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Abstract

The ternary rare-earth nickel arsenides R3NisAss (R =La, Ce, Pr, Nd, Sm) were prepared by arc melting the elemental
components and subsequent annealing at 7= 1070 K. The crystal structure of Ce;NisAss was determined from single-crystal X-ray
data: space group Pmmn, Z =2; a =1.24210(6), b =0.40797(2), ¢ =0.96436(5) nm, Rr = 0.037 (Ry =0.044); 596 independent
reflections; 53 variable parameters. It is a new structure type, which belongs to the family of BaAly-related structures. The magnetic
properties are as follows: Las;NisAss is a Pauli-type paramagnet above 4.2 K, Pr3Ni;Ass remains paramagnetic in the temperature
range investigated and Nd;Ni;Ass undergoes a ferromagnetic ordering at 7¢ =24 K. Sm;Ni;Ass orders antiferromagnetically at a
Néel temperature of 7y =18 K followed by a spin flip towards parallel spin-alignment below 7¢ =6 K. Ce;Ni;Ass reveals a strong
deflection of the linear temperature dependence of the inverse susceptibility due to an intermediate valence behavior. The
temperature dependence of the electrical resistivities for the La, Pr, Nd, Sm containing samples corroborates with the metallic state
of the non-magnetic (La) and the magnetically ordered compounds, whereas in case of Ce;Ni;Ass the resistivity seems to be
determined by an interplay of Kondo scattering and crystalline field effects. Ly X-ray absorption spectra confirm the
demagnetization effects owing from valence fluctuations, the actual valence thereby changes from v =3.10-3.14 at room
temperature and 10 K, respectively.
© 2003 Elsevier Science (USA). All rights reserved.
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1. Introduction In addition, the physical properties of the highly

correlated electron systems in case of R being one of

A great number of ternary compounds RM;, X,, where
R represents a rare-earth element, M a transition metal
and X a non-metal atom (Si, Ge, Sn, As, P, Sb, Bi,...),
have been intensively investigated over the last two
decades. Most of them crystallize in the well-known
BaAl, derivative structure types ThCr,Si, (space group
I4/mmm) and/or CaBe,Ge, (space group P4/nmn) [1-3].
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the elements Ce, Eu or Yb have been widely studied
showing interesting phenomena such as intermediate
valence behavior, Kondo effect, heavy fermion super-
conductivity, Fermi liquid behavior,... [4-0].

In a recent paper, a detailed group-subgroup scheme
in the Bdrninghausen formalism for various ordered and
defect variants of the basic BaAl, type has been
presented [7]. Derivatives of the CaBe,Ge, type are the
distorted structure type LaPt,Ge; [8] and several super-
structures corresponding either to stoichiometric com-
pounds like BaMg,Sn, [9] or non-metal and/or metal
deficient ternary compounds such as Eu,Au,Sns[J [7],
Ce3Pd6Sb5D [10], Yb3Au5A5Ga5_5 [11], CCNi1A91A51A94
[12] or URh; ¢As; ¢ [13]. In the same manner, derivatives
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of the ThCr,Si, type are for example the superstructures
of stoichiometric antimonide BaCu,Sb, [14] and defi-
cient stannide Dy;Co¢Sns [15].

In the course of our investigations in the Ce—Ni—As
system, we have synthesized a ternary phase with
orthorhombic symmetry and the approximate formula
CegNij3 4Asg [16]. This phase has also been obtained with
R =La and Nd. Unfortunately, we were not able to do
the structure determination on single crystals at the time.

During our recent attempts to improve crystal growth
of the Ce-containing ternary arsenide by arc melting, we
found small single crystals in the form of shiny grey
platelets of Ce3;NisAss. The structure determination as
well as the investigation of the physical properties of this
new ternary compound together with its polycrystalline
homologues R;Ni;Ass (R =La, Pr, Nd, Sm) are the
subject of this paper.

2. Experimental

Polycrystalline samples of the ternary arsenides
R;3NisAss were prepared from pure elements: nickel
and amorphous f-As as powders, rare-earth metals as
ingots, all supplied with minimum purity 99.9% by
Strem Chemicals.

Suitable amounts of powder and freshly filed chips of
the constituents in the nominal atomic percentage
R:Ni:As=23:44:33 were mixed together and pressed
into pellets. A small excess of arsenic (1 at%) was added
to compensate for evaporation losses during the arc
melting process. Prior to melting in an arc furnace under
Ti/Zr-gettered argon atmosphere, the pellets (about 1g
each) were pre-reacted in evacuated silica tubes by
gradually heating them up to 1070K, kept at this
temperature for 2 days and slowly cooled down to room
temperature. To ensure homogeneity during the arc
melting process, the samples were turned over and re-
melted several times. Finally, to reach thermodynamic
equilibrium, the so-obtained samples were again sealed
in evacuated silica tubes, heated at 1070K for one
month and subsequently quenched in cold water.

Sample characterization was done at first by X-ray
diffraction using a powder diffractometer (CPS 120
INEL) equipped with a position-sensitive detector
ranging 120° in 20. More precise lattice parameters for
all ternaries (R =La, Ce, Pr, Nd, Sm) were derived by
the least-squares refinements of room temperature
Image Plate Huber, G 670 X-ray powder diffractometer
data (8°<20<100°, step size=0.005°) with monochro-
mated CuKo; radiation. Elemental germanium
(99.9999%, age =0.5657905nm) served as an internal
standard. The unit cell parameters for all compounds
R;Ni;Ass are given in Table 1.

Shiny grey platelet-like single crystals could be
extracted from the Ce-containing molten pellets. They

Table 1

Unit cell parameters for the ternary R;Ni;Ass arsenides

Compound a (nm) b (nm) ¢ (nm) V (nm?)
LasNi;Ass 1.2371(2) 0.41765(7) 0.9672(2) 0.4997(3)
Ce;NisAss® 1.24210(6) 0.40797(2) 0.96436(5) 0.48868(4)
Pr3Ni;Ass 1.2301(2) 0.41217(7) 0.9630(2) 0.4883(3)
Nd;Ni,Ass 1.2133(2) 0.41002(7) 0.9616(2) 0.4784(3)
Sm3Ni;Ass 1.2137(6) 0.4102(3) 0.9620(8) 0.4789(8)

#Single crystal lattice constants.

were suitable for structure determination. Energy
dispersive analysis of the crystals by a scanning electron
microscope confirmed the presence of cerium, nickel and
arsenic only. The nominal overall composition in atomic
percentage measured by microanalyses on several
crystals was found to be Ce:Ni:As=20.4:45.6:34.1 with
standard deviations estimated to be less than 1 at%. It is
worthwhile to mention that scanning electron micro-
scopic studies, on bulk samples prepared at 1070K,
revealed the thermodynamic equilibrium between the
arsenide Ce;NisAss and the ternary compounds Ceyg
NigrAsz; and CegNiypAs s [16]. Single-crystal intensity
data were collected at ambient temperature applying a
Nonius Kappa CCD X-ray area-detector diffractometer
using MoKua radiation (A = 0.071073 nm).

Data collection strategy was performed with the help
of the program COLLECT [17] and reflections were
corrected using the program DENZO of the Kappa
CCD software package [18]. Owing to the small size of
the single crystals, no absorption correction was
necessary. Structures were solved by direct methods
(SIR 97 [19]) and least-squares refinements, difference
Fourier syntheses were run with the beta version of
JANA 2000 [20]. Crystal structure and refinement data
are given in Table 2. The program DIAMOND [21] was
used to prepare the drawings of the structural units.

The magnetic properties were studied by use of a
Faraday balance (SUS-10, A. Paar) in the temperature
range 80-900 K and in external fields up to 1.3 T and an
AC susceptometer (AC 7000, Lake Shore; f =133.3 Hz;
Bac = 1mT) for temperatures 4.2 K< T <100K.

The electrical resistivity measurements were per-
formed applying a common four probe AC resistivity
option (Lake Shore; f = 133.3Hz, iac = 10mA) in the
temperature range 4.2-300K. The annealed buttons
were cut by a diamond saw (Biihler, Isomet) into bar-
shaped samples with the approximate dimensions of ca.
1 x1x5mm?. Electrical contacts were made using
commercial silver paints and 25 pum gold wire.

X-ray absorption measurements were performed at
the French synchrotron radiation facility of LURE
using the X-ray beam delivered by the DCI storage ring,
working at 1.85GeV, ~320mA, on the extended X-ray
absorption fine-structure XAS 13 experimental station.
The X-rays were monochromated using two parallel Si
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Table 2

Crystal data, intensity collection and refinement for Ce;Ni;Ass
Empirical formula Ce3Nig.o4ASs
Crystal system Orthorhombic
Space group Pmmn
Formula weight (gmol ") 1202.42

a (nm) 1.24210(6)

b (nm) 0.40797(2)

¢ (nm) 0.96436(5)

V (am?) 0.48868(4)

Z; density (calc., gem™3) 2; 8.19(1)

Crystal size (mm?) 0.07 x 0.04 x 0.025

Linear absorption coefficient (mm™') 45.04

0 limits 1<0<37

Data collected —21<h<?20;
—6<k<6;
—16<l<—16

Number of measured reflections 2486

Number of independent reflections; Rj. 1423[1 > 10(1)];0.066

Number of reflections in refinement 596[1 >3a(1)]
Refined parameters 53
Refinement F
Unweighted R factor 0.037
Weighted Ry, factor 0.044

v = 62(F,)* + 0.0004F2]

Extinction coefficient (Gaussian isotropic) 0.0136(4)
Scale factor 0.0602(3)

Goodness-ofo-ﬁt 1.15
Min/max (eA™%) —3.27/3.58

crystals cut along the (311) plane. Rejection of
harmonics of order 3 in the Ce Ly edge absorption
region was achieved by adjusting the parallelism
between the two Si crystals. The energy scale was
calibrated by reference to the Cr K edge absorption in
chromium metal foil. The Ce;Ni;Ass sample has been
measured at room temperature and in a cryostat kept at
a constant temperature of ca. 10 K. The data collection
has been performed with a step of 0.3¢eV. Room
temperature data of the Ly edge of cerium have been
measured between 5680 and 5820 eV whereas 10 K data
have been recorded from 5680 to 5800¢eV. The detectors
were two ionization chambers filled with air.

For the X-ray absorption data acquisition, the sample
Ce;NisAss was ground (grain size of 40 um or smaller).
Then a calibrated amount of powder sample was mixed
with cellulose in order to optimize the edge jump. This
procedure was also used to obtain a homogeneous
powder distribution through the sample. All absorption
spectra were normalized to the edge jump using the
CDXAS software [22].

3. Results and discussion
3.1. Crystal structure

The X-ray structure of Ce;Ni;Ass was solved from
single-crystal intensity data. Preliminary studies led to

Table 3
Atomic positional and isotropic displacement parameters for Ces
Ni,Ass

Atom Position Occupancy x y z *Beg. (nm?)
Cel 2a 1 3/4 3/4 0.7492(1)  72(3)
Ce2 4f 1 0.41537(4) 3/4 0.75109(5) 68(2)
Nil  4f 1 0.57904(9) 3/4 0.5034(2)  92(3)
Ni2  2b 1 1/4 3/4 0.4920(2) 100(10)
Ni3  4f 1 0.4271(1) 3/4 0.1140(2)  86(3)
Ni4 2b 1 1/4 3/4 0.0022(2) 121(5)
Ni5  2a 0.94(1) 3/4 3/4 0.1425(2)  94(5)
Asl 4 1 0.60235(9) 3/4 0.0025(1) 101(3)
As2  4f 1 0.41797(7) 3/4 0.3621(1)  75(2)
As3  2a 1 3/4 3/4 0.3803(2)  78(4)

*Beq = 1/3[Bi1a*?a* + -+ 2By3b* ¢*be cos ().

the following type of crystal lattice: orthorhombic unit
cell, Laue group mmm, possible space group Pmmn,
P2ymn or Pm2n in agreement with the systematic
absence of the reflections & k [(h + k+#2n), of which the
centrosymmetric space group Pmmn appeared to be the
correct one during the structure refinement procedure.
Crystallographic data and details of data collection are
summarized in Table 2.

The atomic parameters were deduced from interpreta-
tion of direct methods and the structure was then refined
very smoothly in order to make a correct identification
of the nickel and arsenic positions with respect to the
known interatomic distances. Including isotropic dis-
placement parameters during the refinement cycles, the
filling of the position 2a (z = 0.1425) with nickel instead
of arsenic, namely with the Ni5 atom, was consistent
with an accurate displacement parameter, together with
improbable As—As distances of 0.228 nm. This Ni5
position presents a slight deficit (r = 0.94(1)). Final
refinements including anisotropic displacement para-
meters converged to the reliability factors given in Table
2. The final difference Fourier synthesis did not reveal
significant residual peaks. Atomic positional and dis-
placement parameters are listed in Table 3 and selected
interatomic distances are given in Table 4. The crystal-
lographic data can be obtained from the FIZ Karlsruhe
under the CSD-number 412889. The final formula of
this arsenide, as deduced from the structure refinement,
is therefore Ce3;Nig g4Ass, leading to the atomic propor-
tions Ce:Ni:As=20.08:46.45:33.47. This result is in good
accord with the electron probe microanalyses
(20.4:45.6:34.1).

The structure of Ce;Ni;Ass exhibits a new structure
type, which belongs to the family of BaAl,-related
structures. As the atomic composition is slightly
different from 1:2:2, that means that only parts of the
CesNisAss structure can be related to one of the well-
known ThCr,Si, or CaBe,Ge, structure types (2, 3). The
3D representation of the Ce;Ni;Ass structure, as shown
in Fig. 1, is compared with the one of the CaBe,Ge,
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Table 4
Main interatomic distances (nm) for Ce;NisAss and estimated
standard deviations

Cel-2 Asl 0.3055(1) Nil-2 As2 0.2417(1)
Cel-2 Ni2 0.3094(2) Nil-1 As2 0.2421(2)
Cel-4 As2 0.3109(1) Nil-1 As3 0.2433(2)
Cel-2 Ni4 0.3148(2) Nil-2 Nil 0.2832(1)
Cel-2 Nil 0.3182(2) Nil-2 Ni2 0.2945(1)
Cel-4 Ni3 0.3277(1) Nil-1 Ce2 0.3136(2)
Nil-1 Cel 0.3182(2)
Ce2-2 Nis 0.3071(1) Nil-2 Ce2 0.3193(2)
Ce2-2 As2 0.3105(1)
Ce2-2 Ni3 0.3111(1) Ni2-2 As3 0.2382(2)
Ce2-1 Nil 0.3136(2) Ni2-2 As2 0.2434(2)
Ce2-2 Asl 0.3139(1) Ni2—4 Nil 0.2945(1)
Ce2-2 As3 0.3160(1) Ni2-2 Cel 0.3094(2)
Ce2-1 Ni4 0.3175(2) Ni2-2 Ce2 0.3234(2)
Ce2-2 Nil 0.3193(2)
Ce2-1 Ni2 0.3234(2) Ni3-2 Asl 0.2358(1)
Ce2-1 Asl 0.3358(2) Ni3-1 As2 0.2396(2)
Ni3-1 Asl 0.2428(2)
Asl-1 Ni5 0.2277(2) Ni3-1 Ni4 0.2449(2)
Asl-2 Ni3 0.2357(1) Ni3-2 Ce2 0.3112(1)
Asl-1 Ni3 0.2428(2) Ni3-2 Cel 0.3277(1)
Asl-2 Ni4 0.2743(1)
Asl-1 Cel 0.3054(1) Ni4-2 Ni3 0.2449(2)
Asl-2 Ce2 0.3139(1) Ni4-2 Nis 0.2472(2)
Asl-2 Asl 0.3260(2) Nid—4 Asl 0.2743(1)
Asl-1 Ce2 0.3358(2) Ni4-2 Cel 0.3148(2)
Nid-2 Ce2 0.3175(2)
As2-INi3 0.2396(2)
As2-2 Nil 0.2416(1) Ni5-2 Asl 0.2277(2)
As2-1 Nil 0.2421(2) Ni5-1 As3 0.2293(3)
As2-1 Ni2 0.2433(2) Ni5-2 Ni4 0.2472(2)
As2-2 Ce2 0.3105(1) Ni5—4 Ce2 0.3071(1)
As2-2 Cel 0.3109(1)
As3-1 Ni5 0.2293(3)
As3-2 Ni2 0.2382(2)
As3-2 Nil 0.2433(2)
As3-4 Ce2 0.3160(1)

type. One can see that the structure of Ce;Ni;Ass is built
up from three pseudo-body-centered subcells formed by
the cerium atoms with regard to the a parameter of the
Ce;NisAss unit cell, which is three times larger than the
unit cell of CaBe,Ge,.

Another similar superstructure has been also observed
for the defective ternary antimonide Ces;PdgSbs, into
which a non-metal vacancy a priori modifies the
expected composition 1:2:2 [10]. Indeed, the crystal
structure of this antimonide is closely related to the one
of Ces;NijAss. First, the unit cell parameters
a =1.3481(2), b =0.4459(1), ¢ =1.0050(1) nm are of the
same order of magnitude than those of the ternary
arsenide (Table 1) and furthermore the crystal structure
of CesPdeSbs has been also described in space group
Pmmn, with atomic coordinates close to the ones found
for CesNi;Ass. However, the compositional change
from Ce;NisAss to CesPdgSbs shows that, in fact, the

Boss
Boes-X133
Boss
p p
C
C
a

Fig. 1. Structural relationship between (a) CaBe,Ge,, (b) CesNisAss
and (c) Ce;Pd¢Sbs. The origin of the structures have been shifted for a
better comparison. The B, X, layers have been emphasized. Black and
white spheres within the layers correspond to the transition metal and
the metalloid atoms, respectively.

Ce;PdgSbs structure exhibits a metal defect with respect
the one of Ce;NisAss (Fig. 1¢).

A thorough examination of the prototypes ThCr,Si,
and CaBe,Ge, shows the occurrence of two sheets B, X>
per cell (B =Cr, Be; X =Si, Ge) interspersed with layers
of larger metal atoms (Th or Ca). While the spatial
distribution within the sheets is always XBBX in the
ThCr,Si, type, alternating XBBX and BXXB sequences
occur in the CaBe,Ge, type. This atomic distribution
generates Si—Si pairs in ThCr,Si», whereas no Ge-Ge
bonding occurs in CaBe,Ge,. The structural relation-
ship between Ce;Ni;Ass and CaBe,Ge, (Fig. 1a and b)
shows that the XBBX sheet remains unchanged in both
structures, contrary to the BXXB one, which is strongly
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XX
o

~ 7
- \\
b - ¢
(c)
La

Fig. 2. Representation in the (001) plane: (a) infinite and regular
subnet formed by the Ge atoms within the B[XX]B layer in the
CaBe,Ge, structure, (b) and (c) infinite and distorted subnet formed by
metalloid and transition metal atoms within the same layer in the
structures of Ce3NisAss and Ce3;Pd¢Sbs, respectively. Black and white
spheres correspond to the metal (Ni or Pd) and the metalloid (As or Sb
or Ge) atoms, respectively.

(a)

modified. Indeed, in the ab plane normally occupied by
the X atoms within the sheet B[XX]B in CaBe,Ge,
(Fig. 2a), one can see the substitution of one third of the
X atoms by the B atoms in Ce;Ni;Ass (Fig. 2b), which
leads to a new sheet that can be labelled as
B[ByesX133)B. As a consequence, this substitution
induces atomic displacements within the overall sheet
in Ce;NisAss, that are still more pronounced in the case
of Ce;PdeSbs (Fig. 2¢). In this structure, apart from this
deformation, one can see that one third of the B atoms
on both sides of the sheet has been removed, leading to
metal vacancies (Fig. 1c). Therefore, the corresponding
sheet can be labelled as BOA66 [BO.66X1A33]BO.66 in
CesPd¢Sbs. Finally, the structures Ce;NisAss and
CesPd¢Sbs, which are truly both derivatives from the
CaBe,Ge,; type, are structurally related in a way that
Ce;NisAss is in fact a filled-up CesPdgSbs structure.

A more detailed analysis of the Ce;NisAss structure
shows that cerium occupies two different crystallo-
graphic positions. The Cel atom is surrounded by six
arsenic and ten nickel atoms, while the Ce2 one has six
arsenic and nine nickel neighbors. The Nil and Ni2
atoms within the XBBX sheet occupy arsenic tetrahe-
dra, as expected, while the Ni3, Ni4 and Ni5 atoms,
lying in the sheet B[By¢cX33]B, exhibit unusual As
coordination numbers of three for the Ni3 and Ni5 and

HH

Fig. 3. Representation of the Ni-Ni bonds developing infinite zigzag
chains in an alternating manner in the Ce;Ni;Ass structure: (a) along
the [010] direction and (b) in projection on the (001) plane.

four atoms for the Ni4 atoms, respectively. The Ni—As
distances, comprised between 0.228 and 0.274nm are
indicative of atomic displacements in the layer (vide
supra). In this structure, no As—As bonding occurs since
the shortest distances exceed 0.32 nm.

The main structural characteristic of Ce;Ni;Ass
results from the establishment of strong Ni—Ni bonds,
within the layer B[By¢sX33]B. These bonds, generated
by the Ni4 and Ni5 atoms, develop infinite zig-zag
chains along the [010] direction. Moreover, each Ni4
atom within the chain is linked to two apical Ni3 atoms,
that induces finally alternating up and down chains
(Fig. 3). The Ni4—-Ni5 distances of 0.247 nm within the
chain (angle Ni4-Ni5-Ni4=111.22°) are of the same
order of magnitude than the Ni3—Ni4 ones of 0.245nm
outside the chain (angle Ni3—Ni4—Ni3 = 127.77°). These
Ni—Ni distances compare well with twice the metallic
radius of nickel for CN 12 of 0.248 nm [23]. It is evident
that these metal-metal bonds result from the atomic
displacements within the sheet B[By.¢6X1.33]B. Contrary,
due to the metal defect, the structure CesPdgSbs shows
only triangular Pd; units with Pd3-Pd4 distances of
0.276 nm (angle Pd3-Pd4-Pd3 =125.78°) (Fig. lc).

Such Ni—Ni bonds, forming infinite chains, have been
previously found in literature. It can be noted that
infinite linear chains are present in the prototype NiAs
structure (Ni-Ni=0.2518 nm) [24], while infinite zig-zag
chains occur in the binary NiP (Ni—-Ni=0.2532 nm) [25].
Moreover the zig-zag chains are not independent since
they are linked through additional Ni-Ni bonds of
0.2756 nm. Another example is that of Ce4NizsPss,
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where the Ni atoms aggregate as octahedral clusters
(Ni-Ni=0.243nm), around the sixfold axis of the
hexagonal unit cell [26].

3.2. Magnetic properties

The magnetic properties of the R3;NisAss (R=La—
Sm) were investigated in the temperature range 4.2 K <
T< 900K and in external fields up to 1.3T. They are
presented in Figs. 4-7 and listed in Table 5. LasNi;Ass is
a weak Pauli-type paramagnet in the temperature range
between 4.2K and room temperature. The measured
values of the susceptibility at room temperature and
42K were found to be ¥(300K)=0.9 x 10"*m?/kg and
2(4.2K)=15 x 10~* m?/kg, respectively. The increase of y
at low temperatures (7'<20K) has to be attributed to
impurities.

The susceptibilities of the R3NisAss (R =Pr—Sm)
follow a modified Curie—Weiss law for temperatures

above 50K,

C
=~ 4 1
¢ T -0, %o M)

C being the Curie constant, @, is the paramagnetic
Curie temperature and y, denotes temperature indepen-
dent contributions such as core diamagnetism, Landau
diamagnetism and Pauli paramagnetism (Figs. 4-6). The
calculated values of the effective moments are in good
accord with the tripositive theoretical ones for Pr and
Nd, respectively. The Sm containing compound is
expected to show the characteristic Van Vleck type of
paramagnetism owing to the low lying multiplets,
however this sample was only measured in a limited
temperature range below 100 K and hence the derived
magnetic values must be treated with caution. Pr3Ni;Ass
remains paramagnetic down to the temperature of liquid
helium as can be seen from the inset of Fig. 4. Upon
lowering the temperatures below 30K, the latter two
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Fig. 4. Reciprocal susceptibility versus temperature for Pr3Ni;Ass. Inset: AC susceptibility versus temperature.
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Fig. 5. Reciprocal susceptibility versus temperature for Nd;Ni;Ass. Inset: AC susceptibility versus temperature.



V. Babizhetskyy et al. | Journal of Solid State Chemistry 172 (2003) 265-276

271

T T T T
20 10 ST T T T
o 8 4
&= :
mE 6F o X g
S a4k % E
15+ 3} 000090 e, 1
< ©0000, o
— < 2r W 99000000000, ] 2
mE X '00000000000c000)
o . . . .
> 0 10 20 30 40 >
S o
w 10 i —
S Sm;Ni, Asg
~ R
<
=]
5F s —
OOC
OO
o
o]
O 1 1 1 1
0 20 40 60 80 100

Temperature (K)

Fig. 6. Reciprocal susceptibility versus temperature for Sm3;Ni;Ass. Inset: AC susceptibility versus temperature.
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line: least-squares fit according to Egs. (3) and (4).

Table 5

Magnetic and electric data for ternary compounds R;Ni;Ass

Compound Hesr (HB) 0, (K) I~ (K) Tc (K) dp/dT (K) o
La;Ni;Ass Ze00ky=0.9 x 107 m*/kg, y1s1)=15x 10~ ¥ m*/kg

Ce;NisAss 2.30(5) —53(3) — — — —
Pr;Ni;Ass 3.50(5) —6(1) — — —
Nd;Ni;Ass 3.60(5) 4(1) — 24 23 3
Sm;Ni;Ass (3.80(5)) ~10(2) 18 6 17,7 4,2
arsenides undergo magnetic ordering. In case of passes a soft shoulder at Ty = 18 K and is followed by a

Nd;Ni,Ass, both plots of the dynamic susceptibilities
versus temperature exhibit pronounced maxima at
Tc =24K as can be seen from the inset of Fig.5
suggesting a ferromagnetic ground state of the neody-
mium sublattice. A positive value of @, confirms this
assumption. The yac versus T plots for Sm3Ni;Ass
(inset Fig. 6) reveal several features: the real part y'(7)

strong increase below T¢ =6 K, whereas the imaginary
part ¥” (T) remains temperature independent down to
6K and rises below that temperature. Hence we
conclude that Sm spin system first undergoes an
antiferromagnetic ordering followed by a spin flop at
6 K towards a parallel spin alignment (ferromagnetism).
A negative value of @, supports this argument. We



272 V. Babizhetskyy et al. | Journal of Solid State Chemistry 172 (2003) 265-276

point out that these observations corroborate with the
findings in the measurements of the electrical resistivity
(vide infra).

The compound Ce3;NisAss remains paramagnetic
down to 4.2K. The reciprocal susceptibility versus
temperature plot, however, remarkably deflects from
the quasilinear Curie-Weiss behavior for temperatures
below 350 K (Fig. 7). The moment calculation according
Eq. (1) in the high temperature regime results in gz =
2.27 py (uheor = 2.54 py for Ce’™) and a “medium-
large” negative value of @,=—-53K. Such an experi-
mental finding is reminiscent of the peculiar magnetic
behavior of intermediate valence (IV) systems. Below
~ 50K, however, the 1/y values decrease more rapidly
instead of tending to a constant value as could be
expected for IV compounds. This observation is
frequently found in cerium-based materials and com-
monly attributed to the presence of small amounts of
impurities, e.g., oxides of cerium... [27-29]. To account
for this impurity contributions, we followed the
procedure employed by Béal-Monod and Lawrence
[27]. Neglecting crystal-field effects on impurity sites, we
assumed that at sufficiently low temperatures the
measured susceptibility can be expressed as
Cimp

T 2)

where %(0) denotes the intrinsic susceptibility of an IV
compound at T =0K, and Ciy, is the Curie constant of
impurity magnetic moments. If the impurity contribu-
tion is only composed of stable Ce* " ions, an impurity
concentration n = Cimp/C, where C =1.014 x 1073 m3/
mol K is the Curie constant of free Ce*" ions. Fitting
the experimental data for 7<50 K to Eq. (2) yielded the
following parameters: y(0) =4.7 x 108 m?/mol and
n=15.0x 1072 Ceatom/mol. Finally the y(7) depen-
dencies were corrected for impurities subtracting the
term nC/T from the experimental data in the whole
temperature range studied. The so-corrected y(7") curve
is displayed in the inset of Fig. 7.

A possible approach describing the features of an
intermediate-valence system is the interconfiguration
fluctuation (ICF) model developed by Sales and
Wohlleben [30]. Within the scope of this model the
magnetic susceptibility of a IV cerium compound is
given by

~ Nuge[1 —v(T)]
1) = 3kaET+ Tsr)

2(T—=0) = 2(0) +

=+ X0s (3)

where pi = 2.54 pg is the effective magnetic moment of
the cerium 4f' state, Tsp denotes a characteristic
temperature associated with fluctuations between the
410 and 4f" states due to interactions with conduction
electrons, y, accounts for possible conduction-electron
paramagnetic and core diamagnetic as well as for the
temperature independent Van Vleck contribution to the

total measured magnetic susceptibility, while v(7)
stands for mean occupation of the ground state. This
fractional valence is temperature and energy dependent
via the relation

n(T) !

" 1+ 6exp[—Eex/kn(T + Tsp)]

4)

where E,, is the energy difference between the 4f' and
the 4f° states. It appears that this ICF model seems to
describe quite well the magnetic behavior of Ce;NisAss
in the temperature range above 50 K. The least-squares
fit of the experimental y(7) variations is shown in the
inset of Fig. 7 by the solid line; the fitting parameters
are:  Ee/kp =194K, Tsp=65K and y,=6.2%
10-°m’/mol. Then, from Eq.(4) it is possible to
estimate the temperature dependence of the cerium
atom valence. A strong increase of the effective valence
is observed from 3.17 at 900 K, down to 3.26 at 200K,
3.35at 100 K and 3.68 at 10 K. The latter value has to be
taken with care, since the susceptibility does not obey
the ICF model below ~50K and furthermore a total
depopulation of the 4f! is not likely to occur in this
compound. Absolute values of the valence, which are
considered to be more reliable, have been derived from
Li;; absorption data below (we note that the valence
of Ce in metallic compounds does not exceed 3.4 from
X-ray absorption data).

3.3. Electrical resistivity

The results of the electrical resistivity versus tempera-
ture for the samples R;3Ni;Ass (R=La—Sm) are
presented in Figs.8 and 9. The p(T) curve for
La;Ni;Ass resembles the typical shape of a metal-like
intermetallic compound. Assuming the validity of
Mathiesen’s rule, the resistivity of a nonmagnetic
compound follows the Bloch—Griineisen relation [31,32]

T 5
p(T) =py + 4ROp <@>
D

On/T x> dx 3
X/o (ex—l)(l—e*x)_KT' (5)

We have fitted our data according Eq. (5) with the
following results: residual resistivity (p, = 80 uQcm),
the second, phonon scattering term p,, (R=
0.55pQ cm/K; the Debye-temperature @p = 176K is a
rather low value, indicating a soft lattice, and should
therefore be proved by specific heat measurements) and
the third term, which is due to the scattering of the
conduction electrons into a narrow d-band near the
Fermi level (K = 1.39 x 107 pQcm/K?3).

The temperature dependence of the resistivity of
Ce;NisAss as shown in Fig. 8 reveals the typical
shape of an intermetallic compound exhibiting
spin fluctuations due to Kondo interactions [33], for
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calculated according to p = p, + aT”.

example, well-known heavy fermion systems UPt; [34],
UNiAl; [35], or CeAl; and CeCu,Si, [36] or many
rare-earth and actinoid Laves phases [37] with an
archetypal spin fluctuator UAl, [38]. The resistivity
starts to rise below room temperature, passes a wide
maximum between 200 and 100K, decreases then
smoothly and levels off below 20K. The room
temperature value of about 480uQcm thereby is a
standard value for narrow f-band materials.
Assuming that the resistivity of the lanthanum-based
homologue can be taken as a good approximation of the
phonon contribution to the total measured resistivity of
Ce;NisAss, we expressed p(7T) for this compound as
follows:

p(T) = po + p(LasNisAss)

- pO(La3Ni7AS5) + pmag(T) (6)

and in this way extracted the temperature dependence of
the magnetic scattering resistivity which is displayed in
the inset of Fig. 8. It is apparent from the inset of Fig. 8
that at elevated temperatures the magnetic contribution
to the resistivity of Ce3;Ni;Ass exhibits a pronounced
logarithmic decrease with rising temperature, which
could be described by Kondo-type interactions of the
conduction electrons with the localized cerium magnetic
moments. The fit of p,,(7T) for T>100K to the
standard formula [39]

Prmag(T) ()

yielded a value of 879 uQcm for the spin disorder
resistivity pg” and 106 uQ cm for the Kondo coefficient
cg. In the scope of the theory by Kondo [39], ¢k is
proportional to the electronic density of states at the
Fermi energy N(Eg). Thus, the rather large Kondo

= pi" — ek In(T)
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coefficient derived may indicate strongly enhanced
N(Efr) making this compound a good candidate for
heavy fermion research. It is known [40] that the
electronic ground state of a dense Kondo system is a
Fermi liquid and hence the electrical resistivity should
vary at low temperatures according to 7?2 law, which is
indeed the case for this compound in the temperature
range 42K <T<50K as shown in the inset of Fig. 8.
The coefficient 4 in the 72 term is inversely proportional
to the square of the Kondo temperature Tx [41].
Moreover, according to the scaling found by Kadowaki
and Woods [42] for existing heavy fermion compounds,
the constant A is related to the electronic coefficient of
the specific heat y via the universal ratio

A/y* = 1.0 x 107 uQ cm K2 mol®/mJ?. (8)

However the parameter 4 is equal to 0.0204 pQcm/K?>
thus yielding from Eq. (8) a rather moderate y value of
about 45mJ/mol K? only. Since this latter value is
obviously a very crude estimate of y, we propose to
investigate this intriguing compound by specific heat
measurements down in the mK regime in the near future
to shed more light on its low-temperature electronic
properties.

The temperature dependencies of the resistivities for
the remaining compounds R;3;Ni;Ass (R=Pr, Nd and
Sm) as shown in Fig. 9 resemble the shape of metal-like,
magnetically ordered intermetallics. The values of p(T)
decrease with decreasing temperature with a change of
slope at the magnetic ordering temperature due to the
reduction in scattering of the conduction electrons in the
ordered state. The extrema of the first derivative dp/dT
thereby are in good accord with the magnetically
derived values above (Table 5). Furthermore the
resistivities approximately scale with 7% terms as
predicted for isotropic ferro- and antiferro-magnets.
The parameters o are also listed in Table 5.

3.4. X-ray absorption spectroscopy

Results of X-ray absorption spectroscopy are shown
in Fig. 10 for the data recorded at 10K and 300K,
respectively. It can be seen that the spectra show a
double peak structure, characteristic for an intermediate
valence state of the Ce atoms. The spectra observed in
Fig. 11 exhibit two resolved peaks separated by about
10eV. These peaks are due to optical transitions from a
2p3); electron to an empty 5d state in the presence of
two different occupancies of the 4f shell (4/° and 4f') in
the final state. It has been shown that, provided the
different Coulomb interactions between the photoelec-
tron and the system are taken into account, the Ly, Ly
absorption edges give a relevant representation of the
electronic configuration in the ground state and yielded
the 4f occupation number [43,44]. In order to make a
more quantitative estimation of the Ce valence state we
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correspond to the measured data and the continuous line is a fit to the
experimental data. The corresponding model decompositions into 4f’!
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Fig. I1. Cerium Ly edge at 10K (filled circles) and at room
temperature (open circles) for Ce;Ni;Ass.

have fitted the observed spectrum using a deconvolution
technique described in detailed elsewhere [45-47]. The fit
of the Ce Lyy; absorption edge in Ce3zNisAss recorded at
10 and 300 K data are plotted in Fig. 10. The presence of
two configurations 4/° and 4f' bears witness of the
existence of an intermediate valence state of the cerium
atom in Ce;Ni;Ass. The Ce valence state is found to be
v=3.10 and 3.14 at room temperature and 10K,
respectively. An interesting feature of Ce;Ni;Ass is
the thermal dependence of the Ce valence state. A
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comparison of the 10 and 300K absorption edges
(Fig. 11) clearly shows that the low energy peak, which
occurs at ca. 5725eV, increases upon heating. This
shows a relocalization of the 4f electronic orbitals. This
relocalization is partial since a pure trivalent state is not
reached. This valence change can not be induced by a
magnetic order at low temperature since Ni does not
carry any magnetic moment and Ce is clearly in an
intermediate valence state and consequently no 4f
magnetic moment is expected on the Ce atoms. The
origin of this partial relocalization of the 4f states most
probably originates from structural changes such as a
thermal change of the lattice parameters. Indeed, the
expected thermal variation of the lattice parameters
could favor an evolution of the bonds of Ce with its
neighbors.

It is worthwhile to note that the intermediate valence
state of Ce obtained from X-ray absorption spectro-
scopy is in excellent agreement with the results of the
magnetic properties (vide supra). A similar valence state
has recently been reported in other Ce—Ni—X phases
where X is a non-metal atom: Ce,Ni;sSi, [48], Ce,
Ni17sig [49] and CezoNi42AS31 [50] In Ce3Ni7AS5, the Ce
atoms are located in two crystallographically non-
equivalent sites, each of them may not carry the same
valence state. Consequently, the valence state of Ce
deduced from X-ray absorption spectroscopy has to be
taken as mean average value over these two non-
equivalent Ce sites. The valence state of Ce is known to
be closely related to its nearest neighbor environment. In
some compounds such as CesNi,Ge; [51], only one out
of the two cerium sites has been found to carry an
ordered magnetic moment. In Ce;NijAss it is not
possible to differentiate the Ce valence state of the two
Ce sites but the absence of any magnetic ordering and
the pronounced intermediate valence character, ob-
served at low temperatures, makes the hypothesis of
one trivalent state very unlikely.

Concerning the environment of the Ce atoms in
Ce;NisAss it is worthwhile to mention that Cel has the
same number of As and Ni atoms as Ce4 in
CeygNiy Aszy, and that Ce2 in CesNijAss has also the
same number and kind of neighbors as Ce3 in
C620N141AS3] [50]

4. Conclusion

We have studied the structural and physical properties
of the ternary phases R3Ni;Ass (R =La, Ce, Pr, Nd,
Sm). In comparison, these arsenides are closely related
with the phosphides R;Ni;Ps (R =La, Ce, Pr, Nd, Sm,
Gd, Tb), which, however, crystallize in another structure
type with hexagonal symmetry, space group P63/m, the
Nd;Ni,Ps type, a =1.6679(8), ¢ =0.3891(1)nm [52].
From X-ray single crystal structure data of Ce;Ni,P5 a

partial occupation of an additional position 6/ around
the sixfold axis of the hexagonal lattice by Ni atoms was
deduced. Hence the correct formula for the Ce-contain-
ing phosphide is rather CegNi;sP;o than Ce;Ni,Ps [53].

In a previous paper on the Ce—Ni—As system [16], we
have reported the existence of a new family of ternary
rare-earth nickel arsenides RgNij; 4Py (R =La, Ce, Nd).
Preliminary X-ray studies let us consider a BaAly
derivative structure type with orthorhombic symmetry
and possible space groups 1222, Imm2 or Immm. The
unit cell parameters for the Ce-containing arsenide
(a =0.4136(8), b=1.2213(3), ¢=0.9641(2) nm) are
slightly different from those found for Ce;Ni;Ass, which
is particularly true for the b parameter. Consequently
two structural modifications for Ce;Ni;Ass might exist:
one, presented in this paper, is related to the CaBe,Ge,
type, a second could be related to the ThCr,Si, type as
reported earlier for the stannide Dy;CogSns [15]. Such a
surmise must not be excluded, since the stoichiometric
arsenide CeNi,As, exists in two polymorphic forms, i.e.,
the CaBe,Ge, and ThCr,Si, types [54].

The resistivity versus temperature plot of the tem-
perature independent Pauli paramagnet LazNi;Ass was
used as a reference compound to describe the magnetic
contribution p,,, to the total resistivity of the Ce
containing compound. Ce;Ni;Ass is a typical inter-
mediate valence system, which does not show a magnetic
transition down to 4K. The X-ray absorption experi-
ments prove the f-d hybridization effects at low
temperatures. The strength of this hybridization is
found to be much less at room temperature. It is
worthwhile to mention, that the local environment of
the Ce atoms is quite similar to the one in the related
valence fluctuator Ce,gNigrAssz; [50]. The shape of the
Pmag(T) curve is reminiscent of the behavior of an
intermetallic compound exhibiting an interplay between
Kondo and crystal-field interactions. The influence of
the crystalline field seems to play no important role for
the temperature dependence of the spin disorder
resistivity of the paramagnetic sample Pr;Ni;Ass, as
well as in case of both ferromagnetically ordering
compounds Nd;NisAss and Sm;Ni;Ass, respectively.
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