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A B S T R A C T   

The crystal structure of the new ternary ThNi6Si6 and UNi6Si6 intermetallic compounds has been investigated by 
means of both single crystal and powder X-ray diffraction followed by Rietveld refinement. Both compounds 
adopt the tetragonal CeNi6Si6-type structure, crystallizing in the space group P4/nbm (No. 125) (Pearson’s 
symbol tP52). This prototype is a ternary defect-derivative of the binary NaZn13-type. A group-theoretical 
analysis carried out in this work illustrates the structural relationship occurring among the aristotype NaZn13- 
type, the partially disordered CeNi6Si6 and the fully ordered YNi6Si6 hettotype crystal structures. 

Zero-field low-temperature electrical resistivity data show a metallic behaviour for both materials. DC mag-
netic measurements from room temperature down to 2 K reveal diamagnetic behaviour for ThNi6Si6, indicating 
that Ni atoms do not carry any magnetic moment. On the other hand, the effective magnetic moment per formula 
unit for UNi6Ni6 is found to be µeff = 3.07(1) µB, suggesting a trivalent (U3+) or tetravalent (U4+) state for U 
atoms with partial delocalization of 5 f electrons. No magnetic ordering down to 2 K is seen in UNi6Si6. No 
superconducting transition was detected, neither in UNi6Si6 nor in ThNi6Si6 in the available temperature interval 
(2 K ≤ T ≤ 300 K).   

1. Introduction 

Heavy-fermions superconductors (HFSs) are unconventional super-
conductors containing rare earth (R) or actinide (Ac) as one of the 
constituent elements, where the hybridization of the f-electrons with the 
normal conduction electrons near the Fermi level is responsible for their 
unusual and peculiar physical behaviour. The first HFSs that were 
discovered are CeCu2Si2 [1] and UBe13 [2,3] and since then many other 

Ce and U based HFSs were identified and characterized. 
UBe13 is one of the most interesting HFSs (Tc = 0.9 K) because the 

superconductivity appears from a state characterized by a strongly 
temperature-dependent electrical resistivity [4]. This compound crys-
tallizes in the cubic NaZn13-type structure [Pearson’s symbol cF112, 
space group Fm3c (No. 226)] [2,5], which is also the pristine prototype 
of several ternary compounds such as the RNi6Si6. Previous systematic 
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structural investigations on RNi6Si6 compounds identified two different 
ternary prototype derivative of NaZn13: CeNi6Si6-type (tP52, P4/nbm, 
No. 125) and YNi6Si6-type (tP52, P4b2, No. 117) [6,7]. It was ascer-
tained that the CeNi6Si6-type structure is adopted only for R = La and 
Ce, whereas the YNi6Si6 prototype is formed by R = Y, Nd, Sm, Gd, Tb, 
Dy, Ho, Er, Tm and Yb. Although both prototypes show two Wyckoff 
sites for the R atoms (2a and 2b for the former and 2c and 2d for the 
latter), the two structures differ from each other in the ordering of Ni 
and Si atoms. In the CeNi6Si6-type, two out of the four 8 m sites are 
occupied by Ni atoms and the other two 8 m sites are filled by Si atoms; 
the remaining 16 n site is randomly occupied by both Ni and Si in a ratio 
50:50% [1]. In the YNi6Si6-type, Ni atoms fully occupy three 8i positions 
and Si atoms fill three additional 8i sites with a full occupation factor; 
thus, giving rise to an ordered crystal structure [1]. 

We were interested to explore if heavy-fermion superconductivity 
occurs in the ternary derivatives of uranium based NaZn13-type com-
pounds, besides the already well known UBe13 [2,3]. In this regard, we 
synthesized and characterized alloys on the composition U(Ni,Si)13 and, 
as a result, we identified the new UNi6Si6 compound. As the 
Th-substituted UBe13 system, U1− xThxBe13, has been found to have a 
more intriguing unconventional superconductivity than the parent 
UBe13 compound [8], for as a comparison we also synthesized and 
investigated the non-magnetic counterpart ThNi6Si6. Therefore, in this 
work, we will discuss the crystal structure, electrical resistivity and 
magnetic properties of the newly identified UNi6Si6 and ThNi6Si6 sili-
cide compounds. 

2. Materials and experimental methods 

The polycrystalline samples (total mass ≈ 2–3 g) were prepared by 
arc melting the elements weighed in stoichiometric proportion, under a 
static TiZr-gettered Ar atmosphere. The starting metals used were 
commercial high-purity products; the purities were: 99.7 wt% for Th, 
99.9 wt% for depleted U, 99.99 wt% for Ni and 99.9999 wt% for Si. The 
surface of depleted U was cleaned in nitric acid in a chemical hood 
before arc melting. Weighing and handling of all samples were carried 
out inside a glove-box under an Ar atmosphere. The buttons were melted 
three times, turning them upside down each time to ensure their ho-
mogenization. The total weight loss after melting was less than 0.3 wt%. 
After melting, the ingots were placed inside sealed-under-Ar outgassed 
Ta crucibles, and then sealed under vacuum in silica ampoules. 
Annealing was carried out in a resistance furnace at high temperature 
(800 ◦C–1000 ◦C) for 7–8 days. Samples were then slowly cooled down 
inside the furnace (not quenched). 

Phase analysis was performed by optical and scanning electron mi-
croscopy (SEM) (Leica Cambridge S360), in conjunction with an energy- 
dispersive X-ray (EDX) microprobe (Oxford X-Max 20) for semi-
quantitative elemental analysis. The micrographic specimens were 
prepared by standard polishing technique of a vertical section of the 
samples. Both the EDX analysis on the overall area of the specimens and 
known binary line compounds present as secondary or impurity phases 
were used as references to check for the accuracy of the elemental an-
alyses, which, in this way, was estimated to be within 0.5 at% for U, Th, 
Ni and Si. 

Single crystals were selected from fragments of the sample crushed in 
a mortar and affixed to a glass fiber with grease. A complete dataset was 
obtained in a routine manner at ambient conditions on a three-circle 
Bruker D8 QUEST diffractometer with PHOTON III photon counting 
detector equipped by the graphite monochromatized Mo Kα 
(λ = 0.71073 Å) radiation, operating in ω-scan mode. Intensity data 
were collected over the reciprocal space up to ≈ 36◦ in θ (achieving a ≈
0.6 Å resolution) with exposures of 10 s per frame. Data collection was 
performed, and the unit cell was initially refined, using APEX4 [9]. 
Successively, data were reduced using SAINT [10] and XPREP [11]. 
Lorentz, polarization, and absorption effects were corrected using 

SADABS [12]. The structure was solved and refined with the aid of 
SHELXL-2019/1 [13]. 

Powder X-ray diffraction (PXRD) patterns were collected on either a 
Stoe Guinier camera (Cu Kα1 radiation and Si as an internal (a =
5.4308 Å) or on a X′Pert PRO Philips diffractometer (Cu Kα1 radiation; 
data collected over the range 10◦ ≤ 2θ ≤ 100◦, with a step size of 0.02◦). 
The Guinier powder patterns were indexed with the aid of LAZY PUL-
VERIX [14] and accurate lattice parameters obtained by using least 
squares methods. Structural refinements by Rietveld method were car-
ried out using the FullProf software [15]. 

DC magnetisation data both as a function of temperature and applied 
magnetic field were collected using a commercial Magnetic Properties 
Measurement System (SQUID, Quantum Design, Inc., USA), whereas 
electrical resistivity as a function of temperature, ρ(T), was measured in 
between 2 and 300 K by the standard four-probe technique using the AC 
transport option of a Physical Properties Measurement System (PPMS, 
Quantum Design, Inc. USA). 

3. Group-theoretical analysis 

In order to discuss the group-theoretical analysis carried out in this 
work, it is worthwhile to highlight again that the RNi6Si6 compounds 
crystallize in either the tetragonal CeNi6Si6-type (tP52, P4/nbm, No. 
125) for RE = La and Ce or in the tetragonal YNi6Si6-type (tP52, P4b2, 
No. 117) for R = Y, Nd, Sm, Gd, Tb, Dy, Ho, Er, Tb and Yb [6,7]. Both 
structural models are defect derivatives of the NaZn13 structure type, the 
latter being isotypic with the heavy-fermion superconductor UBe13 [2, 
3]. 

In particular, a translationgleiche transition of index 3 transforms the 
cubic structure of NaZn13 (cF112; Fm3c) into the tetragonal structure of 
LaCo9Si4 (tI56, I4/mcm, No. 140) (Fig. 1). A further klassengleiche tran-
sition of index 2 yields the CeNi6Si6 structure (tP52, P4/nbm, No 125), 
from which the YNi6Si6 structure (tP52, P4b2, No. 117) is finally ob-
tained by a translationgleiche transition of index 2. In particular, Co 
atoms are found at three different Wyckoff sites in the LaCo9Si4 struc-
ture: 16 l, 16k and 4d. The 16 l site splits into two different 8 m sites in 
the CeNi6Si6 structure (which are occupied by Ni and Si atoms, 
respectively), whereas the 16k site is transformed into the 16 n site, 
where Ni and Si atoms are randomly distributed. Conversely, no corre-
sponding site can be found for the 4d site; as a consequence the CeNi6Si6 
structure is a defective derivative of the LaCo9Si4 structure. The ordering 
of the Ni and Si atoms in the 16 n site of the CeNi6Si6 structural model 
leads to the formation of the YNi6Si6 structure type, where Ni and Si 
atoms are distributed in separated 8i sites (Fig. 1 and Fig. 2). Whatever 
the adopted crystal structure is, the R atoms are in an irregular snub- 
cube coordination. 

4. Results and discussion 

4.1. SEM observation and EDX analysis 

The microstructure of the UNi6Si6 sample after annealing at 800 ◦C is 
characterized by elongated grains constituted by both UNi6Si6 in the 
outer region and a new phase with composition UNi2Si3 in the inner core 
(Fig. 3, left panel). The matrix, in which the elongated grains are 
dispersed, is constituted by the binary NiSi phase, within which very 
thin grains of the UNi6Si6 precipitate are still visible (Fig. 3, right panel). 

Interestingly, after a thermal annealing at 1000 ◦C the sample con-
tained mainly the UNi6Si6 compound; the UNi2Si3 phase was still present 
as a secondary phase in limited regions of the alloy, but no trace of the 
binary NiSi phase was observed (Fig. 4). This result suggests that a 
higher annealing temperature is needed for the formation of UNi6Si6 and 
preparation of single phase materials. 
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4.2. Single-crystal X-ray diffraction 

A total of 2725 frames were collected for UNi6Si6 single crystal 
dataset. The integration of the data using a primitive tetragonal unit cell 
yielded a total of 29690 reflections of which 884 were independent 
(average redundancy 33, completeness of 99.9%, Rint = 4.26%, Rsig =

1.33%). Analysis of systematic absences performed by XPREP [11] 
clearly indicates P4/nbm (n◦ 125) as the only possible space group type 
(see Table 1). 

At this point, a preliminary structural model was derived by direct 
methods giving a reasonable result. UNi6Si6 crystallizes in the CeNi6Si6- 

type structure, with space group type P4/nbm (No. 125) and 52 atoms 
per unit cell tP52. The U atoms are situated in a 2a and 2b sites (occupied 
by Ce atoms in CeNi6Si6) and the four 8 m sites are fully occupied by two 
Ni and two Si species, respectively. The only 16 n Wyckoff position 
available in the structure clearly indicates the statistical mixture of Ni/Si 
to be very close to 1:1 ratio. Further EXYZ and EADP restrictions were 
applied during the refinement for this position [16]. The final aniso-
tropic refinement converged to comparably good residuals of 
R1 = 0.017, wR2 = 0.037 and GOF = 1.14; this is complemented by a 
flat difference Fourier map with residual electron densities lower then 2 
e-/Å3. The single crystal and refinement details are collected in Table 2; 

Fig. 1. Group-subgroup transformations from the cubic NaZn13 structure to the tetragonal YNi6Si6 one; transformation type (t: translationgleiche; k: klassengleiche), 
transformation index and origin shift are indicated. 

Fig. 2. Representation of the YNi6Si6 (on the left) and CeNi6Si6 (on the right) structure types; the atomic coordination around the R atoms is highlighted.  

Fig. 3. SEM microphotographs [backscattered electrons (BSE) mode] showing the microstructure of the UNi6Si6 sample after thermal annealing at 800 ◦C; two 
different magnifications of the sample are shown. The grey phase surrounding the elongated grains (outer region) is UNi6S6, while the light grey phase (elongated 
grains, as inner core) is UNi2Si3; the darker matrix is made up of NiSi containing thin precipitates of UNi6Si6. 

A. Martinelli et al.                                                                                                                                                                                                                              



Journal of Alloys and Metallurgical Systems 5 (2024) 100051

4

the final refined atomic coordinates and thermal parameters, Ueq, are 
collected in Table 3. The corresponding CIF file has been deposited at the 
Cambridge Database with the following depository number: 
CSD-2189461. 

The interatomic distances for dobs/ΣrM ≤ 1.376 (where dobs is the 
observed interatomic distance and ΣrM is the sum of the single metallic 
radius, rM) and atomic coordination numbers (CN) for UNi6Si6 are listed 
in Table 4. The first coordination sphere around U atoms features pseudo 
Frank-Kasper polyhedra with CN = 24 and composition U@Ni12Si12 for 
both U1 (in 2a) and U2 (in 2b) atoms, respectively. The U− Ni, U− Si and 
U− Ni/Si interatomic distance values range between 3.130 Å and 
3.260 Å, all of them showing values of dobs/ΣrM > 1 (Table 4). The 
shortest interatomic distances in this structure are formed between 
Ni− Si and Ni− Ni/Si atoms; these values range between 2.301 Å and 
2.628 Å, and all of them are lower than the sum of their corresponding 
metallic radii (dobs/ΣrM < 1). In particular, the atomic coordination 
around the two Ni atoms (in 8 m) is characterized by icosahedra with CN 
= 12 and composition Ni@U2Ni5Si5 and Ni@U2Ni3Si7 for Ni1 and Ni2 
atoms, respectively; the atomic coordination around the two Si atoms (in 
8 m) is also characterized by icosahedra with CN = 12 and composition 
Si@U2Ni5Si5 for Si1 and Si@U2Ni7Si3 for Si2. The atomic coordination 
around Ni/Si atoms (in 16 n) is described again by icosahedra with CN 
= 12 and a composition of (Ni/Si)@U2Ni5Si5. 

4.3. X-ray powder diffraction analysis and Rietveld refinement 

In order to confirm the results obtained by single crystal X-ray 
diffraction, both structural models of the CeNi6Si6 and the YNi6Si6-type 
were tested by Rietveld refinement method PXRD data collected for 
UNi6Si6 and ThNi6Si6. For ThNi6Si6, no good quality crystals were 
available to perform a single crystal investigation. Therefore, its crystal 

structure was refined by Rietveld method only. The two Rietveld 
refinement fits are shown in Fig. 5a and b, respectively. 

As a result, although the difference in the R-factors for both struc-
tural models is low, the CeNi6Si6 structural model (P4/nbm; tP52) pro-
vides the best result in terms of agreement factors for both compounds 
(RB = 3.43 and 3.89 and RF = 3.84 and 4.55 for UNi6Si6 and ThNi6Si6 
adopting the CeNi6Si6-type structure against RB = 3.91 and 4.00 and RF 
= 4.21 and 4.81 for the two compounds adopting the YNi6Si6-type 

Fig. 4. SEM microphotograph (BSE mode) showing the microstructure of the 
UNi6Si6 sample after thermal annealing at 1000 ◦C; the dark grey grains pertain 
to the UNi6Si6 phase while the white grains are the UNi2Si3 phase. The analysis 
was carried out on a selected area of the specimen rich in the secondary 
phase UNi2Si3. 

Table 1 
Systematic absence exceptions for UNi6Si6 dataset.  

Symmetry elements 41/43 42 n– -b- -c- -n- -21- –c 

Total  77  52  866  2335  2257  2258  93  1455 
N (I > 3)  68  46  2  46  742  728  0  793 
〈I〉 51.7  34.6  0.3  0.4  4.1  4.0  0.2  5.9 
〈I/σ〉 15.7  15.3  0.5  0.7  3.6  3.5  0.5  4.9 

N = number of reflections that should be absent for the corresponding lattice centering type; 
N (I > 3) = number of reflections that are observed but should be absent; 
〈I〉 = mean intensity; 〈I/σ〉 = mean intensity divided by sigma. 

Table 2 
Details of the UNi6Si6 crystal structure investigation and refinement at ambient 
conditions.  

Formula Weight [g/mol] 758.702 
Structural prototype CeNi6Si6 

Pearson symbol tP52 
Crystal system Tetragonal 
Space group P4/nbm (No. 125) 
a [Å] 7.7507(1) 
c [Å] 11.1202(3) 
Unit cell volume [Å3] 668.03(2) 
Z 4 
Calculated density, ρ [g/cm3] 7.5 
Absorption coefficient, µ [mm− 1] 41.7 
F(000) 1376 
Crystal description irregular form 
Theta range [◦] 3.664º ≤ ϑ ≤ 36.270º 
Index ranges h, k, l − 12 ≤ h ≤ 12 

–12 ≤ k ≤ 12 
–18 ≤ l ≤ 18 

Reflections collected 29690 
Independent reflections 884 
Absorption correction multi-scan method 
Refinement method Full-matrix least-squares on F2 

Data/parameter 884/40 
Goodness of fit (GOF) on F2 1.14 
Final R indices [I > 2σ(I)] R1 = 0.017, wR2 = 0.037 
R indices (all data) R1 = 0.024, wR2 = 0.039 
Rint/Rsym 0.043/0.013 
Largest diff. peak and hole [e–/Å3] + 1.90, –0.96  

Table 3 
Atomic coordinates (standardized setting) and isotropic displacement parame-
ters (Ueq) for UNi6Si6 as obtained from single-crystal investigation.  

Atom Wyckoff 
site 

x y z Occ. Ueq [Å2] 

U1 2a ¼ ¼ 0  1  0.00619(7) 
U2 2b ¼ ¼ ½  1  0.00662(7) 
Ni1 8 m 0.61702 

(5) 
0.38298 
(5) 

0.07226 
(5)  

1  0.0102(1) 

Ni2 8 m 0.57865 
(5) 

0.07865 
(5) 

0.37619 
(6)  

1  0.0143(1) 

Si1 8 m 0.63014 
(11) 

0.13014 
(11) 

0.57818 
(12)  

1  0.0122(2) 

Si2 8 m 0.58827 
(11) 

0.41173 
(11) 

0.86725 
(11)  

1  0.0106(2) 

Ni3 16 n 0.44423 
(8) 

0.19084 
(7) 

0.75035 
(5)  

0.498(4)  0.0116(1) 

Si3 16 n 0.44423 
(8) 

0.19084 
(7) 

0.75035 
(5)  

0.502(4)  0.0116(1)  
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structure (Table 5). However, another important consideration is worth 
to be noted: while in the YNi6Si6-type structure there are 20 independent 
structural parameters to be refined (18 at. positions + 2 lattice param-
eters), there are only 13 independent structural parameters (11 at. po-
sitions + 2 lattice parameters) in the CeNi6Si6 structural model. As a 
consequence, the fitting improvement obtained with the CeNi6Si6-type 
is much more significant than that obtained with the YNi6Si6-type which 
must, therefore, be rejected. 

Structural data refined by Rietveld method for UNi6Si6 are in fair 
agreement with those obtained by single-crystal X-ray diffraction anal-
ysis. Table 6 lists the atomic coordinates and structural parameters ob-
tained from Rietveld refinement on ThNi6Si6. Trace amount of 
secondary phases are detected in both samples: NiSi2 (≈ 1.0 vol%) for 
the ThNi6Si6 sample and UNi2Si3 (≈ 5.5 vol%) for the UNi6Si6 sample. 
The lattice parameters and the unit cell volumes obtained from the 
Rietveld refinement on both compounds [a = 7.7498(1) Å, c = 11.1186 
(1) Å, Vcell = 667.78(1) Å3 for UNi6Si6 and a = 7.8021(1) Å, c = 11.1636 
(1) Å, Vcell = 679.56(1)Å3 for ThNi6Si6] are in agreement with the ex-
pected trend on the basis of the tabulated atomic volume of U and Th 
(20.73 Å3 and 32.95 Å3 for U and Th, respectively [17]): the unit cell of 
UNi6Si6 being smaller than that of ThNi6Si6. Moreover, the volume of 
formation (or contraction volume) {ΔV %, where ΔV = [(Vobs – 
Vcalc)/Vcalc × 100]; Vcalc is the volume of the compound calculated from 
the atomic volumes of the individual atoms [17]} calculated for both 
compounds is − 19.2% for UNi6Si6 and − 22.3% for ThNi6Si6. The ΔV % 
is proportional to the formation enthalpy of a compound. As the volume 
of formation is quite negative for both compounds, this indicates their 
formation to be thermodynamically favoured; moreover, the value for 
ThNi6Si6 is even lower than that of the homolog UNi6Si6, thus suggesting 
ThNi6Si6 to be more stable than UNi6Si6. 

The crystal structure of UNi6Si6 is strictly related to that of UNi7Si6. 
In fact, UNi7Si6 crystallizes with the LaCo9Si4-type structure (tI56, I4/ 
mcm) (Fig. 1), where Wyckoff sites with multiplicity equal to 16 (two 
16 l and one 16k) are all disorderly occupied by both Ni and Si atoms 
[18]. In this context, the crystal structure of UNi6Si6 can be therefore 
considered as a partially ordered defect-derivative of the UNi7Si6 
structure. 

Combining the structural data reported for RNi6Si6 compounds in 
previous works [6,7] with those obtained in the present study about 
UNi6Si6 and ThNi6Si6, a structural map (Fig. 6) can be drawn by plotting 
the atomic size ratio defined as SZaMD/(SZaMD)max (see Villars et al. [19] 
for the detailed definition of this quantity) of the rare earth or actinide 
element as a function of the unit cell volume. From this plot, it is evident 

how the stability of the P4/nbm and P4b2 structures is proportionally 
dependent on the atomic size of the rare earth or actinide element. 
According to Villars et al. [19], the partially disordered CeNi6Si6-type 
structure is more stable for larger atomic sizes, whereas the ordered 
YNi6Si6 -type structure forms for lower atomic sizes. 

4.4. Physical properties measurements 

The temperature dependence of the zero-field cooled (ZFC) mass 
magnetic susceptibility, χm(T), of UNi6Si6 sample was measured be-
tween 2 and 300 K by applying a magnetic field H = 10 kOe; the data are 
presented in Fig. 7. As the field-cooled (FC) data are completely super-
posed to the ZFC ones, they were omitted for sake of clarity. The χm(T)
data follow a paramagnetic Curie-like behavior from 300 K down to 
about 60 K where an anomaly occurs at 40–60 K suggesting the presence 
of a magnetic transition. Below such transition χm(T) still shows a Curie- 
like T-dependence. The predominance of a paramagnetic-like behavior 
is confirmed also by 1/χm(T) data displayed in the lower panel of 
Fig. 7: 1/χm(T) is clearly linear with almost the same slope except in the 
40 K < T < 70 K range where the above mentioned transition takes 
place. 

It is worth to note that UNi6Si6 sample contains a small amount 
(5.5 vol%, as detected from Rietveld refinement) of a new ternary 
UNi2Si3 as extra phase. In order to determine the values of Curie-Weiss 
temperature (θ) and effective magnetic moment (µeff) for UNi6Si6 we 
took into account the results obtained from the magnetic measurements 
on pure samples of UNi2Si3. Both structural and magnetic properties of 
such new phase will be the object of a next article. We performed a two 
component Curie-Weiss fit in the range 100–300 K (red line in upper 
panel of Fig. 7) by the following model function: 

χm(T) = χ0 +w •
C1

T − θ1
+ (1 − w) •

C2

T − θ2
(1)  

where χ0 is a T-constant contribution, ѡ = 0.055 is the relative weight of 
the spurious phase (5.5 vol%, as determined by Rietveld refinement) 
and C1 = 231(1) • 10− 5emu•K

g•Oe is the Curie constant as determined by a 
Curie-Weiss fit above the magnetic ordering temperature on a pure 
sample of UNi2Si3. Such value corresponds to an effective magnetic 
moment of µexp = 2.85(4) µB ascribed to the U-free magnetic ions of 
UNi2Si3. θ1 = +5(1) K represents the Curie-Weiss temperature of 
UNi2Si3. By fixing the parameters of such impurity phase (ѡ, C1 and θ1) 
we could determine the Curie-Weiss temperature θ2 = − 20(6) K, the 

Table 4 
Interatomic distances for dobs/ΣrM ≤ 1.135 and atomic coordination numbers (CN) in UNi6Si6 (CeNi6Si6-type, tP52, P4/nbm).  

Central atom Ligands d [Å] dobs/ΣrM  Central atom Ligands d [Å] dobs/ΣrM 

U1 (2a) 8 Ni1 3.1305(4) 1.116 Si1 (8 m) 1 Ni2 2.3160(15) 0.903 
(CN = 24) 8 Ni3/Si3 3.1912(6) 1.123 (CN = 9) 1 Ni2 2.3442(10) 0.914  

8 Si2 3.2595(9) 1.132  2 Ni2 2.3476(10) 0.915      
2 Ni3/Si3 2.4420(13) 0.939 

U2 (2b) 8 Ni2 3.1856(5) 1.135  2 Si1 2.5447(16) 0.965 
(CN = 24) 8 Ni3/Si3 3.1979(6) 1.125  1 Si1 2.6276(12) 0.996         

Ni1 (8 m) 1 Si2 2.3014(13) 0.897 Si2 (8 m) 1 Ni1 2.3014(13) 0.897 
(CN = 8) 1 Si2 2.3486(10) 0.916 (CN = 9) 1 Ni1 2.3486(10) 0.916  

2 Si2 2.3916(10) 0.932  2 Ni1 2.3916(10) 0.932  
2 Ni3/Si3 2.4520(8) 0.970  2 Ni3/Si3 2.4223(11) 0.931  
2 Ni1 2.6138(6) 1.049  2 Ni3/Si3 2.5364(11) 0.975      

1 Ni2 2.7092(14) 1.056 
Ni2 (8 m) 1 Si1 2.3160(15) 0.903     
(CN = 13) 1 Si1 2.3442(10) 0.914 Ni3/Si3 (16 n) 2 Ni3/Si3 2.2255(8) 0.867  

2 Si1 2.3476(10) 0.915 (CN = 9) 1 Si2 2.4223(11) 0.944  
2 Ni3/Si3 2.5015(8) 0.989  1 Si1 2.4420(13) 0.952  
2 Ni3/Si3 2.5247(8) 0.998  1 Ni1 2.4520(8) 0.984  
1 Si2 2.7092(14) 1.056  1 Ni2 2.5015(7) 1.004      

1 Ni2 2.5247(7) 1.013      
1 Si2 2.5364(11) 0.989      
1 Ni3/Si3 2.7031(8) 1.054  
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Curie constant C2 = 155(1) • 10− 5emu•K
g•Oe and the temperature- 

independent term χ0 = 7.3(3) • 10− 7 emu
g•Oe for the pure UNi6Si6 phase. 

We can argue the following:  

(i) the Curie-Weiss temperature is negative suggesting the presence 
of antiferromagnetic (AFM) correlations between U ions;  

(ii) U ions do not magnetically order down to 2 K;  
(iii) The Curie constant C2 gives the effective moment µeff = 3.07(1) µB 

for the U ions. Such value is lower than the expected one for the 

Fig. 5. Rietveld refinement plots for ThNi6Si6 (1000 ◦C - 7 days) (a) and UNi6Si6 (900 ◦C for 4 days + 1000 ◦C for 3 days) (b) by adopting the CeNi6Si6 structural 
model (space group P4/nbm, No. 125); the observed powder patterns are highlighted in red. The lower profile (blue line) gives the difference between observed and 
calculated data; the Bragg angle positions are indicated by vertical bars (green). The upper and low rows of Bragg positions for ThNi6Si6 indicate the ThNi6Si6 and 
NiSi2 phases, respectively. The upper and lower rows of Bragg positions for UNi6Si6 pertain to the UNi6Si6 and UNi2Si3 compounds, respectively. 
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free paramagnetic uranium ions U3+ or U4+ whose theoretical 
effective magnetic moments are µeff(U3+) = 3.62μB and µeff(U4+) 
= 3.58 μB, respectively. Analogous low effective free ion- 
magnetic moments were found in uranium intermetallic com-
pounds in which the 5 f states are located very close to the Fermi 
level and tend to be partially delocalized [20–25];  

(iv) The temperature-independent term χ0 could be ascribed to two 
possible different contributions: a Pauli-like paramagnetic 
component and/or a saturated ferromagnetic-like impurity pre-
sent in an amount lower than the threshold of X-ray diffraction 

sensitivity (1 - 2%). The presence of such an impurity is supported 
also by the data of isothermal mass magnetization, Mm, measured 
at several temperatures (T = 5 K, 50 K, 120 K, 300 K) and pre-
sented in Fig. 8. These data show that the magnetization linearly 
decreases as a function of decreasing applied magnetic field, H, 
down to T = 50 K, as expected for a paramagnetic compound. 
Only the data measured at T = 5 K show a tiny curvature, which 
may be only ascribed to the above-mentioned ferromagnetic-like 
impurity. 

The isothermal mass magnetization, Mm, data for the ThNi6Si6 
compound measured at T = 120 K and 300 K are shown in the left panel 
of Fig. 9, The two sets of data are almost superposed showing a negative 
(diamagnetic) slope almost T-independent. The temperature behavior of 
the mass susceptibility, χm, measured with an applied magnetic field H 
= 10 kOe is presented in the right panel of Fig. 9. The χm data show a 
small negative value almost T-independent down to 70 K, below which a 
1/T-like paramagnetic contribution appears. Such component is likely 

Table 5 
Agreement factors obtained after Rietveld refinements by adopting both the 
CeNi6Si6 (P4/nbm) and YNi6Si6 structural models (P4b2) for both UNi6Si6 and 
ThNi6Si6 compounds.   

UNi6Si6 ThNi6Si6 

CeNi6Si6-type YNi6Si6-type CeNi6Si6-type YNi6Si6-type 

P4/nbm P4b2 P4/nbm P4b2 

RBragg (%)  3.43  3.91  3.89  4.00 
RF-factor (%)  3.84  4.21  4.55  4.81  

Table 6 
Structural data (standardized setting) for ThNi6Si6 (CeNi6Si6-type; tP52, P4/ 
nbm, No. 125) as obtained by the Rietveld refinement.  

Lattice parameters 
[Å] 

a = 7.8021(1) 
c = 11.1636(1) 

Unit cell volume 
[Å3] 

Vcell = 679.56(1) 

Atom Wyckoff 
site 

x y z Occ. Biso 

[Å2] 
Th1 2a 1/4 1/4 0 1 0.63 

(1) 
Th2 2b 1/4 1/4 1/2 1 0.37 

(1) 
Ni1 8 m 0.6169 

(1) 
0.3831 
(1) 

0.0738 
(1) 

1 1.04 
(1) 

Ni2 8 m 0.5770 
(1) 

0.0770 
(1) 

0.3772 
(1) 

1 1.61 
(1) 

Si1 8 m 0.6318 
(1) 

0.1318 
(1) 

0.5783 
(1) 

1 0.99 
(2) 

Si2 8 m 0.5866 
(1) 

0.4134 
(1) 

0.8662 
(1) 

1 0.36 
(2) 

Ni3/ 
Si3 

16 n 0.4457 
(1) 

0.1918 
(1) 

0.7578 
(1) 

0.50/ 
0.50(1) 

1.11 
(1)  

Fig. 6. Structural map for RNi6Si6 and AcNi6Si6 compounds (Ac: Th, U). The 
atomic size ratio is defined as SZaMD/(SZaMD)max (see Villars et al. [19]). 

Fig. 7. Temperature dependence of the mass magnetic susceptibility χm for 
UNi6Si6 as measured with an applied magnetic field of 10 kOe. Upper panel: 
χm(T) and a two component Curie-Weiss fit above the magnetic transition of the 
spurious phase (100K < T < 300K). Lower panel: temperature dependence of 
1/χm(T). See text for details. 

Fig. 8. Field-dependence of the mass magnetization, Mm, for UNi6Si6 measured 
at T = 5, 50, 120 and 300 K. 
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ascribed to the presence of a small paramagnetic spurious phase, such as 
NiSi2 [present in an amount of at least 1.0(1) vol% as detected by 
Rietveld refinement]. As a result, both Mm(H) and χm(T) data indicate 
ThNi6Si6 compound is just weakly diamagnetic. 

Fig. 10a shows electrical resistivity data of UNi6Si6. The data reveal a 
metallic behaviour for this compound, characterized by a monotonic 
decrease of the resistivity while decreasing the temperature. The tem-
perature dependence of the resistivity of ThNi6Si6 (Fig. 10b) exhibits a 
metallic-like behavior as well. The Fig. 11 shows the resistances 
normalized to the room temperature value, R(T)/R(300 K), for both 
samples to compare their temperature dependence. In both compounds, 
the variation of the resistivity across temperature is moderate, but the 
UNi6Si6 sample reports a slightly higher residual resistivity ratio RRR=R 
(300 K)/R(10 K) of 1.6. It is worth to notice that neither in UNi6Si6 (for 
T ≥ 5 K) nor in ThNi6Si6 (for T ≥ 2 K), any superconducting transition is 
observed. 

5. Conclusions 

The crystal structure of the new UNi6Si6 and ThNi6Si6 intermetallic 
silicides has been determined by means of both single crystal (for the U 
compound only) and powder X-ray diffraction. Both compounds crys-
tallize in the CeNi6Si6-type structure (P4/nbm, tP52) where one of the 
Wyckoff site is characterized by a disordered occupation of both Si and 
Ni atoms. This prototype is a ternary defect derivative of the binary 
NaZn13-type, as determined by group-theoretical analysis. Magnetic 
susceptibility measurements reveal no magnetic order down to 2 K for 

both compounds. The temperature behavior of the mass magnetic sus-
ceptibility for UNi6Si6 was analyzed by using a two-component Curie- 
Weiss model; the fit gives a magnetic moment per formula unit lower 
than that expected for U3+ or U4+ free ions, this being likely due to a 
partial delocalization of U-5 f electrons. Analogous lower effective free 
ion magnetic moments have been reported in U intermetallic com-
pounds in which the 5 f states are located very close to the Fermi level 

Fig. 9. Magnetic measurements for the ThNi6Si6 compound: field dependence of the mass magnetization, Mm, measured at T = 120 K and 300 K (left panel) and 
temperature-dependent mass susceptibility, χm(T), measured with an applied magnetic field H = 10 kOe (right panel). 

Fig. 10. Zero-field electrical resistivity as a function of temperature for UNi6Si6 (a) and ThNi6Si6 (b).  

Fig. 11. Temperature dependence of electric resistance normalized to the room 
temperature value for UNi6Si6 and ThNi6Si6. 
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and tend to be partially delocalized. In the case of ThNi6Si6, the mag-
netic measurements show it to be diamagnetic. The electric resistivity 
shows a metallic behaviour for both compounds. Neither in UNi6Si6 (for 
T ≥ 5 K), nor in ThNi6Si6 (for T ≥ 2 K), a superconducting transition 
was detected. 
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