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New metal�rich mixed nickel—silicon and nickel—germanium chalcogenides, Ni5.68SiSe2,
Ni5.46GeSe2, and Ni5.42GeTe2, were synthesized by high�temperature ceramic techniques. The
X�ray diffraction study of single crystals grown from a molten flux revealed that the compounds
are isostructural and crystallize in the tetragonal system (space group I4/mmm, Z = 2). These
compounds are the first members of the family of M7–δEX2�type (M = Ni or Pd; E = Sn or Sb;
X is chalcogen) intergrowth structures containing "light" p elements E. Resistivity measure�
ments on pressed textured pellets showed that both selenides are anisotropic metallic conduc�
tors in the directions parallel and perpendicular to the heterometallic bond systems. The
geometric criteria of stability of the intergrowth structure type under consideration are dis�
cussed.
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crystal structure, anisotropy of conductivity.

One of the structure types, in which metal�rich mixed
chalcogenides containing low�dimensional infinite bond
systems between transition and main�group metals can
crystallize, includes compounds of the general formula
M7–δEX2, where M is a transition metal, E is a main�
group metal, and X is a chalcogen. The crystallographic
data for the following representatives of this structure type
were published so far: Ni5.72(3)SbSe2, Ni5.66(2)SbTe2,1

Ni5.98(3)SnS2,2 Ni5.62(1)SnSe2, Ni5.78(2)SnTe2,3 and
Pd6.21(1)SnTe2.4

All these compounds crystallize in the tetragonal sys�
tem (space group I4/mmm) and are built of the following
two types of 2D slabs, which alternate along the c axis and
have an interface consisting of M atoms: heterometallic
slabs 2

∞[M3E] of the slightly distorted Cu3Au type and
d�metal�chalcogenide slabs 2

∞[M4–δX2]. In all known
phases, except for Ni5.98(3)SnS2, the latter slabs can be
considered as Cu2Sb�type fragments. In the Ni5.98(3)SnS2
compound, the Cu2Sb�type slabs randomly alternate with
the antifluorite�type nickel�chalcogenide slabs.

All known phases of this family are nonstoichiometric
with respect to d metal due to the fractional occupation of
the M site in d�metal�chalcogenide slabs. The index 7 in
the chemical formulas corresponds to the full occupancy
of the site. The above�mentioned compositions of the
compounds were refined in the course of the crystal struc�
ture solution and were verified by the energy dispersive
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X�ray analysis. Earlier, we have also demonstrated that
the crystal structures of Pd6.21(1)SnTe2 (see Ref. 4) and
Ni5.78(2)SnTe2 (see Ref. 5) are modulated, the appearance
of the modulation waves being associated with the order�
ing of transition metal atoms in the partially occupied site.

The quantum chemical calculations of the difference
charge density distributions in the model compounds with
the compositions Ni6SnS2 (see Ref. 2) and Ni5.75SnSe2
(see Ref. 3) revealed the difference in the nature of chemi�
cal bonding in two types of slabs. The heterometallic
slabs are characterized by multicenter interactions,
whereas pairwise interactions are present in the d�metal�
chalcogenide slabs. The anisotropy of chemical bonding
predicted by the calculations was experimentally con�
firmed by the anisotropy of the metallic conductivity
measured in different directions on a pressed powder
of Ni5.62(1)SnSe2 (see Ref. 3) and a single crystal of
Ni5.78(2)SnTe2.5 The Pauli paramagnetism found in the
Ni5.66(2)SbTe2,1 Ni5.62(1)SnSe2, and Ni5.78(2)SnTe2 com�
pounds3 is also consistent with the results of quantum
chemical calculations.

Only antimony and tin were known as p metals that
form compounds of this structure type. This contribution
presents our attempt to answer the question whether the
corresponding mixed selenides and tellurides do exist for
lighter Group 14 elements (germanium and silicon). It is
known that the intergrowth structures of interest are not
formed with p metals heavier than Sn and Sb. The phase
equilibria studies in the ternary systems Ni—E—X (E =
Pb or Bi; X = S, Se, or Te)6—9 revealed no compounds
with the composition Ni7–δEX2. In the nickel�rich parts
of these systems, the following mixed chalcogenides were
found: Ni3Pb2S2,10 Ni3Pb2Se2 (shandite structure),11

Ni3Bi2S2,6,12 Ni3Bi2Se2 (parkerite structure),6 the
Ni151.5Pb24S92 phase that has no isostructural analogs7,8

and is built of a three�dimensional framework of homo�
and heterometallic bonds, and the Ni6BiS3 and Ni11Bi5S4
phases,6,9 whose crystal structures remain unknown. We
found no published data on the synthesis of any phases of
the structure types under consideration for Ge and Si.

In the present study, we report the synthesis and
structural characterization of new metal�rich mixed
nickel—silicon and nickel—germanium chalcogenides
with the compositions Ni5.68SiSe2, Ni5.46GeSe2, and
Ni5.42GeTe2. These are the first representatives of the
Ni7–δEX2 family containing "light" p elements.

Results and Discussion

All reflections in the X�ray powder diffraction pat�
terns of repeatedly annealed equilibrium samples with the
compositions 7 Ni + Ge/Si + 2 Se and 7 Ni + Ge + 2 Te
(see the Experimental section), except for a few weak
reflections assigned to a small amount of a nickel metal
admixture, were indexed in I�centered tetragonal unit

cells with the parameters similar to those of Ni5.62SnSe2
and Ni5.78SnTe2, respectively. According to the X�ray
powder diffraction data, all samples with the composition
7 Ni + Si + 2 Te, which were synthesized from different
starting reagents under different conditions, were com�
posed of known binary compounds and nickel. The single
crystals of three new compounds were studied by energy
dispersive X�ray analysis and used for the crystal structure
determination.

The elemental analysis of the single crystals showed
(Table 1) that the new ternary phases have compositions
similar to those of the known phases of this type, all three
new phases being also nonstoichiometric with respect to
nickel. Table 2 gives the crystallographic data and the
refinement statistics for the crystal structures of the new
compounds. The occupancy of the Ni(3) site (see the
positional and anisotropic thermal parameters of the atoms
in Tables 3 and 4) was allowed to vary and appeared to be
partial in all structures. The crystal structure refinements
with anisotropic displacement parameters based on all
independent reflections converged to the compositions
Ni5.68(1)SiSe2, Ni5.46(1)GeSe2, and Ni5.42(1)GeTe2, respec�
tively.*

To verify the validity of the compositions determined
from the structural data, samples with the stoichiometries
Ni5.68SiSe2, Ni5.46GeSe2, and Ni5.42GeTe2 were prepared
from mixtures of the corresponding elements and annealed
in evacuated quartz ampoules at 650 °C for 60 days with
four intermediate grindings. As a result, phase�pure samples
containing no nickel impurities (X�ray powder diffraction
data) were obtained.

Crystal structures. All three compounds are
isostructural with the Ni5.72(3)SbSe2, Ni5.66(2)SbTe2,
Ni5.62(1)SnSe2, Ni5.78(2)SnTe2, and Pd6.21(1)SnTe2 com�
pounds. In their structures (Fig. 1), the following two types
of 2D slabs alternate along the c axis: slightly distorted
Cu3Au�type fragments with the composition 2

∞[Ni3E]
(E = Si or Ge) and defected Cu2Sb�type fragments with
the partially occupied metal site and the composition
2

∞[Ni4–δX2] (δ = 1.32 for Ni5.68SiSe2; δ = 1.54 for

Table 1. EDX results for the crystals of ternary compounds

System Ni Si/Ge Se/Te Calculated
(wt.%) formula

Ni—Si—Se 65(1) 5(1) 29(1) Ni5.9SiSe2
Ni—Ge—Se 61(1) 12(3) 29(1) Ni5.7GeSe2
Ni—Ge—Te 47(1) 12(1) 41(1) Ni5GeTe2

* Additional information on the X�ray diffraction experi�
ments can be obtained from the Fachinformationszentrum
Karlsruhe, 76344 Eggenstein�Leopoldshafen, Germany (Fax:
(+49) 7247 808 666. E�mail: crysdata@fiz�karlsruhe.de); the
deposition numbers CSD�417880 (Ni5.68SiSe2), CSD�417878
(Ni5.46GeSe2), and CSD�417879 (Ni5.42GeTe2).
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Table 2. Crystallographic data and the X�ray data collection and refinement statistics for Ni5.68(1)SiSe2, Ni5.46(1)GeSe2,
and Ni5.42(1)GeTe2

Formula Ni5.68(1)SiSe2 Ni5.46(1)GeSe2 Ni5.42(1)GeTe2

Molecular weight/g mol–1 520.07 553.42 650.70
Crystal system Tetragonal
Space group I4/mmm (№ 139)
Unit cell parameters
a/Å 3.576(1) 3.606(1) 3.688(1)
c/Å 18.339(2) 18.276(5) 19.027(2)
V/Å3 234.5(3) 237.63(7) 258.73(4)
Z 2 2 2
T/K 293 293 293
Crystal dimensions/mm 0.05×0.05×0.01 0.06×0.2×0.01 0.18×0.2×0.02
dcalc/g cm3 7.37 7.73 8.35
µ/mm–1 37.98 42.70 36.20
Scanning mode ω – 2θ ω ω
θ Scan range 4.45—27.48 2.23—30.44 4.28—31.82
Absorption correction Semiempirical Analytical Analytical
Number of measured reflections 1937 1643 2370
Rint 0.0644 0.0383 0.0458
Rσ 0.0364 0.0148 0.0155
Number of independent reflections 110 146 174
Number of reflections with I ≥ 2σ(I ) 108 137 174
Number of refined parameters 17 17 17
For reflections with I ≥ 2σ(I )

R1 0.0302 0.0203 0.0229
wR2 0.0685 0.0539 0.0625

For all reflections
R1 0.0305 0.0224 0.0229
wR2 0.0686 0.0553 0.0625

Weighting scheme* 1/[σ2(Fo
2) + (0.0504P)2 + 1/[σ2(Fo

2) + 1/[σ2(Fo
2) + (0.0447P)2 +

+ 0.4616P]* + (0.0400P)2]* + 1.2915P]*
Residual electron density 1.07/–1.02 0.76/–0.66 1.40/–1.26

(max/min)/e Å–3

GOOF (based on all reflections) 1.11 1.27 1.13

* P = (Fo
2 + 2Fc

2)/3

Ni5.46GeSe2; δ = 1.58 for Ni5.42GeTe2). Each d�metal�
chalcogenide slab, like those in other compounds belong�
ing to the family under consideration, is related to the
adjacent slab by a mirror plane located perpendicular to
the c axis, resulting in the presence of two such slabs in
the unit cell. According to the X�ray diffraction study of a
single crystal of Ni5.46GeSe2 (space group I4/mmm, a =
3.599(1) Å, c = 18.279(5) Å at 140 K), the main reflec�
tions lying in the ab* plane are accompanied by very weak
satellites with q1 ≈ 0.4a* and q2 ≈ 0.4b*. This fact is indica�
tive of the possible presence of modulations in the se�
lenide structure analogous to those found earlier in the
structures of mixed tellurides.3,5

Table 5 gives selected interatomic distances and bond
angles in the structures of the new compounds; the corre�
sponding parameters for Ni5.62SnSe2 and Ni5.78SnTe2 (see
Ref. 3) are given for comparison. The lengths of the
heterobimetallic bonds are either very similar (Ni(1)—E)
or slightly larger (Ni(2)—E) than those in the intermetal�

lic phases Ni3Si (2.479 Å)13 and Ni3Ge (2.526 Å).14 The
lengths of the homometallic Ni—Ni bonds are, on the
whole, substantially larger than those in nickel metal
(2.489 Å)15 and are comparable with the corresponding
bond lengths in the intermetallics Ni3E and telluride
Ni2.86Te2 (2.666 and 2.674 Å, respectively).16 The short�
est Ni—Se distances (Ni(3)—Se bonds parallel to the c
axis) are slightly shorter than those found in the binary
selenides (cf., 2.29—2.5 Å in Ni3Se2 (see Ref. 17) and
2.287 Å in Ni6Se5 (see Ref. 18)) but are comparable, like
other Ni—Se distances, with the corresponding distances
in Ni5.62SnSe2 (see Ref. 3) and Ni5.72SbSe2 (see Ref. 1).
All Ni—Te distances in Ni5.42GeTe2 fall in the range char�
acteristic of the analogous interactions in Ni2.86Te2 (see
Ref. 16) (2.425, 2.582, and 2.677 Å) and are similar to the
corresponding bond lengths in Ni5.78SnTe2 (see Ref. 3)
and Ni5.66SbTe2 (see Ref. 1). In all structures, the E—E
and X—X interatomic distances are larger than 3.6 Å,
and, consequently, these interactions are nonbonding.
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Table 3. Fractional atomic coordinates, occupancies, and
equivalent displacement parameters for the Ni5.68(1)SiSe2,
Ni5.46(1)GeSe2, and Ni5.42(1)GeTe2 structures

Atom Wyckoff x/a y/b z/c Occu� Ueq*•103

site pancy /Å2

Ni5.68(1)SiSe2
Si 2a 0 0 0 1 15.7(8)
Se 4e 1/2 1/2 0.17934(5) 1 19.0(4)
Ni(1) 8g 0 1/2 0.09297(5) 1 18.4(4)
Ni(2) 2b 1/2 1/2 0 1 17.5(5)
Ni(3) 4e 0 0 0.1984(2) 0.342(7) 22.(1)

Ni5.46(1)GeSe2
Ge 2a 0 0 0 1 10.6(3)
Se 4e 1/2 1/2 0.17960(3) 1 12.2(3)
Ni(1) 8g 0 1/2 0.09613(4) 1 11.9(3)
Ni(2) 2b 1/2 1/2 0 1 11.1(3)
Ni(3) 4e 0 0 0.1984(3) 0.232(5) 13.(1)

Ni5.42(1)GeTe2
Ge 2a 0 0 0 1 12.1(3)
Te 4e 1/2 1/2 0.17932(2) 1 13.4(2)
Ni(1) 8g 0 1/2 0.08875(3) 1 13.1(3)
Ni(2) 2b 1/2 1/2 0 1 13.1(3)
Ni(3) 4e 0 0 0.1904(3) 0.210(7) 14.(2)

* Ueq = (U11U22U33)1/3.

Table 4. Anisotropic displacement parameters* (Uii•103/Å2) for
the Ni5.68(1)SiSe2, Ni5.46(1)GeSe2, and Ni5.42(1)GeTe2 struc�
tures (Uij = 0)

Atom U11 U22 U33

Ni5.68(1)SiSe2
Si 15.7(1) 15.7(1) 15.7(2)
Se 17.5(5) 17.5(5) 21.8(6)
Ni(1) 18.7(6) 15.5(6) 21.0(7)
Ni(2) 17.4(6) 17.4(6) 17.7(9)
Ni(3) 22.6(2) 22.6(2) 22(2)

Ni5.46(1)GeSe2
Ge 10.0(3) 10.0(3) 11.9(5)
Se 11.8(3) 11.8(3) 13.1(4)
Ni(1) 12.3(4) 9.5(3) 13.9(4)
Ni(2) 11.2(4) 11.2(4) 10.8(6)
Ni(3) 15(1) 15(1) 11(2)

Ni5.42(1)GeТe2
Ge 10.9(4) 10.9(4) 14.5(5)
Te 12.4(3) 12.4(3) 15.4(3)
Ni(1) 10.2(4) 13.4(4) 15.8(4)
Ni(2) 12.4(5) 12.4(5) 14.6(6)
Ni(3) 14(2) 14(2) 13(2)

* exp[–2π2(h2a2U11 + ... + 2hkabU12 + ...)].

Fig. 1. Overall view of the crystal structure of Ni7–δEX2 (E = Si
or Ge; X = Se or Te) represented as a combination of the
following two structural fragments: heterometallic Cu3Au�type
slabs (b, the height of the slab hM) and Cu2Sb�type d�metal�
chalcogenide slabs (c, the height of the slab hX). The interface
between the slabs formed by a square�planar layer of Ni(1)
atoms is indicated by a dashed line. The unit cell is outlined.
The Ni(3) site is shown as completely occupied.

Ni(2)

E

Ni(1)

Ni(3)
X

Ni(1)

Ni(2)

Ni(1)

X

Ni(3)

Ni(1)

E

hX

hM

Ni(2)

a
b

c

2
∞[Ni3E] (b)

2
∞[Ni4–δX2] (c)

Conductivity. The results of conductivity measurements
on pressed pellets of two new mixed selenides Ni5.68SiSe2
and Ni5.46GeSe2 are presented in Fig. 2, a, b. For both
samples, the temperature dependences of the current run�

ning parallel and perpendicular to the direction of press�
ing (ρ⊥ and ρ||, respectively) show that the resistivity de�
creases with decreasing temperature, which is typical of
metallic conductors.

The X�ray powder diffraction studies of the pellet faces
parallel and perpendicular to the direction of pressing
revealed that both samples are texturized, like those in�
vestigated earlier.3 In the X�ray diffraction patterns for
the faces perpendicular to the pressure direction, the in�
tensities of the (00l) zone reflections are higher than those
of the (hk0) zone reflections. To the contrary, the intensi�
ties of the (hk0) zone reflections are substantially higher
in the X�ray diffraction patterns of the faces that are par�
allel to the pressure direction. This proves that crystallites
in pressed pellets have the preferred orientation: their
large faces are perpendicular to the direction of pressing.
This fact provides a qualitative estimate of the anisotropy
of the conductivity in the directions parallel and perpen�
dicular to the heterometallic slabs. The results of mea�
surements show that the resistivity along the slabs is sub�
stantially smaller than that in the lateral direction due to
the good conductivity of the heterometallic fragments.

Therefore, our results show that the intergrowth struc�
ture under consideration is retained in three of four
cases upon the substitution of tin in Ni5.62(1)SnSe2 and
Ni5.78(2)SnTe2 with lighter isoelectronic germanium and
silicon.

It is of interest to follow the changes in the unit cell
parameters and the geometry of the structures caused by
these substitutions. In the series Si→Ge→Sn, which can
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be considered for selenides, the parameter a, as expected,
gradually increases, whereas the parameter c passes
through a minimum (see Table 1; the unit cell parameters
of Ni5.62SnSe2:3 a = 3.6890(8) Å, c = 18.648(3) Å). These
dependences can be attributed to the necessity of the
geometric matching of the nickel�selenide and hetero�
metallic slabs, in which the site in the center is succes�
sively replaced by the p elements E increasing in size.

A comparison of the heights of two types of slabs (see
Fig. 1) shows that the height of the heterometallic
slab (hM) increases in the series under consider�
ation (3.410(1)→3.514(1)→3.766(1) Å), whereas the
height of the nickel�selenide slab (hX) decreases
(5.760(1)→5.624(1)→5.558(1) Å). The mutual effect of
these two factors results in the observed change in the unit
cell parameter c. Evidently, as the heterometallic slab
isometrically expands in the series of interest, the nickel�
selenide slab has to be expanded in the ab plane with the
simultaneous contraction along the c axis to retain the
structure type. As can be seen from Table 5, this adjust�
ment occurs through an elongation of the Ni(3)—X bonds
lying nearly in the ab plane and an increase in the
Ni(1)—X—Ni(1) angle. It should be noted that the
Ni(3)—X bond lengths along the c axis, the Ni(1)—X
distances, and the Ni(3)—X—Ni(3) bond angles remain
virtually unchanged. Apparently, these parameters are de�
termined primarily by the nature of the chalcogen, be�
cause they noticeably increase in going only from sele�
nium to tellurium, the p element E being the same.

The above�described matching of the nickel�selenide
slab by varying its geometric characteristics, in turn, pro�
vokes an additional distortion of the heterometallic frag�
ments, which can be observed in the series Si→Ge→Sn
based on the decrease in the Ni(1)—E—Ni(1) bond
angle. Therefore, both types of quasi�two�dimensional
slabs match to each other thus forming the intergrowth
structure.

The presence of the partially occupied Ni(3) site in
the nickel�chalcogenide slabs characteristic of all known
compounds M7–δEX2 can be caused by both the elec�
tronic factors and the necessity of the mutual geometric
matching of two different types of quasi�two�dimensional
slabs. No unambiguous relationships between the devia�
tion from the stoichiometry with respect to d metal

Table 5. Selected interatomic distances and bond angles in the structures of selenides Ni5.68SiSe2,
Ni5.46GeSe2, and Ni5.62SnSe2 and tellurides Ni5.42GeTe2 and Ni5.78SnTe2 (see Ref. 3)

Compound Ni5.68SiSe2 Ni5.46GeSe2 Ni5.62SnSe2 Ni5.42GeTe2 Ni5.78SnTe2

Interatomic distances/Å
Ni(1)—Ni(1) 2.529(1) 2.550(1) 2.6085(6) 2.608(1) 2.6644(4)
Ni(1)—Ni(2) 2.471(1) 2.517(1) 2.6362(9) 2.500(1) 2.624(1)
Ni(1)—Ni(3) 2.634(3) 2.597(3) 2.589(4) 2.672(4) 2.658(4)
Ni(1)—E 2.471(1) 2.517(1) 2.6362(9) 2.500(1) 2.624(1)
Ni(2)—E 2.529(1) 2.550(1) 2.6085(6) 2.608(1) 2.6644(4)
Ni(1)—X 2.389(1) 2.362(1) 2.374(1) 2.524(1) 2.536(1)
Ni(3)—X 2.241(4); 2.230(5); 2.245(6); 2.480(5); 2.484(6);

2.553(1) 2.573(1) 2.6283(9) 2.616(1) 2.6703(5)

Bond angles/deg
Ni(1)—E—Ni(1) 61.56(1) 60.85(2) 59.31(2) 62.86(1) 61.03(3)
Ni(1)—E—Ni(2) 59.22(1) 59.573(8) 60.35(1) 58.570(6) 59.49(1)
Ni(1)—X—Ni(1) 63.91(2) 65.34(2) 66.64(4) 62.21(1) 63.36(3)
Ni(3)—X—Ni(3) 82.1(9) 82.3(1) 83.0(1) 85.4(1) 86.3(1)

Fig. 2. Temperature dependences of the resistivity measured on
pressed pellets of Ni5.68SiSe2 (a) and Ni5.46GeSe2 (b) paral�
lel (1) and perpendicular (2) to the pressure direction.
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and the nature of elements forming the com�
pound were found. As can be seen from the series
Ni5.68SiSe2→Ni5.46GeSe2→Ni5.62SnSe2→Ni5.72SbSe2 and
Ni6SnS2→Ni5.62SnSe2→Ni5.78SnTe2, δ is not related in a
simple way to the positions of the р element E and the
chalcogen in the Periodic table on the condition that two
other types of atoms in the compounds be the same.

The absence of compounds having crystal lattices of
the specified type can be attributed both to the fact that the
pairs of elements cannot, in principle, form Cu3Au� and
Cu2Sb�type fragments and to the fact that two slabs can�
not match to each other to form an intergrowth structure.
In the Ni—Pb—X and Ni—Bi—X systems, compounds
with this structure are absent due, apparently, to the fact
that Cu3Au�type slabs cannot be formed by these pairs of
metals. In the hypothetical Ni7–xPbX2 and Ni7–xBiX2
compounds, the Ni(1)—Ni(1) distances in the hetero�
metallic slab, which should be equal to the Ni(2)—Pb and
Ni(2)—Bi distances, respectively, according to the sym�
metry conditions, would be apparently too large for bond�
ing distances. In particular, this is evident from a com�
parison of the typical Ni—Pb bond lengths (for example,
2.808 Å in Ni3Pb2Se2 (see Ref. 11) and 2.889 Å in
Ni151.5Pb24S92 (see Ref. 8)) and the Ni—Bi bond lengths
(2.696—2.959 Å in Ni3Bi2S2 (see Ref. 12)) with the Ni—Ni
bond length in nickel metal (2.489 Å). At the same time,
the absence of this compound in the Ni—Si—Te system
can be attributed to the fact that the slabs cannot match to
each other. To match the nickel�chalcogenide slab that
increases in size in going from Ni5.68SiSe2 to hypothetical
telluride, the Ni(2)—Si bond in the heterometallic slab
should be substantially longer than 2.53 Å (see Table 5),
which is apparently impossible for this pair of elements.

The intermetallics of the corresponding p and d metals
in a ratio of 3 to 1 that belong to the Cu3Au type or the
similar Cu3Ti type (for the Ni—Sb pair) are typical of all
pairs of metals, which form known intergrowth com�
pounds of the structure type under consideration.19 It is
also known that nickel forms a Cu2Sb�type structure with
tellurium defected with respect to metal. Based on this
fact, it can be concluded that a further search for new
analogs of metal�rich chalcogenides with intergrowth
structures should be performed only in systems contain�
ing pairs of d and p metals, which form intermetallics with
the Cu3Au�type or similar stoichiometry and structure
(for example, the Cu—Si, Cu—Ge, Fe—Ga, Fe—Ge,
Fe—Sn, Ni—Al, Ni—Ga, Ni—In, Pd—Pb, Pt—Al,
Pt—Ga, Pt—In, Pt—Sn, and Pt—Pb pairs). However, the
list of these pairs may be narrower because d metals should
also be able to form stable crystalline fragments having a
Cu2Sb�type structure with other elements as well.

In our preliminary experiments, evidence confirming
the existence of such intergrowth phases in the Ni—Ge—S,
Ni—Si—S, Ni—As—Te, and Fe—Ge—Te systems was
obtained.

Experimental

The samples were synthesized starting from the elements by
high�temperature ceramic techniques. The thoroughly ground
mixtures of the elements (Ni*, Ge, Si, Te (all 99.99%), or Se
(high�purity grade); the total weight of the sample was 1 g)
corresponding to the stoichiometry Ni7EX2 (E = Si or Ge; X =
Se or Te) were placed in quartz ampoules with an inner diam�
eter of 6 mm and a length of about 50 mm. Then the am�
poules were sealed under vacuum (~5•10–2 Torr), annealed at
540—650 °C for 14 days in CShOL 09 vertical furnaces con�
trolled with PT200 temperature controllers with an accuracy of
±3 °C, and water�quenched. According to the X�ray powder
diffraction data, all samples consisted of four phases, and hence,
the phase equilibrium was not achieved. The equilibrium
samples containing only new compounds and nickel metal (ac�
cording to the X�ray powder diffraction data) were obtained
in the Ni—E—Se and Ni—Ge—Te systems only after the re�
peated annealing of pressed pellets (pressure load of about 2 tons)
under the same conditions. The total time of annealing was
60 days for the silicon compound and 90 days for two germa�
nium compounds. No new ternary compounds were found
in the Ni—Si—Te system. Samples with the compositions
7 Ni + Si + 2 Te and 6 Ni + Si + 2 Te annealed over a long
period of time (90 days) in the temperature range of 600—850 °C
contained mixtures of the Ni2.86Te2, Ni2Si, and Ni phases. We
made an attempt to synthesize the hypothetical Ni7SiTe2 com�
pound by annealing a mixture of the presynthesized compound
Ni3Si, Ni, and Te under the same conditions. However, we
obtained only a mixture of known phases.

Single�crystal growth. Crystals of new compounds were
grown from molten fluxes starting from PbCl2 (reagent grade)
(m.p. 501 °C)20 for selenides or KI (reagent grade) (m.p.
679 °C)21 for telluride. Both salts were predried in air at 125 °C
for 5 h in a drying oven. The stoichiometric mixtures (7 : 1 : 2) of
the elements and the flux (total weight was ~1—2 g, the weight
ratio of the charge to the flux was 1 : 1) were placed in cylindri�
cal quartz ampoules (6×50 mm), which were then sealed under
vacuum. The ampoules were heated to 850 °C for 12 h in a TG�1
shaft furnace controlled with a KPS�1�2MR temperature con�
troller with an accuracy of ±3 °C. Then the furnace was slowly
cooled in an automatic mode to 500 °C at a rate of 1.5 deg h–1.
The cooling to room temperature was performed in the switched�
off furnace. The samples were ground in a mortar and washed
off from the flux by refluxing in hot water for 0.5—1 h. The
washed samples contained small golden�colored crystals as thin
elongated plates (~0.05×0.03×0.01 mm).

X�ray powder diffraction analysis was performed on a
Guinier—de Wolf camera FR�552 (Enraf�Nonius) using mono�
chromated CuKα1 radiation. The X�ray diffraction patterns were
analyzed with the use of the WinXPow program package and the
PDF1 database (ICDD).22

Energy dispersive X�ray analysis (EDX) of the crystals was
carried out on a CAMEBAX SX�50 X�ray microanalyzer using
the wavelength�dispersive technique. The maximum error of the
determination was 3 wt.%. In most cases, the samples were
prepolished with a diamond paste. The corresponding metal
chalcogenides and pure metals were used as the reference

* A powder of nickel metal was prepurified from oxide by heat�
ing under a hydrogen stream at ~500 °C for 4 h.



Isaeva et al.1700 Russ.Chem.Bull., Int.Ed., Vol. 56, No. 9, September, 2007

samples. The experimental chemical compositions of the crys�
tals were determined by averaging the data measured at several
points on their surface.

X�ray diffraction study of nickel—silicon selenide was car�
ried out on a KappaCCD (Nonius) single�crystal diffractometer
using MoKα radiation (λ = 0.71073 Å) at 293 K; single crystals
of nickel—germanium chalcogenides, on an image�plate
diffractometer (Stoe IPDS II, MoKα) at 293 K. A single crystal
of Ni5.46GeSe2 was additionally studied at 140 K to search for
the satellite reflections indicative of the presence of the modula�
tion waves in the structure. The unit cell parameters were deter�
mined from a set of several tens of reflection measured in the
2θ�angle range from 5 to 90°. The exposure time per frame was
10—120 s. The systematic absences observed in the X�ray dif�
fraction study indicated an I�centered lattice. To solve the crys�
tal structures, the germanium and selenium sites were initially
determined by the Patterson method (SHELXS�97).23 Then
the positions of the other atoms were localized and re�
fined by repeated least�squares cycles and Fourier syntheses
(SHELXL�97).23 The absorption correction for Ni5.68SiSe2 was
applied by the semiempirical method using the SCALEPACK
program;24 for Ni5.46GeSe2 and Ni5.42GeTe2, by the analytical
method based on the refined crystal shape using the Stoe X�RED
and X�SHAPE programs.25 The final refinement of the crystal
structures was carried out with anisotropic displacement pa�
rameters.

Conductivity measurements were carried out in the tem�
perature range of 4.2—300 K on pressed rectangular pellets
(10×5×5 mm) of the powdered pure compounds, which were
prepared by annealing and pressed into pellets under ~4 tons.
The standard four�probe technique was employed using the
S3692 Acheson Silver DAG 1415 silver paste. The resistivity was
measured along (ρ⊥) and perpendicular (ρ||) to the direction of
pressing. Crystallites of both phases are thin platelets and, con�
sequently, their larger faces should be arranged perpendicular to
the load direction.3 The electron diffraction study showed3 that
the c axis is perpendicular to the larger face of the crystallites,
resulting in the anisotropy of the conductivity of the pellets
along different directions. To confirm the texturization of the
samples, the X�ray powder diffraction study on a Bruker D8
Discover diffractometer equipped with a GADDS area detector
(CuKα1 radiation, reflection mode, pyrographite monochroma�
tor) was performed for the pellet faces parallel and perpendicu�
lar to the pressure direction.
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