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The new intermetallic cerium compound CeRhPb was synthesised by arc melting and studied by means of X-ray diffraction and magnetic measurements. The crystal structure determined from the single crystal X-ray data is of the ZrNiAl type (space group P 6 2m). The compound was found to be a Pauli paramagnet with 4f 0 ground state of the Ce atoms. The ab-initio band structure calculations performed without and with spin polarization confirmed nonmagnetic character of the plumbide studied.

A c c e p t e d m a n u s c r i p t 1. Introduction

Rare-earth metal containing intermetallic compounds have been proven important from both a scientific and a technological point of view. In particular, intense studies of various binary and ternary cerium-based compounds have recently resulted in prominent discoveries of fascinating physical phenomena, like for example heavy-fermion superconductivity with exotic pairing mechanisms and unconventional symmetries, quantum criticality and non-Fermi liquid behaviors. For these reasons search for novel cerium intermetallics continues to be a central issue in modern material science.

The ternary system Ce-Rh-Pb has not been investigated until recently. The only ternary phase reported up to date was Ce 2 Rh 2 Pb, which crystallizes with a tetragonal crystal structure of the Mo 2 FeB 2 type (space group P4/mbm) [1]. The compound exhibits metallic conductivity with no hint at any magnetic phase transitions down to liquid helium temperature.

In this paper we report for the first time on the constitution a novel phase in this system, namely CeRhPb. Its crystal structure was determined and refined from the single crystal X-ray data, and the magnetic properties were measured down to 1.72 K. The experimental characterization is accompanied by the results of ab-initio calculations of the electronic band structure.

Experimental details

A polycrystalline sample with the nominal composition CeRhPb was prepared by arc melting the constituting elements of purity better than 99.9 wt. % in high-purity Ti-gettered argon atmosphere.

The button was remelted several times to ensure good homogeneity. The losses after melting were less than 1 wt. %. No other heat treatment was applied.

The obtained sample was checked by X-ray powder diffraction using a Siemens D5000 powder diffractometer (CuK radiation, 10 2 100 , step scan mode with a step size of 0.02 and counting time of 37 seconds per data point). The X-ray pattern was indexed within hexagonal symmetry with the lattice parameters a = 0.76627(2) nm and c = 0.40237(2) nm, as determined by least-squares method using the CSD program [START_REF] Aksel'rud | Collected Abstr. 12th Eur. Crystallographic Meet[END_REF].

A small single crystal of CeRhPb, suitable for the crystal structure determination was selected from the crushed polycrystalline ingot. The X-ray data were collected on a KUMA Diffraction KM-4 four-circle diffractometer equipped with a CCD camera using graphite-monochromatized MoK radiation ( = 0.071073 nm). Intensities of the reflections were corrected for Lorentz and polarisation Patterson method [START_REF] Sheldrick | Program for the Solution of Crystal Structures[END_REF] and refined by full-matrix least-squares using the SHELX-97 program [START_REF] Sheldrick | Program for Crystal Structures Refinement[END_REF].

Magnetic measurements were performed in the temperature range 1.72-400 K and in applied magnetic fields up to 5 T using a Quantum Design MPMS-5 SQUID magnetometer.

Calculations method

The electronic structure of CeRhPb was studied by means of the full-potential local-orbital (FPLO) method [START_REF][END_REF] based on the local spin density approximation (LSDA) [START_REF] Eschrig | The Fundamentals of Density Functional Theory[END_REF]. The calculations were performed with and without spin polarization. The experimental values of the lattice parameters, as refined from the X-ray single crystal data, were used. The computational method assumes different treatment of electrons, i.e. their orbitals may be classified according to the spatial extend of the radial functions and according to their occupation [START_REF][END_REF]. The electronic configurations of atoms used in the calculations were the following: core + valence electrons (4f5s5p6s6p5d) for Ce atoms, core + semicore electrons (4s4p) + valence electrons (5s5p4d) for Rh atoms, and core + semicore (5s5p) + valence electrons (6s6p5d) for Pb atoms.

The calculations were performed for a reciprocal space mesh containing 2175 points within the irreducible wedge of the Brillouin zone using the tetrahedron method [START_REF] Blöchl | [END_REF] for integrations. The LSDA exchange-correlation potential was assumed in the form proposed by Perdew and Wang [8]. The self consistent criterion was equal to 10 -8 Ry for the total energy.

Results and discussion

Crystal structure

No systematic extinctions were observed in the X-ray intensities, in agreement with the space group P 6 2m, which was then applied in the crystal structure refinement. Details on the structure refinement are summarized in Table 1, and Table 2 gathers the information on the atomic coordinates and the thermal displacement parameters. The compound was found to crystallize with the hexagonal ZrNiAl-type structure [9] with full occupancies of all the atomic sites. The lattice parameters refined from the single-crystal X-ray data are: a = 0.7671(1) nm and c = 0.40274 [START_REF] Blöchl | [END_REF] nm, being very close to those derived from the powder X-ray pattern. ). As it is apparent from Fig. 2, these prisms constitute columns along the z axis. The Rh2-centered trigonal prisms form circles of six prisms, while the Rh1-centered trigonal prisms are located in these circles.

The shortest interatomic distances in the unit cell of CeRhPb are collected in Table 3, and compared there with the sums of the respective atomic radii r (the latter values were taken from Ref.

10). The Ce-Pb and Rh-Pb interatomic distances are significantly shorter than r , thus indicating strong bonding. All the other interatomic distances are close to or longer than the sum of the atomic radii of the respective atoms.

Magnetic properties

The temperature dependence of the molar magnetic susceptibility of CeRhPb is presented in Fig. 3. Apparently, the compound is a Pauli paramagnet with the intrinsic susceptibility of the order of 2 x 10 -3 emu/mol. Some temperature variation of m (T) should be attributed to the presence in the sample measured of spurious Ce 3+ ions, presumably in the form of oxide layers on the specimen surface and grain boundaries (CeRhPb as most of rare-earth plumbides easily oxidizes in air). The solid line in Fig. 3 is a least-squares fit of the experimental data in the entire temperature range to the formula:

T nC T TIP m ) (
where TIP is the Pauli susceptibility of CeRhPb, while the second term accounts for the contribution of n Ce 3+ impurity ions, each characterized by the effective magnetic moment The calculations were also performed using spin polarization with initial band splitting giving starting spin magnetic moments equal to 0.5 µ B /Ce atom. The final self-consistent magnetic moment on the Ce atom was about 0.03 µ B per atom. From these results one can conclude that within computational errors CeRhPb is nonmagnetic.

Conclusions

The new compound CeRhPb crystallizes in the hexagonal structure of the ZrNiAl type (space group P 6 2m), with the same atomic arrangement as reported before for the series RPdPb (R = Y, La, Ce, Pr, Nd, Sm, Gd, Tb, Dy, Ho, Er, Yb and Ca) [11,12] and for the low-temperature modification of LuNiPb [13], i.e. the rare earth atoms are at the 3g sites, the transition metal atoms reside at the 1b and 2c sites, and the Pb atoms are at the 3f sites. Interestingly, in the unit cells of the RAgPb (R = Y, Er, Tm, Lu) compounds, which form with the same structure type as CeRhPb, the positions of the Ag and A c c e p t e d m a n u s c r i p t [14]. This effect is clearly a consequence of differences in the atomic radii [START_REF] Parthè | TYPIX-Standarized Data and Crystal Chemical Caracterization of Inorganic Structure Types[END_REF].

The compound CeRhPb is another representative of the family of equiatomic CeTPb plumbides which comprises also the phases with T = Cu, Pd, Ag, Pt and Au [START_REF] Hermes | [END_REF]. Hexagonal unit cells of the space group P 6 2m were reported for CePdPb [START_REF] Hermes | [END_REF] and CePtPb [17], however for none of them crystal structure determination has been performed up to date, so the exact atomic positions are unknown. The other CeTPb plumbides, i.e. CeCuPb, CeAgPb and CeAuPb, crystallize with a hexagonal structure of the space group P6 3 mc (NdPtSb-type) [START_REF] Hermes | [END_REF]. Regardless the crystal structure, all these ternaries exhibit strongly temperature dependent magnetism due to the presence of stable Ce 3+ ions and order antiferromagnetically at low temperatures (possible yet unlikely exception may be CePdPb) [START_REF] Hermes | [END_REF][17][18].

In contrast, as revealed from the magnetic studies, the cerium atoms in CeRhPb have a nonmagnetic 4f 0 ground state, which manifests itself in the temperature independent paramagnetic behavior. In agreement with the experimental data, the electronic structure calculations yielded for this compound a nonmagnetic ground state with relatively small density of states at the Fermi level due to 4f electrons. The obtained electronic structure is somewhat similar to those derived previously for isostructural cerium intermetallics CeNiIn [19] and CeRhSn [20,21]. In the latter compounds, however, the 4f contribution near E F has been found considerably larger than that revealed for CeRhPb, and consequently both phases exhibit valence fluctuation behavior instead of Pauli paramagnetism.
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9 Table 1. The crystal data and details on the structure refinement for CeRhPb.

Empirical formula CeRhPb

Formula weight 450.22 3. The interatomic distances ( , nm), the values ( =100(r )/ r ; r is the sum of the respective atomic radii) and the coordination numbers (c.n.) of all the atoms in the unit cell of CeRhPb. 
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 3 , and a semiempirical absorption correction was applied. The crystal structure was solved by the
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 4 crystal structure of CeRbPb is shown in Fig.1, together with the coordination polyhedra of all the atoms. The Ce atoms are located inside pentagonal prisms with seven additional atoms (c.n. = 17). The neighbors of the Pb atoms form distorted cubooctahedra (c.n. = 12). In turn, the coordination spheres of the Rh1 and Rh2 atoms have a shape of trigonal prisms with three additional atoms (c.n. = 9

  temperature . The so-derived parameters are TIP = 2.16 10 -3 emu/mol, n = 0.078 atoms per formula unit and = -2.5 K.The magnetization measured at 1.72 K as a function of magnetic field (see the inset to Fig.3) exhibits a typical paramagnetic behavior and proves the absence of any ferromagnetic impurities in the sample studied.
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 53 Electronic structureThe results of band structure ab-initio calculations for the spin non-polarized case are displayed in Fig.4. The left-side panel presents the total and site-projected densities of electronic states (DOS), and the right panel shows the partial l-decomposed DOS plots. In the total DOS a few characteristic features are notable. The valence band from about -5 eV to the Fermi level (taken as E F = 0) is dominated by contributions from d-electrons, mainly from the Rh atoms located at the 1b and 2c sites.Also appreciable contributions to this region of the valence band come from the Pb p-electrons, Ce dand s-electrons. The unoccupied part of DOS above E F consists of a band (~ 1 eV of width) due to the 4f electrons from the Ce atoms with a signature of spin-orbit splitting and quite substantial contributions from the Rh d-electrons. The number of 4f electrons located on the Ce atoms is equal to 1.19. A gap of the order of 3 eV separates the main valence band from weakly pronounced contributions coming essentially from the Pb s-electrons. Between 15 and 20 eV below the Fermi level four peaks are observed. These peaks show some structures and they are formed mainly by the Ce 5p and Pb 5d electrons with very small contributions of other types of electrons due to hybridization. The value of DOS at the Fermi level is 4.92 states/(eV f.u.) with the main contribution provided by the 4f electrons (about 88 %). The contributions of other types of electrons and particular atoms are collected in Table4. The calculated Sommerfeld coefficient in the linear term of the heat capacity amounts to 12 mJ/(mol K 2 ).
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 222212 R indices [I>2 (I)] R1 = 0.0250, wR2 = 0.0495 R indices (all data) R1 = 0.0260, wR2 = 0The atomic coordinates and the displacement parameters for CeRhPb. U eq. is defined as one third of the trace of the orthogonalized U ij tensor. The anisotropic displacement factor exponent takes the form: -2 11 + ... + 2hka*b*U
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 23 Fig. 2. The Rh1-and Rh2-centered trigonal prisms in the crystal structure of CeRhPb.
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 4 Fig. 4. The total density of states (per f.u.) and the site contributions for DOS (per atom) (left panel), and the partial DOS (per f.u.) (right panel) in CeRhPb. The inset shows the contribution to the DOS near the Fermi level provided by the cerium 4f electrons.
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 2 Fig. 2. The Rh1-and Rh2-centered trigonal prisms in the crystal structure of CeRhPb.

Fig. 3 .

 3 Fig. 3. The temperature variation of the molar magnetic susceptibility of CeRhPb, measured in a field of 0.1 T. The solid line is a fit described in the text. The inset shows the field variation of the magnetization in CeRhPb taken at 1.72 K with increasing (full circles) and decreasing (open circles) magnetic field strength.
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 4 Fig. 4. The total density of states (per f.u.) and the site contributions for DOS (per atom) (left panel), and the partial DOS (per f.u.) (right panel) in CeRhPb. The inset shows the contribution to the DOS near the Fermi level provided by the cerium 4f electrons.
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 4 The total, partial, and local DOS at the Fermi level in CeRhPb [in states/(eV (atom or f.u.))].
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 3 The interatomic distances ( , nm), the values ( =100(r )/ r ; r is the sum of the respective atomic radii) and the coordination numbers (c.n.) of all the atoms in the unit cell of

	CeRhPb.	
	Atoms	, nm

Table 4 .

 4 The total, partial, and local DOS at the Fermi level in CeRhPb [in states/(eV (atom or f.u.))].

		Total and	Atom	Site-projected DOS
	Type of DOS	l-decomposed	(position)	(per atom)
		DOS (per f.u.)		
	Total	4.92	Ce(3g)	4.67
	Total for s electrons	0.06	Rh(1b)	0.17
	Total for p electrons	0.15	Rh(2c)	0.19
	Total for d electrons	0.36	Pb(3f)	0.07
	Total for f electrons	4.35		
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