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Abstract

A systematic search for mixed low-valence, nickel–tin chalcogenides performed by establishing phase relations in the parts of Ni–

Sn–Se and Ni–Sn–Te ternary systems resulted in the discovery of two new compounds, Ni5.62SnSe2 and Ni5.78SnTe2. Single crystals

of both compounds were prepared by chemical transport with iodine and crystal structures were determined by single crystal X-ray

investigation. The ED patterns for Ni5.78SnTe2 showed the presence of satellite reflections, which indicate a modulated structure

with qE0:4a�: Average crystal structures of both compounds were determined to be of tetragonal symmetry (Sp.gr. I4=mmm;
Z ¼ 2) with a ¼ 3:6890ð8Þ Å, c ¼ 18:648ð3Þ Å, Rw ¼ 0:0716 and a ¼ 3:7680ð5Þ Å, c ¼ 19:419ð4Þ Å, Rw ¼ 0:0832; correspondingly,
and are isostructural to known Ni5.72SbSe2 and Ni5.66SbTe2. Measurements were carried out for both compounds with respect to

thermal, electrical and magnetic properties. Ab initio band structure calculations were also performed to take a first glance into the

electronic structure of such type compounds. The anisotropy of their band structure was found. Physical property measurements

showed both compounds to be the anisotropic metallic conductors and paramagnetics. Calculated difference charge density maps

revealed pairwise covalent and multicenter metallic nature of the d-metal—chalcogen and d-metal—p-metal interactions,

respectively.

r 2004 Elsevier Inc. All rights reserved.
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1. Introduction

Recently, a new family of mixed metal-rich chalco-
genides of nickel–antimony and nickel–tin was discov-
ered. The crystal structures of Ni5.72SbSe2, Ni5.66SbTe2
[1] and Ni6SnS2 [2] are made by alternating bimetal-
lic 2

N
½Ni5M� (M¼Sn, Sb) and nickel-chalcogenide

2
N
½NixQ2� (Q¼S, x=1; Q¼Se, x ¼ 0:72; Q¼Te,

x ¼ 0:66) slabs. In the 2
N
½Ni5M� (M ¼Sn, Sb) slabs

atoms are arranged in a Cu3Au motif and in
2
N
½NixQ2�

slabs atoms are arranged either in NaCl (Q¼S, Se, Te)
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or in Li2O (Q¼S) motifs. The crystal structure of
Ni9Sn2S2 [2] contains double-stacked 2

N[Ni5Sn]
slabs of formal composition 2

N[Ni8Sn2] and two types
of 2

N[NiS2] slabs of NaCl and Li2O type. Quantum-
chemical calculations performed for the nickel–tin
sulfides [2] revealed different nature of chemical bonding
within the bimetallic and nickel–sulfide slabs, which
turned out to be multicenter, metal-like in the
former and classical pairwise in the latter. The depen-
dence of resistivity on temperature was measured on
pressed powder samples [1]. However, disregarding
the anisotropic nature of the compounds, no aniso-
tropy was observed experimentally on their physical
properties.
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The fact that various nickel-p-metal and nickel-
chalcogenide slabs can be combined producing different
crystal structures suggests that other compounds of such
type can be obtained. The goals of the present work
were the systematic search for metal-rich, nickel–tin
selenides and tellurides, the investigation of their crystal
and electronic structures, as well as physical properties.
(a)

(b)

Fig. 1. Phase equillibria in the Ni–Sn–Se (a) and Ni–Sn–Te (b) system

at 540�C. Black dots correspond to synthesized samples. Binary phases
are according to Lyakishev [3]. The boundary of the NiTex-based solid

solution is only approximate.
2. Experimental

2.1. Study of phase relations

About 10 samples having compositions in the metal-
rich parts of the Ni–Sn–Q (Q¼Se, Te) ternary systems
were studied for each system. The appropriate mixtures
of the elements (all of 99.99% purity powders,1 1 g total)
were loaded into silica ampoules, evacuated
(10�2mmHg), and sealed. The total annealing time
(540�C, with several intermediate grindings in an agate
mortar and reannealings of products pressed into
pellets) was about 10–20 days depending on whether
the equilibrium had been reached. The phase composi-
tion of the annealed samples was studied by X-ray
powder diffraction [CuKa1, STADI/P diffractometer
(Stoe)]. The maximum number of phases found in each
sample was equal to 3, thus confirming the equilibrium
state reached. The existence of two new ternary phases,
Ni5.62SnSe2 and Ni5.78SnTe2, was observed. The iso-
thermal phase relation schemes established for each Ni–
Sn–Q (Q¼Se, Te) system are presented in Fig. 1. The
composition of each compound was revealed by means
of single crystal X-ray diffraction and EDX analysis (see
below).
The single crystals of the title compounds were

prepared from the vapor phase by means of chemical
transport reaction with I2 in 16	 100mm silica
ampoules placed in a horizontal, two-temperature
furnace. Pre-annealed charges of the total mass of about
0.25 g were used. Other conditions of the crystal growth
experiments are specified in Table 1. The formation of
crystals was observed in the cold part of the ampoules.

2.2. Synthesis

The stoichoimetric mixtures of the elements were
annealed in evacuated silica ampoules at 540�C for 7
days. The products were then ground in an agate
mortar, pressed into pellets and further reannealed
under the same conditions several times (2 for
Ni5.62SnSe2 and 4 for Ni5.78SnTe2). The grayish powders
obtained were identified by powder X-ray diffraction
[CuKa1, STADI/P diffractometer (Stoe)], which showed
1Ni powder as received was preheated at 500�C in a flow of

hydrogen during 3h in order to remove nickel oxide impurities.
almost complete agreement with the theoretical patterns
of Ni5.62SnSe2 and Ni5.78SnTe2 generated from the
single crystal X-ray diffraction data (see below).
Additional weak peaks were observed in each diffracto-
gram (Guinier camera Enraf-Nonius FR-552), which
cannot be assigned to any impurity phase, or trivial
superstructures. The substances are stable in air for
several months. Ni5.62SnSe2 is stable in diluted hydro-
chloric acid, while Ni5.78SnTe2 slowly dissolves in warm
HCl. Both compounds dissolve readily in nitric acid.

2.3. Crystal structure determination

X-ray single crystal diffraction data were recorded
on Bruker-Nonius KappaCCD diffractometer (AgKa1
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Table 1

Crystal growth conditions and results

Ni5.62SnSe2 Ni5.78SnTe2

Initial composition of charge 60Ni+9Sn+31Se 11Ni+2Sn+2Te

Phase composition of charge and annealing conditions Ni5.62SnSe2+NiSe (540
�C, 16 days) Ni5.78SnTe2+Ni3Sn (600

�C, 24 days)
I2 concentration (mol/L) 0.004 0.002

Tcharge/Tempty end (
�C) 600/550 620/550

Growth time (days) 14 10

Table 2

Crystal structure determination of Ni7�dSnQ2 (Q=Se,Te)

Formula Ni5.62(1)SnSe2 Ni5.78(2)SnTe2

Space group I4=mmm (No. 139) I4=mmm (No. 139)

a (Å) 3.6890(8) 3.7680(5)

c (Å) 18.648(3) 19.419(4)

V (Å3) 253.78(9) 275.71(8)

Z 2 2

ymax (deg) 27.83 26.89

ystep (deg/frame) 1 1

Collection time (s/frame) 40 40

rcalc (g cm
�3) 7.942 8.581

m (mm�1) 20.693 17.780

Crystals shape, color and size Silver plates, 0.2	 0.2	 0.01mm Dark bricks, 0.1	 0.05	 0.15mm
GoF, all data 1.044 1.076

largest diff. peak and hole (e Å�3) 4.430 and –2.770 2.615 and –2.816

measd refln/independ refln/parameters 595/226/17 314/221/16

RðFÞ for F2
o44sðF2

o Þ
a 0.0415 0.0384

RwðF2
o Þ 0.0716 0.0832

W 1=½s2ðF2
o Þ þ ð0:0206PÞ2�b 1=½s2ðF2

o Þ þ ð0:0412PÞ2�b

a–RðFÞ ¼ f
P

jjFoj � jFcjjg=f
P

jFojg:
b– P ¼ ðF2

o þ 2F2
c Þ=3:

2CAMEBAX SX-50, acc. voltage 15 kV, coll. time 100 s, calculated

(at %.): 65.2 Ni, 11.6 Sn, 23.2 Se and 65.7 Ni, 11.4 Sn, 22.8 Te; found:

64.7 Ni 11.9 Sn 22.9 Se and 64.6 Ni 11.8 Sn 23.4 Te.
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radiation, l ¼ 0:56090 Å, graphite monochromator).
The data sets were collected at the ambient tempera-
ture with the data collection parameters and results
listed in Table 2. An analysis of the data collected
is consistent with the tetragonal crystal system
with the only systematic extinctions corresponding
to an I-centered cell. The space group I4=mmm

(No. 139) was chosen for the structure solution. The
positions of heavy atoms (Te, Se, Sn) were found
with the Patterson function (SHELXS-97 [4]). Nickel
atoms were localized by a sequence of least-
square refinement and Drðx; y; zÞ synthesis (SHELXL-
97 [4]). Semiempirical absorption corrections (SCALE-
PACK software [5]) were applied. One of the Ni
sites in each crystal structure was refined with a
fractional occupation. Positional parameters are listed
in Table 3. Further details of the crystal structure
investigations can be obtained from the Fachinforma-
tionszentrum Karlsruhe, 76344 Eggenstein-Leopoldsha-
fen, Germany, (fax: +497247-808-666, mail to:
crysdata@fiz.karlsruhe.de) on quoting the depository
numbers CSD413861 and CSD413862. The composi-
tions Ni5.62SnSe2 and Ni5.78SnTe2 were verified by EDX
analysis.2

To find out the nature of above-mentioned extra lines
observed on experimental powder patterns of
Ni5.78SnTe2, additional ED experiments were under-
taken. Samples for the ED study were prepared by
grinding the single crystals in ethyl alcohol with agate
mortar and deposing fragments on a holey carbon grid.
ED patterns were obtained in a JEM-2000FXII electron
microscope.
Attempts were made to obtain the derivative com-

pounds of composition Ni6SnQ2 and Ni7SnQ2 (Q¼Se,
Te), which might possess the same crystal structures but
with the Ni(3) site occupation equal to 1/2 or 1,
correspondingly. Samples were synthesized at 540�C
(1000 h, 2 intermediate grindings followed by pressing
into pellets and further annealing). X-ray powder

mailto:crysdata@fiz.karlsruhe.de
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Table 3

Positional parameters for Ni5.62(1)SnSe2 and Ni5.78(2)SnTe2

Wyckoff x/a y/b z/c s.o.f. Ueq

Ni5.62(1)SnSe2
Sn 2(a) 0 0 0 1 0.0075(4)

Se 4(c) 1/2 1/2 0.18118(7) 1 0.0111(4)

Ni(1) 2(b) 1/2 1/2 0 1 0.0066(5)

Ni(2) 8(g) 0 1/2 0.10100(7) 1 0.0083(3)

Ni(3) 4(c) 0 0 0.1985(3) 0.309(7) 0.011(1)

Ni5.78(2)SnTe2
Sn 2(a) 0 0 0 1 0.0084(3)

Te 4(c) 1/2 1/2 0.18150(5) 1 0.0096(3)

Ni(1) 2(b) 1/2 1/2 0 1 0.0086(5)

Ni(2) 8(g) 0 1/2 0.09403(7) 1 0.0100(3)

Ni(3) 4(c) 0 0 0.1904(3) 0.39(1) 0.012(1)
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patterns showed all samples to contain Ni as the only
impurity.

2.4. Electronic structure and bonding

The electronic structures of model compounds
Ni5.75SnSe2 and Ni5.75SnTe2 were calculated by use of
the CRYSTAL98 [6] program package. Hay–Wadt
effective core potentials (ECPs) and valence basis sets
[7] modified for the calculation of solids, in accordance
with recommendations of CRYSTAL98 manual, were
used in the calculations employing the B3LYP Hamil-
tonian. The basis sets were tested in the calculations of
metals and binary chalcogenides and were found to be
suitable for adequate representation of the main features
of their electronic structure and bonding. The conver-
gence criterion for the SCF energy was set to
10�7Hartree. The basis sets and atomic coordinate
sections of CRYSTAL98 input files are available
in the Supporting Information. Difference charge
density plots obtained by the use of TOPOND98 [8]
and gOpenMol [9] software were analyzed in order to
reveal the main features of chemical bonding as
described in [2,10,11].
Fig. 2. [001]�, ½%101�� and ½%401�� ED patterns of Ni5.78SnTe2.
3. Results and discussion

3.1. Electron diffraction

The ED pattern for Ni5.78SnTe2 are presented in
Fig. 2. The brightest spots in all reciprocal space sections
correspond to the average structure with tetragonal
I4=mmm symmetry. However, the satellite reflections
observed on the ½%101�� and ½%401�� patterns can be
indexed with the modulation vector qE0:4a�: Thus, the
crystal structure is modulated and evidently has a lower
symmetry than the tetragonal, presumably orthorhom-
bic. Since the ordering along a or along b dimensions is
equiprobable due to similarity of unit cell parameters a
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Table 4

Interatomic distances in Ni7�dSnQ2 (Q=Se, Te)

Ni5.62SnSe2 (Å) Ni5.78SnTe2 (Å)

Ni(1)–Ni(1) 2.6085(6) 2.6644(4)

Ni(1)–Ni(2) 2.6362(9) 2.624(1)

Ni(1)–Ni(3) 2.589(4) 2.658(4)

Ni(1)–Sn 2.6362(9) 2.624(1)

Ni(2)–Sn 2.6085(6) 2.6644(4)

Ni(1)–Q 2.374(1) 2.536(1)

Ni(3)–Q 2.245(6), 2.6283(9) 2.484(6), 2.6703(5)
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and b we can suppose coherent twinning of crystals.
Crystal structure refinement within ð3þ nÞD higher
dimension formalism and detailed description of modu-
lated structure, as well as results of ED experiments for
Ni5.62SnSe2, will be reported further.

3.2. Average crystal structure

The crystal structures of the title compounds were
found to be very close to those of the nickel-antimony
selenide and telluride (Ni5.72SbSe2, Ni5.66SbTe2) re-
ported earlier [1]. The average crystal structures are
made by heterometallic 2N[Ni5Sn] slabs of Cu3Au type
and nickel-chalogenide 2

N[NixQ2] (Q¼Se, x ¼ 0:62;
Q¼Te, x ¼ 0:78) slabs of distorted NaCl type with
partially occupied Ni(3) sites. These slabs alternate
along the crystallographic c-axis (Fig. 3). The shortest
interatomic distances are listed in Table 4.
The Ni–Sn distances are close to those observed in

Ni3Sn [6] (2.648 Å) and Ni3Sn2S2[12] (2.70–2.73 Å). The
Ni–Ni distances are slightly longer as compared to those
in metallic Ni [13] (2.49 Å). The Ni–Te distances in
Ni5.78SnTe2 are close to those in Ni2.86Te2 [14] or NiTe
[15] (2.42–2.65 Å). The shortest Ni–Se distances are a bit
shorter than those in binary selenides (cf. 2.29–2.5 Å in
Ni3Se2 [16], and the shortest is 2.287 Å in Ni6Se5 [17]). A
similar situation was observed in the nickel–antimony
selenide [1] and nickel–tin sulfides [2]. Other interatomic
separations are longer than 3.6 Å and should be
considered as nonbonding.
One of the simplest possible models of the Ni5.75SnSe2

average crystal structure, where only 3
8
of the Ni(3) sites
Fig. 3. The crystal structure of Ni5.62SnSe2.
are occupied is illustrated in Fig 4. Due to that partial
occupation, the crystal structures of the title compounds
can be described as constructed from thick sheets of the
height of about 6 Å terminated by surprisingly few Ni–Q
bonds. Since, the number of bonds inside and between
the thick sheets differ significantly, strong anisotropy of
the physical properties of those compounds should be
expected.

3.3. Physical properties

3.3.1. Thermal properties

The pure substances were placed in small quartz
ampoules, which were evacuated and sealed. The
differential thermal analysis curves were registered in
the heating mode (10�C/min heating rate).

Ni5.62SnSe2. Three resolved endothermic effects (at
23975�C, 74275�C and 82575�C) were registered. The
first effect (239�C) probably corresponds to a solid
phase transition and not to decomposition, because the
single crystals of Ni5.62SnSe2 were successfully grown at
higher temperatures (about 560�C). The two other
effects may correspond to peritectical melting of the
substance, since solidified melt was observed after
cooling and further X-ray powder analysis of the
ground melt showed the presence of Ni5.62SnSe2, Ni3Sn
and Ni3Se2.

Ni5.78SnTe2. Four resolved endothermic effects (at
78175�C, 91375�C, 97775�C and 99775�C) were
registered. The first effect at 781�C probably corre-
sponds to a solid phase transition. In order to confirm
this hypothesis the sample was quenched from the
temperature slightly above that to cold water. Its X-ray
powder pattern showed only few additional weak (less
than 1% intensity) reflections. The other effects
probably correspond to solid state transitions and the
ultimate decomposition of Ni5.78SnTe2, since the cooled
sample showed no signs of being molten and its X-ray
powder pattern indicated the presence of Ni5.78SnTe2,
Ni3Sn and Ni2.86Te2.

3.3.2. Electrical properties

The pure substances were pressed into rectangular
(2	 3	 2mm) pellets. The resistivities of those pellets
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Fig. 4. The unit cell of the ordered model Ni5.75SnSe2. Enveloped is

the part of the unit cell used in the analysis of the Dr maps (see below).
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were measured orthogonal by (for both Ni5.62SnSe2 and
Ni5.78SnTe2) and along (for Ni5.62SnSe2 only, because
the telluride pellet was very fragile and destroyed after
the first measurement) the direction of load applied in
the temperature range 4.2–300K employing the stan-
dard four-probe technique by using silver paste contacts.
The temperature dependence of the resistivity of

Ni5.62SnSe2 measured in the parallel (rjj) or orthogonal
(r>) direction of compression is shown in Fig. 5a. Fig.
5b displays the temperature dependence of resisitivity
for Ni5.78SnTe2 measured in the orthogonal direction of
compression. According to this data, the resisitivity
decreases when temperature decreases, which is the
characteristic feature of the metal.
In the interpretation of resistivity data, it is assumed

that the observed anisotropy of resistance of Ni5.62SnSe2
is caused by the anisotropy of the low-dimensional
crystal structure. Mechanical compression is thought to
lead to a preferred orientation of small crystallites in the
pellet, as confirmed by X-ray data (DRON-4 powder
diffractometer, 0.1� 2y step, graphite monochromator,
scintillation counter; Fig. 6). The top diffraction pattern
shows the peaks of (00l) planes to be the strongest, while
the same peaks are weaker in the bottom diffraction
pattern. This observation supports the above hypoth-
esis, since it indicates that small crystals in the pellet
after compression are oriented so that their crystal-
lographic c axes to a large extent are parallel to the
direction of compression, and consequently the (00l)
planes end up being almost perpendicular to it.

3.3.3. Magnetic properties

Pure Ni5.78SnTe2 and Ni5.62SnSe2 powders were
pressed into rectangular pellets (5	 10	 3mm) from
which a small piece (2	 3	 2mm) was cut by electro-
erosion technique. The dependences of the magnetic
moment Pm on temperature in the temperature range
4.2–300K were registered by Sample Vibrating Magnet-
ometer PARC-155 (Princeton, USA) with temperature
regulation by PARC-152 in Cryostat PARC-153. Fig. 7
shows the temperature dependence of product wT for
Ni5.78SnTe2 (a) and Ni5.62SnSe2 (b). Experimental data
may be approximated by dependence w ¼ w0 þ C=ðT þ
yÞ where w0 ¼ 2:96	 10�6 emu/gOe (4.74	 10�6),
C ¼ 7:90	 10�5 emuK/gOe (10.4	 10�5) and y ¼
þ3:6K (6.3) for Ni5.78SnTe2 (Ni5.62SnSe2) (solid lines
in Fig. 7).
The temperature-independent term can be attributed

to either Pauli or van Vleck paramagnetism of mixed
nickel–tin selenide or telluride. The former suggestion is
confirmed by the results of theoretical calculations (see
below).
The local magnetic moment m of Curie–Weiss

contribution can be evaluated using the experimental
value of C ¼ m2=3k: The calculated value of m per
formula unit is equal to 0.630mB (for Ni5.78SnTe2
sample). The magnetic moment of Ni in metal state at
T ¼ 0K is equal to 0.6157mB: The magnetic moment of
Ni+2 ion under orbital freezing is equal to 2.83mB or
5.59 mB in unfrozen state (Russel–Saunders approxima-
tion). Curie–Weiss contribution in both samples can be
assigned either to paramagnetic impurities (nickel
chalcogenides) or to the presence of localized magnetic
moments on Ni atoms in mixed nickel–tin selenide or
telluride. The former suggestion is confirmed by
theoretical calculation results (see below), showing
complete filling of Ni d-bands and thus the absence of
localized magnetic moments in Ni5.75SnQ2 (Q¼Se, Te).
A small amount of paramagnetic impurity is not visible
on X-ray powder patterns.

3.4. Electronic structure and bonding

Because of the presence of the partially occupied site
Ni(3) in both compounds, an ordering model needs to
be proposed in order to perform band structure
calculations. We decided to use a model based on the
composition Ni5.75SnQ2 and the s.o.f. of Ni(3) site equal
to 0.375. This results in a unit cell 4 times bigger because
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(a)

(b)

Fig. 5. Resistivity of Ni5.62SnSe2 (a) and Ni5.78SnTe2 (b) pressed pellets measured along (rjj) and orthogonal (r>) to the pellet load direction.
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of the necessary doubling of the crystallographic a and b

axes. The vacancies are arranged so that as much
symmetry as possible is retained, including the inversion
center (Fig. 4).
The model unit cell used in the calculations is shown

in Fig. 4. Part of the cell, enveloped by a solid line, was
used in an analysis of the difference charge density, since
it contains all unique atoms and interactions.
The calculation results for Ni5.75SnSe2 and

Ni5.75SnTe2 were found to be very similar, and conse-
quently our subsequent discussion is focused on the
selenium compound, unless otherwise stated.
The calculated density of states (DOS) are shown in

Fig. 8. All atomic states are strongly mixed and there are
essentially no peaks having a dominant contribution
from only one type of atom. Disregarding the difference
in coordination, it can be noted that, the states of nickel
atoms from the heterometallic slabs 2

N[Ni5Sn] are
located in essentially same energy range as those from
the chalcogenide blocks. Another interesting fact is that
in addition to Se sp-states the Ni d-states are almost fully
occupied, while tin p-states are only partially occupied.
This is compliant with the Mulliken charge distribution:
Sn: +0.7, Se: �1, the charges of Ni atoms vary from
close to zero for those in the middle of heterometallic
slabs to +0.2 for Ni atoms inside the chalcogenide
blocks. Consequently, one may suggest that Se atoms
withdraw electron density from Ni atoms and, in turn,
Ni atoms withdraw the electron density from tin atoms.
A similar tendency was previously observed in nickel–tin
sulfides [2] and mixed scandium tellurides [18].
The band structure of Ni5.75SnSe2 in the vicinity of

the Fermi level is shown in Fig. 9. Two-dimensional
metallic conductivity is obvious because in the G–Z

direction the Fermi level resides in the energy gap, in
contrast to the orthogonal G–X–M directions. The low
DOS at the Fermi level (Fig. 8) suggests that the
compound exhibits Pauli paramagnetic behavior.
Fig. 10 shows the difference charge density in the part

of the model unit cell marked in Fig. 4. The left picture,
where the isosurface of level +0.0156 e a.u.�3 is
represented, reveals the strongest type of inter-
action; isosurfaces with smoothed tetrahedral shape
are labelled A.
These correspond to 4-center, 3Ni+Sn interactions

and reside in the center of nearly regular [Ni3Sn]
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(a)

(b)

Fig 7. Temperature dependencies of product wT for Ni5.78SnTe2
in magnetic field 3043.3Oe (a) and Ni5.62SnSe2 in magnetic field

1517Oe (b).

(a)

(b)

Fig. 6. Diffraction patterns taken from two different faces of a

compressed Ni5.62SnSe2 pellet—orthogonal to the direction of

compression (a) and parallel to it (b).

A.I. Baranov et al. / Journal of Solid State Chemistry 177 (2004) 3616–3625 3623
tetrahedra in the nickel–tin bimetallic slab. The sphe-
rical isosurfaces labelled B correspond to 4-center,
3Ni+Se (B) interactions. This interaction binds the
bimetallic and nickel–selenide slabs together.
The interactions within the nickel–selenide slabs in

Ni5.75SnSe2 seem to be weaker than those described
above, since the Dr level has to be decreased to
+0.009 e a.u.�3 in order to reveal it’s the relevant
isosurfaces, labelled C in Fig. 10. These are interpreted
as pairwise Ni–Se interactions.
4. Conclusion

The title compounds and the recently obtained and
characterized mixed nickel-antimony selenide and tell-
uride [1] and nickel–tin sulfides [2] form a new class of
compounds with characteristic slab structures. The
average crystal structures of the title compounds are
made from the same type of blocks as those in
Ni7�dSbQ2 (Q¼Se, Te) and strongly resemble the
structure of Ni6SnS2. The comparison of mixed nickel–
tin and nickel–antimony chalcogenides crystal structures
shows a slight decrease of the a unit cell parameter and
slight increase of the c parameter, while antimony
substitutes for tin (about 0.1–0.2 Å). Bond lengths and
distortion angle within nickel-chalcogen slabs remain
almost constant (see Table 4 for distance values, angles
of distortion are Se–Ni(3)–Se)E97� and Te–Ni(3)–
Te)E94�. This fact is probably caused by Sn and Sb
metallic radii similarity (1.58 and 1.61 Å for CN=12,
consequently [19]). As no electronic structure calcula-
tions are presented in [1] we cannot compare changes
caused by charge effects. The Ni(3) site occupancy
differs significantly in pairs of selenides Ni5.62SnSe2 and
Ni5.72SbSe2 and tellurides Ni5.78SnTe2 and Ni5.66SbTe2.
Most likely these distinctions are caused by p-metal
substitution and should be attributed to electronic
effects rather than size factors.
It is interesting to note that nickel-chalcogenide slabs

of Li2O type were found only in the mixed nickel–tin
sulfides, whereas rock-salt slabs exist in all compounds
of the discussed type. Similarly, 2

N[Ni8Sn2] double-
packed slabs were also only found in the mixed sulfides.
Possible explanation can be atom size factors, for
example, originating from requirement of slab commen-
surability; however, electronic factors also could play a
role.
Investigations of electrical properties measured along

and perpendicular to the direction of compression
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Fig. 10. Difference charge density distribution in Ni5.75SnSe2.

Fig. 9. The band structure of Ni5.75SnSe2.

Fig. 8. The density of states for Ni5.75SnSe2.
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revealed a strong anisotropy of physical properties, also
displayed in the calculated band structure of
Ni5.62SnSe2. This anisotropy is a direct consequence of
the crystal structure of nickel–tin mixed selenide,
assembled from two types of slabs with markedly
different nature of chemical bonding, as highlighted by
the difference charge density maps. At the same time,
neither nickel–tin telluride nor nickel–tin suldifes have
such well-pronounced anisotropy of their band struc-
ture, although the nature of chemical bonding in the
bimetallic and nickel-chalcogenide slabs also differs
significantly in these compounds. The explanation may
be attributed to the particular energy of Se atomic
states, which result in a band gap in the G–Z direction to
be formed.
The ‘‘electronic flexibility’’ of the bimetallic slabs and

the possibility to combine it with various nickel-
chalcogenide slabs may indicate that numerous other
compounds of this type can be synthesized. Such studies
are presently underway.
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