C)2 2

readily understood. With the insertion of carbon in the rare
earth layer, the B–B atoms distributed along the c-axis X-ray diffraction of the Rh-based ternary alloys (R/Rh/
must expand to allow insertion of the C atom, and to B51:2:2) revealed that for each lanthanide, the largest La,
change the B–B bonding into B–C–B bonding. The slight the medium Gd, and the smaller Er, the RRh B phase was2 2

decrease in the a-axis indicates contraction of the frame- not formed. In the La–Rh–B system, LaB and LaRh6 5

work formed by the rare earth by the insertion of the were the main phases. In the case of the Gd- and Er-
carbon atom. This seems slightly incomprehensible. It may containing alloys, RRh B was obtained as the main3 2

suggest strong bonding between the rare earth and carbon phase. This means that for the transition metal Rh, the
atom. It should be noted that the decrease in the a-axis RRh B phase is difficult to form in a stable state for all2 2

with increasing carbon content from 0.0 to 1.0 is only rare earth elements.
0.7%, which is negligibly small compared to the 10.0% Fig. 4 shows the X-ray diffraction patterns for the
increase in the c-axis. Rh-based quaternary alloys (R/Rh/B/C51:2:2:1). A simi-

A more systematic investigation of the effects of carbon larity in the main peak distribution of the diffraction
content on the texture and physical properties of patterns can be observed for lanthanides ranging from La
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Fig. 4. X-ray diffraction patterns of the arc-melted materials with starting
composition R/Rh/B/C51:2:2:1 (R5La–Lu, Y).

to Er, except Eu. The similar peaks were identified as
belonging to the new borocarbides RRh B C, which2 2

crystallize in a modified structure of the ThCr Si -type.2 2

The lattice parameters of RRh B C were evaluated from2 2 Fig. 5. Dependence of (a) the a-axis (s), the c-axis (d), and (b) the unit
least-squares refinements of the diffraction patterns. The a- cell volume of RRh B C compounds on lanthanide size. Estimation2 2

and c-axes, and the unit cell volume of RRh B C com- *errors are smaller than the symbols. The radius for Ce is an assumed2 2
value corresponding to a valence of 13.4.pounds are plotted in Fig. 5a,b as a function of rare earth

size as determined by Iandelli and Palenzona [16]. Only
˚the radius of Ce was an assumed value (0.99 A) corre-

sponding to a valence of 13.4, which was estimated by experiment was carried out on arc-melted alloys to ex-
amine the phase stability of RRh B C compounds. It wasinterpolation of the unit cell volume of CeRh B C to those 2 22 2

found that, when R5Er, after heating in an argon flow atof other rare earth compounds. The a- and c-axes data
14008C for 5 h, the polycrystal ErRh B C decomposed,appear somewhat scattered. From the results obtained for 2 2

and only ErRh B remained. For larger sized lanthanides,the GdCo B C compounds described in the last section, 3 22 2 x

e.g. Nd or Gd, when annealed under the same conditions aswe consider that the scattering originates from the effects
above, the RRh B C compound did not decompose.of carbon deficiency on the lattice parameters. As a general 2 2

Moreover, the X-ray diffraction peaks became sharper thantendency, the tetragonal a-axis of RRh B C contracts as2 2

before annealing. In the RRh B C group, R5Er is thethe size of the lanthanide decreases, in accordance with 2 2

smallest in size and seems, thermochemically, the mostVegard’s law. The c-axis, however, shows a slight expan-
unstable.sion. The variation is quite different from those reported

For the tetragonal symmetry of the RRh B C com-for RNi B C [9], where the c-axis expands 7.3% from 2 22 2

pounds, the interatomic distances between the transitionR5La to Er. The different behavior observed for Rh-based
metals were easily calculated from the a-lattice parameterand Ni-based compounds implies significant effects of the

]Œof the compounds (Rh–Rh 5 a / 2). As the a-axis de-transition metal on the crystal chemistry of the quaternary
creases for the smaller lanthanide, the Rh–Rh distance alsoborocarbides.

˚decreases significantly from 2.7623 A in LaRh B C toAs can be seen from Fig. 4, for lanthanide elements 2 2
˚ ˚2.6786 A in GdRh B C, and further to 2.6552 A insmaller than Tb, an impurity phase with a strong diffrac- 2 2

ErRh B C. The Rh–Rh distances in GdRh B C andtion peak at 2u of about 38.758 was observed. The 2 2 2 2

ErRh B C are both shorter than the atomic distanceimpurity phase was identified to be RRh B . The RRh B 2 23 2 3 2
˚phase increases its volume ratio to RRh B C with decreas- (2.70 A) expected from the metallic Rh radius [17]. The2 2

ing rare earth size. For Tm, Yb and Lu, no RRh B C peaks decreasing Rh–Rh distance explains the decreasing stabili-2 2

could be observed, and the RRh B phase becomes the ty of RRh B C compounds for the smaller lanthanide3 2 2 2

main phase for the arc-melted alloys. A heat-treatment atoms.
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