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1. Introduction 

 

 The disulfides MS2 (M=Nb, Ta) have been the subject of scientific studies for a long time 

due to their structural and physical properties (mechanical, magnetic, electronic, etc.). By 

introducing different structural units (i.e. ions or slabs) into the layered structure of MS2 a large 

number of new mixed sulfides can be obtained, which can be classified either like intercalates or 

intergrowth structures. These new structures not only belong to new structural types, but also 

display a large difference in the physical properties compared to the starting disulfide, which are 

interesting from a fundamental point of view (e.g. in order to understand the dependence of Tc on 

the amount of intercalated atom). The influence of the dopant А-cation (A=alkali metal, alkaline-

earth metal, Bi, Sb, Sn, Pb or rare-earth metal) on the structure and the properties of these new 

compounds have been investigated in detail only for the MS2-based intercalates (M=Nb, Ta). 

The structural complexity of all MS2-based mixed sulfides (M=Nb, Ta) and the weak bonding 

between the slabs causes difficulties in obtaining of X-ray diffraction and electron microscopy 

data of high quality. Thus, the influence of the А-cation on the stabilization of different 

intergrowth structure types of commensurate or incommensurate type has been poorly 

investigated so far. 

The current work was devoted to the investigation of the influence of the amount of A-

cation on the structural formation in the NbS2-based systems, which included: 

• determination of the stability of intercalates in the Sr-Nb-S system and characterization 

of their structures. 

• investigation of the (Ln1-ySryS)1.15NbS2 phases in order to determine the minimal charge 

transfer necessary for the stabilization of the misfit structures and other possible slab 

modifications, and the relationship between structure and properties. 
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2. Literature review 
 

 This review is mainly devoted to the structural characteristics of Nb-based sulfides. The 

Ta-containing analogues are outside of the scope of this work due to existence of large variety of 

packings of TaS2 slabs, which causes difficulties in obtaining reproducible results, i.e. mixed  

phases are commonly obtained.  

Niobium disulfide NbS2 has a layered structure. Due to the weak Van-der-Waals 

interaction between the layers there is a possibility to modify NbS2 by inserting various ions of 

different size, slabs or other more complex units between these layers. Intercalates, misfit or 

commensurate structures based on the niobium disulfide structure can thus be obtained. Due to 

the large number of modifications, the NbS2 and structures based on it display a broad range of 

properties.  

The following review describes structures based on niobium disulfide with different layer 

packing types. It will be shown how the layers are packed when NbS2 is modified by different 

structural units, either ions or slabs, and how the physical properties are influenced. 

 

2.1 Structure and properties of niobium disulfide (NbS2). 

 

Niobium disulfide NbS2 has a layered quasi-two-dimensional structure. Slabs of NbS2 in 

the (ab)-plane consist of three layers of atoms, i.e. S-Nb-S, which pack one over another along c. 

Figure 1: The structure of 2Н-NbS2. Figure 2: The structure of 3R-NbS2.
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In turn, hexagonal layers of sulphur atoms pack one over another by a type of hexagonal 

packing. The sites between the layers of sulphur atoms are occupied by niobium atoms in a 

trigonal-prismatic coordination. These NbS2 slabs form layers of trigonal prisms close packed 

one over another along the с-axis. There are two main types of packing: 2Н-NbS2 and 3R-NbS2. 

2Н-NbS2-packing is shown in Figure 1. In this case, the structure has hexagonal symmetry and 

consists of two layers of trigonal prisms rotated by 180° with respect to each other. In the 3R-

NbS2-packing, every next layer is not rotated, but shifted to the previous one by a translation 

⎟
⎠
⎞

⎜
⎝
⎛

3
2,

3
2,

3
1  (see Figure 2) resulting in three layers of trigonal prisms. The examples of the 

different packings in niobium disulfide are shown in Table 1. 

 

Table 1: Examples of different packings in niobium disulfide (NbS2). 

Sulfide Type of packing Space group a, Å b, Å Reference 

NbS2 2Н-NbS2 P63/mmc 3.310 11.89 [1] 

Nb1.39S2 2Н-NbS2 P63/mmc 3.308 12.71 [2] 

NbS2 3R-NbS2 R3m 3.330 17.91 [3] 

Nb1.06S2 3R-NbS2 R3m 3.329 17.91 [4] 

 

As it has already been mentioned there is a Van-der-Waals interaction between the NbS2-

slabs, which is rather weaker than the intra-slab Nb-S bonds. Due to this the difference in 

formation energy between 2Н-NbS2 and 3R-NbS2 packing is small, and the likelihood of 

formation of the each of the two polytypes in a reaction is equal. Furthermore, there are vacant 

octahedral and tetrahedral sites between the NbS2-slabs, which different atoms of various sizes 

can occupy. These new compounds are called intercalates and are discussed in section 2.2 [5]. 

In the case of 3R-NbS2-packing, one can always expect intercalation of additional 

niobium atoms between the slabs [4]. These atoms occupy octahedral sites only. The NbS2-slabs 

thus became reduced and the length of the Nb-S bonds in the trigonal-prism increases to 2.471 Å 

(×3) and 2.474 Å (×3) [4] in comparison with stoichiometric NbS2 (2.421 Å (×3) and 2.432 Å 

(×3) [1]). In the case of 2Н-NbS2-packing, the intercalation of additional niobium atoms between 

the slabs is more rare. It has been supposed that the formation of 2Н-NbS2 and 3R-NbS2 is 

strongly dependent on the amount of additional niobium between the slabs, which could be 

connected with the partial sulphur pressure used during the synthesis [6]. At a low partial sulphur 

pressure the 3R-type preferably forms, while at high pressures the 2Н-type forms. 

Despite that in the literature a single crystal of stoichiometric 3R-NbS2 phase has been 

reported [3], the data presented in the work provoke some doubt. Longer Nb-S distances 
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compared to stoichiometric niobium disulfide are observed (2.473 Å (×3) and 2.476 Å (×3) [3]), 

also, in a later work it was shown very convincingly that the presence of additional niobium is 

necessary for the formation of 3R-NbS2 [7]. 

Band structure calculations predict metallic conductivity in 

NbS2. Covalent interaction between niobium cations Nb4+ and 

sulphur anions leads to the formation of collective-electron d bands 

in the disulside. The trigonal-prismatic crystal field of the S2- anions 

splits the 4d-orbitals of Nb on three types: dz2 (with lowest energy), 

dyz and dzx, dxy and dx2-y2 which form narrow bands. The metallic 

properties of NbS2 can thus be explained by the fact that the 4dz2 

conduction band is half filled (see Figure 3) [8-11]. 

Niobium disulfides with both types of packing have metallic 

conductivity and show temperature independent Pauli 

paramagnetism [6]. The transition temperature to the 

superconducting state of 2H-NbS2 is 6.23 K [12] and applying 

external pressure does not lead to any large change of Tc [13]. For 

the 3R-NbS2-packing disulfide the reported transition temperatures 

to superconducting state vary in a range 5.0-5.5 K; for 2H-NbS2-

packing Tc varies in the range 5.8-6.2 K [6]. The lower Tc in 3R-

NbS2-packing could be explained by the presence of additional 

niobium atoms between NbS2-layers as this would reduce the oxidation state of niobium in the 

trigonal-prismatic layers compared to the 2H-NbS2-packing disulfide. The density of states on 

the Fermi level would change, thus lowering Tc. 

In another work, the effect of type of intercalated ion into the NbS2-layers on Tc based on 

theoretical calculations was studied. The conclusion obtained was that the intercalation of 

electron acceptors into the NbS2-layers will lead to an increase of Tc, and the intercalation of 

donors will lead to a decrease of Tc [14]. 

 

2.2 Structure and properties of NbS2-based intercalates. 

 

As it has been mentioned, there are vacant octahedral and tetrahedral interstices between 

the trigonal-prismatic NbS2-slabs, which are close packed one over another along the с-axis. Due 

to the weak Van-der-Waals interaction between the slabs, different metal atoms could occupy 

these voids. The new compounds that form in this cases are called intercalates [5] and the 

likelihood of 2Н-NbS2 or 3R-NbS2 packing formation is equal. The NbS2-slabs can shift 

Fugure 3: Schematic

density of states vs

energy diagram for

NbS2 [8]. 
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relatively to each other and arrange one over another in a type of hexagonal primitive packing 

forming trigonal-prismatic voids between the slabs. The type, the size and amount of cations will 

influence the type of void that forms; either octahedral and tetrahedral, or trigonal-prismatic. All 

examples of intercalates known from the literature crystallize in hexagonal symmetry and belong 

to compounds that display charge transfer. Unlike graphite, where it is possible to intercalate, 

both donors and acceptors, all known NbS2-based intercalates belong to the donor type. 

 

Table 2: Unit cell data of АхNbS2 intercalates. 

Intercallate a (Å) c (Å) Space group References 

Li0.5NbS2 3.348 12.894 P63/mmc [15] 

Li0.63NbS2 3.347 12.875 P63/mmc [16] 

*Li2/3NbS2 3.331 12.90 - [17] 

*Na0.41NbS2 3.424 14.664 - [18] 

Na0.5NbS2 3.353 14.547 P63/mmc [19] 

Na0.64NbS2 3.352 14.552 P63/mmc [15] 

*K0.59NbS2 3.356 16.142 - [18] 

*K2/3NbS2 3.345 16.220 - [17] 

*Cs0.2NbS2 3.352 17.485 - [18] 

Cs0.34NbS2 3.342 18.424 P63/mmc [20] 

Cs0.60NbS2 3.353 18.324 P63/mmc [20] 

Rb0.33NbS2 3.342 18.075 P63/mmc [20] 

*Rb0.54NbS2 3.349 16.810 - [18] 

Rb0.60NbS2 3.346 17.986 P63/mmc [20] 

Cu0.5NbS2 3.345 13.016 P63/mmc [21] 

Ag0.6NbS2 3.354 14.431 P63/mmc [22] 

Ag0.6NbS2 3.354 14.431 P:P63mc:6mm [23, 24] 

Pb1/3NbS2 5.792 14.810 P6322 [25] 

Sn1/3NbS2 5.778 14.394 P6322 [26] 

Bi0.64NbS2 3.313 17.350 P63/mmc [25] 

Bi0.67NbS2 5.743 17.370 P6322 [25] 

*Eu1/6NbS2 3.352 14.750 P63mc or P 6m2 [27] 

*- X-ray powder diffraction data. All the structures shown in Table 2 have 2H-NbS2-packing. 

 

Intercalation leads to an increase of the unit cell parameter along the с-axis, which 

depends on size the "guest" atom. A large number of compounds have been obtained, where the 
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intercalation of molecules and/or ions between the NbS2-slabs can lead to a significant change of 

the с-parameter. A good example is a series of samples obtained by intercalation of hydrated K+ 

ions (by electrolysis): 2H-NbS2 (c∼12 Å), K0.11(H2O)0.22NbS2 (c∼42=3×14 Å), 

K0.17(H2O)0.33NbS2 (c∼30=2×15 Å), K0.33(H2O)0.67NbS2 (c∼18 Å) [28]. The intercalates of metals 

has been studied in more detail and Table 2 presents structural data for such samples.  

The crystal structures of АхNbS2 (А=Li, Na, K) were deduced from X-ray powder 

diffraction data and several possible models were proposed: α (P63/mmc), ξ1 (P63mc), ξ2 

(P 6 m2) and η (P 6 m2) [17]. In the 

first model the alkali metal atoms 

occupy octahedral positions while in 

the other three models the coordination 

is trigonal-prismatic. Single crystal 

data obtained from Li0.5NbS2 and 

Na0.64NbS2 confirmed the model α 

(P63/mmc), where the alkali metal is in 

octahedral coordination [15]. The 

structure of the intercalate Li0.5NbS2 is 

shown in Figure 4. 

Further structural studies of 

intercalate compounds led to the conclusion that lithium ions always have octahedral 

coordination, while sodium and potassium can occupy both octahedral and trigonal-prismatic 

sites. Octahedral coordination is more preferable in the case of large х values and low formal 

oxidation states of niobium; for low х values and large oxidation states of niobium the 

coordination of sodium and potassium is trigonal-prismatic. Cesium intercalated between the 

NbS2-slabs always has trigonal-prismatic coordination [29]. Cu and Ag ions preferably occupy 

tetrahedral voids, however Cu can also occupy octahedral positions for very low concentrations 

[21, 22]. 

3d-atoms can be arranged in a certain order leading to 2Hа-type superstructures with 

composition А1/3NbS2 and А1/4NbS2 [5]. In the case of (Fe,Co)xNbS2 the superstructures 2а×2а 

and √3а×√3а form when х=1/4 and х=1/3 respectively. For CuxNbS2 only the superstructure 

2а×2а at for=1/4 has been found [30], while √3а×√3а superstructures have been found for 

Pb1/3NbS2 [25], Sn1/3NbS2 [26] and Bi2/3NbS2 [25]. 

The arrangement of intercalated ions and formation of superstructures can be observed on 

cooling. The investigation of LixNbS2 by means of electron diffraction revealed the formation of 

Figure 4: The Structrure of Li0.5NbS2. 
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superstructure of this sulfide on cooling to 240 K: at x=1/3 the superstructure √3а×√3а appears, 

while in the case of x=1/4 the superstructure 2а×2а forms instead [29]. Depending on the 

coordination geometry of А-ions, there are three two-dimensional sublattices for АхNbS2: a 

triangular lattice for the A-ions in octahedral coordination, a honeycomb lattice for the A-ions in 

trigonal-prismatic coordination and a crimped honeycomb for the A-ions in the tetrahedral sites. 

 The structure of Ag0.6NbS2 has 2H-NbS2 packing, where Ag-atoms statistically occupy 

tetrahedral sites [23, 24]. The unit cell dimensions of this intercalate are presented in Table 2. 

Upon cooling to 124 K there is a structural phase transition, where silver atoms arrange and the 

structure becomes incommensurate. At room temperature diffuse rings can be observed around 

the main reflections in the electron diffraction pattern, indicating that short-range order is present 

in the structure. The diffuse rings slowly disappear upon cooling, and additional spots appear, 

which correspond in direct space to a new unit cell 2а√3×2а√3×с. X-ray measurements showed 

that these "superstructure" spots are in fact incommensurate satellites. The basic unit cell is thus 

hexagonal with dimensions а=3.355 Å and с=14.310 Å, and in order to describe the 

modulations, two q-vectors were introduced with coordinates in reciprocal space respect to the 

basic reciprocal lattice (0.175, 0.175, 0) and (-0.175, 0.350, 0). The superspace (3+2) group 

characterizing the incommensurately modulated structure was found to be P:P63mc:6mm [23, 

24]. 

 The intercalate with a rare-earth element - Eu1/6NbS2 is well known [27]. In one of the 

first works devoted to the study of Eu1/6NbS2, it was proposed that the compound has the 

composition EuNb2S4 and tetragonal symmetry (а=10.045 Å, с=5.208 Å) [31]. Later it has been 

shown that this compound is isostructural to the intercalate sulfides with common formula 

АхNbS2 (where А is alkali metal) and has hexagonal symmetry with unit cell dimensions 

а=3.352 Å, с=14.75 Å, where the Eu-ions occupy trigonal-prismatic sites between NbS2-slabs. 

The intercalates AxNbS2 are ideal models for researching so called "guest-host" 

interaction, where the "host" is NbS2, and "guests" are different intercalated ions. Considerable 

attention has been given to the charge transfer by different "guests" to the "host"-slabs in 

intercalates. The charge transfer from the intercalated atom to the 4dz2 band of NbS2 makes it 

possible to control the electronic properties of these compounds. The transition temperature to 

the superconducting state depends on the density of electronic states at the Fermi level. A change 

in the electron (hole) concentration at the conduction band is expected to change Tc. Due to 

"guest" intercalation, it is possible to shift the Fermi level in the layered compounds and 

therefore also change the superconducting properties [32]. 

The intercalate LixNbS2 is a low Tc superconductor [33]. In Table 3 the dependence of Тс 

on the amount of intercalated lithium is presented. As expected, during intercalation of lithium, 
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which is a donor of electrons to NbS2-slabs, a decreasing of Тс was observed, but after further 

intercalation a certain increase of Тс was observed. There was no explanation given for this 

phenomenon, which could be due to two reasons: either by inaccurate determination of х (±0.02) 

or by a lack of sufficient knowledge about the rigid band model of NbS2. 

 

Table 3: Dependence of Тс on х in 2Н-LixNbS2 [33]. 

х  a (Å) c (Å) Тс, K x  a (Å) c (Å) Тс, K 

0.00 3.324 11.96 6.46 0.20 3.330 12.44 2.80 

0.01 3.328 11.972 6.27 0.225 3.331 12.528 2.89 

0.02 3.49 12.18 5.95 0.25 3.332 12.598 3.34 

0.075 3.27 12.1 1.85 0.29 3.333 12.698 3.42 

0.12 3.323 12.214 2.46 0.31 3.333 12.734 3.47 

0.143 3.329 12.346 2.70 0.33 3.334 12.760 3.78 

0.17 3.329 12.358 3.22 0.35 3.335 12.754 3.62 

0.19 3.330 12.398 2.78 0.40 3.336 12.826 1.92 

 

The intercalates Na0.5NbS2 [19] and Na2/3NbS2 [15] show weak temperature-independent 

paramagnetism and metal conductivity. Superconductivity was also observed in АхNbS2 (А=Rb, 

Cs) with Тс∼3 K (CsхNbS2 (Тс=2.2 K), CsхNbS2 (Тс=3 K), Cs0.6NbS2 (Тс=2 K), Rb0.33NbS2 

(Тс=2 K)) [20].  

 

2.3 Misfit layer sulfides. 

 

2.3.1 Common features of the structures. 

 

 In the systems A-M-S (A=Ln, Pb, Sn, Bi, Sb; M=V, Nb, Ta, Cr, Ti), the existence of a 

large number compounds with incommensurate structures, where the slabs of the two 

independent subsystems (AS)n (n=1, 1.5, 2) and (MS2)m (m=1-3) alternate along the с-axis has 

been established. Analogous to the intercalates, such structures can be presented as intercalation 

of AS-slabs with a rock salt type structure into the MS2-slabs. Each of the slabs has infinite 

length along the a and b directions but has finite length along с (see Figure 5). The AS-slab (or 

Q-slab) has pseudo-tetragonal symmetry and can consist of two, three or four layers of atoms. 

The MS2-slab (or H-slab) has hexagonal symmetry and consists of three layers of atoms. Voids 

between the two layers of sulphur atoms are occupied by М-atoms in octahedral (M= Ti, V, Cr), 

or in trigonal-prismatic (M=Nb, Ta) coordinations. Sulfides with single MS2-sandwiches, paired 
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(MS2)2-sandwiches, and even with tripled (MS2)3-sandwiches are also well-known. Q and H 

slabs have their own unit cell dimensions (AS – a1, b1, c1, а MS2 – a2, b2, c2) [34, 35]. 

 The general formula of the misfit layer sulfides can be presented as [(AS)n]1+x(MS2)m. 

The composition of these compounds can be determined by the ratio of the a-axes of both 

subsystems, which shows the incommensurability of the slabs, i.e. 1+x=2aMS2/aAS. Usually the 

value (1+x) varies between 1.08 and 1.28 [34, 35]. 

 Let’s look in more detail at the structure of the misfit layer sulfide (SnS)1.17NbS2 (see 

Table 4), which is one of the simplest one. The NbS2-slab has hexagonal symmetry with a=3.32 

Å, and SnS has pseudo-tetragonal symmetry (rock-salt type structure). In order to describe the 

formation of the intergrowth structure it is necessary to make a transformation of the hexagonal 

unit cell to an orthorhombic unit cell with borth=2ahex×sin60°=5.751 Å [34] as shown in Figure 6. 

 The misfit sulfides can be classified in four ways [34]: 

1) By the coordination of the transition metal М in the MS2-slab: 

a) М (Nb and Ta) in trigonal-prismatic coordination 

b) М (Ti, V, Cr) in octahedral coordination 

2) By the type of MS2-sandwich: 

a) single MS2-sandwich 

b) paired (MS2)2-sandwich 

c) tripled (MS2)3-sandwich 

3) By the number of atom layers in the AS-slab: 

Figure 5: The structure of a misfit layer

compound given as the building units AS

and NbS2. 

Figure 6: A transformation of the hexagonal

unit cell to the orthorhombic unit cell in the

NbS2-slab. 
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a) AS-slab consists of two atom layers (single AS-slab) 

b) AS-slab consists of three atom layers (one and a half of AS-slab) 

c) AS-slab consists of four atom layers (paired AS-slab) 

4) By type of the metal in the AS-slab: 

a) A=Sn, Pb; 

b) A=Ln; 

c) A=Sb, Bi. 

 It is then possible to underline some common features present in the structures of the 

misfit layer sulfides: 

1) Slabs in the misfit layer sulfides can be either C-centered or F-centered depending on the 

symmetry of the structure. In the case when there is no centering, the unit cell is chosen as 

pseudo С-centered and it is therefore easy to show the relation between the slabs. C-centering of 

МS2-slab arises from the structure of the slab. The in-plane axes of the МS2-, (МS2)2- and 

(МS2)3-slab are based on the unit cell of the pristine 

disulfide in the orthohexagonal setting a×a√3, 

corresponding to the a and b axes of the mentioned slabs 

(i.e. b=a√3, the transformation of the hexagonal unit cell 

into an orthorhombic unit cell has been shown in Figure 

6). The AS-slab is С-centered, because it can be derived 

from the structure of NaCl and the unit cell is equal to 

half the cell edge of NaCl, or 2/3 [34]. 

One of the subsystems (AS or МS2) can be F-

centered with an additional centering (0,1/2,1/2), 

(1/2,0,1/2), and two layers per unit cell of the misfit 

sulfide with a double с-axis (see Figure 8). According to 

this principle it is possible to obtain four structural types: 

CC-type (both subsystems are C-centered and с1=с2 Å; an 

example of the misfit sulfide with both С-centered subsystems is (SnS)1.17NbS2, see Figure 7), 

CF-type (AS lattice is C-centered and МS2 lattice is F-centered, and 2с1=с2 Å), FC-type (AS 

subsystem is F-centered, МS2 subsystem is C-centered, and с1=2с2 Å), FF-type (both lattices are 

F-centered, с1=с2 Å, but с-axes are twice that for CC-type) [34, 35]. 

2) For all of the investigated compounds that contain МS2-slabs (M=Nb, Ta), the angles between 

a and b axes are equal to 90°, and as a consequence b1=b2 (for AS and МS2) [34, 35]. 

3) Rows of А atoms parallel to [100] occupy grooves between of S atoms (belonging to МS2 or 

(МS2)m sandwiches) parallel to the same direction, thus making a bonding interaction between 

Figure 7: The projection of the

(SnS)1.17NbS2 structure along

[100]. Atoms shifted by a/2 are

filled.
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the S and A atoms possible. This is clearly seen on the Figure 7, where the projection of 

(SnS)1.17NbS2 structure along [100] is shown [34]. 

 The total number of sulfides with incommensurate structure is large. The following 

sulfides belonging to the series 1Q/1H, 1Q/2H, 1.5Q/1H and 2Q/1H will be described in more 

detail. 

 

2.3.2 Misfit layer sulfides with single NbS2-sandwiches 

(series 1Q/1H). 

 

 In misfit layer compounds with single NbS2-sandwiches the unit cells for both NbS2 and 

AS slabs have orthorhombic symmetry. The exceptions are compounds containing small rare-

earth elements and yttrium, where the unit cells have monoclinic symmetry (with b as the 

monoclinic axis and сNbS2≠cAS). 

 For a single double layer AS the symmetry is Cmma, the rows of the A atoms of the 

upper and bottom layers are parallel to [100]. The symmetry of a single NbS2 slab is Сm2m and 

Nb atoms are in orthorhombically distorted trigonal prisms of sulphur atoms. The sulphur atoms 

of the upper and bottom layer are 

parallel to the [100] direction and 

related by a mirror plane. A 

atoms are located in between 

rows of S, which belong to NbS2-

slabs so that A and S atoms 

interact. In the case of 

orthorhombic symmetry of the 

crystal space group of an AS-slab 

is reduced from Cmma to Cm2a, 

while the space group of the 

NbS2-slab lattice remains Cm2m. 

In the case of monoclinic 

symmetry for the NbS2-slab, the mirror planes are lost and the space group becomes C2 [34, 35]. 

 As it was mentioned above, the slabs can also have F-centered lattices (either Fm2m or 

F2; the latter is non-standard setting and chosen for convenience of comparing two slabs, also it 

shows that the repeat period along the c-axis is twice longer than in the case of C-centering)). 

Thus, four types of structures are possible: CC, CF, FC and FF (the first letter corresponds to the 

centering of AS-slab, the second one to the NbS2 slab; see section 2.3.1). In Figure 8 projections 

Figure 8: The projections of all four possible centerings of

misfit layer compounds with single NbS2 sandwiches

along [100] 
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Figure 9: The projections of the (EuS)1.17NbS2 structure along commensurate [100] and

incommensurate [010] directions. 

along the [100] direction of these four types are shown and in Table 4 the structural data of 

(AS)1+xNbS2 (A=Sn, Pb, Ln) compounds are presented [34, 35]. 

 

Тable 4: Structural characteristics of (AS)1+xNbS2 (A=Sn, Pb, Ln) 

Compound Slab a (Å) b (Å) c (Å) β (°) Space group 

(SnS)1.17NbS2 
[36] 

SnS 
NbS2 

5.673 
3.321 

5.751 
5.751 

11.76 
11.76 

- 
- 

Cm2a 
Cm2m 

(PbS)1.14NbS2 
[37] 

PbS 
NbS2 

5.834 
3.313 

5.801 
5.801 

11.90 
23.80 

- 
- 

Cm2a 
Fm2m 

(YS)1.23NbS2 
[38] 

YS 
NbS2 

5.393 
3.322 

5.660 
5.660 

22.26 
11.13 

90 
92.63 

F2 
C2 

(LaS)1.14NbS2 
[37, 39, 40] 

LaS 
NbS2 

5.828 
3. 310 

5.797 
5.797 

11.52 
23.04 

- 
- 

Cm2a 
Fm2m 

(CeS)1.16NbS2 
[41] 

CeS 
NbS2 

5.527 
3. 295 

5.765 
5.765 

11.41 
22.82 

- 
- 

Cm2a 
Fm2m 

(NdS)1.18NbS2 
[42] 

NdS 
NbS2 

5.635 
3. 331 

5.742 
5.742 

22.66 
22.66 

- 
- 

Fm2m 
Fm2m 

(SmS)1.19NbS2 
[43] 

SmS 
NbS2 

5.570 
3. 314 

5.714 
5.714 

22.51 
22.51 

- 
- 

Fm2m 
Fm2m 

(EuS)1.17NbS2 
[44] 

EuS 
NbS2 

5.670 
3.329 

5.744 
5.746 

22.894 
22.926 

- 
- 

Fm2m 
Fm2m 

(HoS)1.23NbS2 
[45, 46] 

HoS 
NbS2 

5.396 
3.312 

5.661 
5.661 

22.19 
11.12 

89.81 
86.99 

F2 
C2 
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 It is also necessary to mention the compound (EuS)1.17NbS2. This sulfide has a structure 

analogous to other misfit sulfides of the series 1Q/1H, but contains Eu-cations with mixed 

valence in the AS-slab. The structure of (EuS)1.17NbS2 was solved in a (3+1)D superspace using 

the superspace group Xm2m(α00) with Х corresponding to a pseudo F-centering. The unit cell 

parameters are a=3.3251(9) Å, b=5.7432(9) Å, c=22.939(5) Å with a modulation vector 

q=0.5867(2)×a* [44]. The projection of the (EuS)1.17NbS2 structure in the (bc) and (ac) planes is 

shown in Figure 9. Like in the case of other misfit structures, the structure of (EuS)1.17NbS2 is 

built from EuS and NbS2 slabs alternating along с-axis. The EuS slab consists of two (100)NaCl 

layers similar to the AS-slabs in other (AS)1+xNbS2 (A=Sn, Pb, Ln) compounds. Eu is 

coordinated to five S atoms (S(2)), which belong to the EuS-slab and to two S atoms (S(1)) 

belonging to the NbS2-slab. The NbS2 sandwich is the same as the sandwich of the niobium 

disulfide, i.e. Nb is in a trigonal-prism formed by sulphur atoms (S(1)). The distance Eu-S(1) is 

shown in Figure 10, it follows from the incommensurability EuS and NbS2 slabs. Bond valence 

calculations gave an oxidation state for europium +2.55 [44]. The mixed valence state of 

europium was confirmed by Mössbauer spectroscopy and the ratio Eu2+: Eu3+≈40:60 was 

obtained [44]. However, ion with mixed valence doesn’t affect the structure. 

 

 

 

Figure 10: The dependence of the distance Eu (AS-slab)-S(1) (NbS2-

slab) on t-phase [44]. (see section 4.2) 
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2.3.3 Misfit layer sulfides with paired NbS2-sandwiches 

(series 1Q/2H). 

 

 Apart from compounds with the general formula (AS)1+хNbS2, there is another one series 

of compounds, with the general formula (AS)1+х(NbS2)m (where m>1 and integer). Many 

compounds with m=2 are well-known and only one with m=3 compound (SnS)1.16(NbS2)3 has 

been reported. In Table 5 the crystal parameters of compounds for which the structures have 

been determined by single crystal experiment are presented. 

 

Table 5: Crystal data of (AS)1+х(NbS2)m (A=Sn, Pb) obtained by single crystal X-ray diffraction. 

Compound Slab a (Å) b (Å) c (Å) α (°) Space group 

O-(PbS)1.14(NbS2)2 
[47] 

PbS 
(NbS2)2 

5.829 
3.326 

5.775 
5.775 

35.86 
35.87 

- 
- 

Cmc21 
Cmc21 

M-(PbS)1.14(NbS2)2
[48] 

PbS 
(NbS2)2 

5.837 
3.320 

5.788 
5.781 

36.04 
36.04 

96.13 
96.12 

F21/m 
Cm2m 

(SnS)1.16(NbS2)3 
[49] 

SnS 
(NbS2)3 

5.688 
3.324 

5.757 
5.657 

23.59 
23.59 

- 
- 

Cm2a 
Cm2m 

 

 There have been no reports in the literature about obtaining single crystals of rare-earth 

containing misfit layer sulfides with paired sandwiches (NbS2)2, all the data presented in Table 6 

was obtained from X-ray powder diffraction data. 

 

Table 6: Unit cell parameters of the misfit layer sulfides (AS)1+х(NbS2)2 (A=rare-earth metal) 

obtained from X-ray powder diffraction. 

Compound Slabs a (Å) b (Å) c (Å) α (°) 

(YS)1.21(NbS2)2 
[50] 

YS 
(NbS2)2 

5.474 
3.222 

5.637 
5.637 

34.41 
34.41 

96.30 
96.30 

(LaS)1.14(NbS2)2 
[50] 

LaS 
(NbS2)2 

5.895 
3.349 

5.763 
5.763 

35.17 
35.17 

96.24 
96.24 

(CeS)1.16(NbS2)2 
[50] 

CeS 
(NbS2)2 

5.761 
3.334 

5.761 
5.761 

34.98 
34.98 

96.33 
96.33 

(NdS)1.17(NbS2)2 
[50] 

NdS 
(NbS2)2 

5.683 
3.339 

5.759 
5.759 

34.64 
34.64 

96.16 
96.16 

(SmS)1.18(NbS2)2 
[50] 

SmS 
(NbS2)2 

5.617 
3.314 

5.763 
5.763 

34.57 
34.57 

96.12 
96.12 

(ErS)1.24(NbS2)2 
[50] 

ErS 
(NbS2)2 

5.359 
3. 318 

5.592 
5.592 

34.29 
34.29 

96.14 
96.14 

 

 Let’s describe the most interesting cases. In the case of (PbS)1.14(NbS2)2 one expects that 

the distance between PbS slabs must increase by about 6 Å with respect to that of (PbS)1.14NbS2, 

but the c-axes of both polytypes are roughly 1.5 times that found for the (PbS)1.14NbS2 
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homologue, what means с∼36 Å for a unit cell with PbS and paired slab (NbS2)2. The stacking of 

the two slabs is similar to that of 3R-NbS2 and is shown in Figure 11. This causes the sulphur 

atoms of the top and bottom NbS2 slabs to be displaced by b/6 (or b/3) in the paired sandwich. 

Lead atoms above and below a paired (NbS2)2 slab must be therefore also displaced in order to 

be between the rows of sulphur atoms belonging to a (NbS2)2 paired sandwich. This can be 

accomplished in two ways resulting in the two modifications of (PbS)1.14(NbS2)2: orthorhombic 

O-(PbS)1.14(NbS2)2 and monoclinic M-(PbS)1.14(NbS2)2 [34, 35, 47, 48]. 

 In the case of the monoclinic 

modification, PbS slabs move away 

from one another by с/2 and are 

related by the F-centring translation. 

The space group of the PbS-slab is 

thus F21/m. The paired (NbS2)2 slabs 

are related by a translation of с/2 and 

the space group of the paired (NbS2)2 

slab is Cm2m. There are octahedral 

sites between the NbS2 slabs, which 

presumably are occupied by niobium 

atoms (see Figure 11 b) [48]. 

 In the O-(PbS)1.14(NbS2)2 

modification, the lead atoms are 

located between the sulphur rows of 

the paired sandwiches (NbS2)2. This 

sulfide contains two PbS layers and 

two paired (NbS2)2 sandwiches per cell (see Figure 11 a). Compared to the monoclinic 

modification, every second (NbS2)2 slab is replaced by a mz mirror plane combined with a 

translation by (1/2,1/6,0). This means that the shift of the atoms in the upper layer with respect to 

the lower layer is +b/6 in the case of the first sandwich and -b/6 in the case of the second one. 

PbS layers are similarly related by alternate shifts of +b/6 and -b/6 along b, in other words, the с-

axis of the PbS subsystem turns alternately 6.15° to the left and to the right. The space group of 

the both slabs is Cmc21 [47]. 

 As it has been mentioned above, so far only one (AS)1+х(NbS2)m compound with m=3 is 

known. Crystals of (SnS)1.16(NbS2)3 were obtained in an attempt to synthesize a new mixed 

incommensurate sulfide in the system Sn-Gd-Nb-S. The structure refinement showed that no Gd 

was present, but the compound contained (NbS2)3 slabs, and that there is an excess of niobium in 

Figure 11: The projections of the structures of

O-(PbS)1.14(NbS2)2 (a) and M-(PbS)1.14(NbS2)2

(b) along [100]. 
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the octahedral sites between adjacent NbS2 

sandwiches (the occupancy is 11%). The 

stacking sequence of the NbS2 layers is the same 

as in 3R-NbS2, see Figure 12 [49]. 

 A Van-der-Waals gap is present between 

the two adjacent (NbS2)2 slabs in the all misfit 

layer compounds. This gap allows for the 

intercalation of additional ions into octahedral 

or tetrahedral sites. The intercalation takes place 

in two stages: on the first stage, intercalated ions 

occupy sites between NbS2 layers in (NbS2)2 

slabs and on the second stage, intercalated ions 

occupy sites between AS and (NbS2)2 slabs. 

Intercalation is more difficult for misfit layer 

sulfides with single NbS2-slabs as the 

intercalation of cations can only takes place between the AS and NbS2 slabs [34]. 

 

2.3.4 Misfit layer sulfides with NaCl-type slab consisting of three layers of atoms  

(series 1.5Q/1H). 

 

 Apart from varying the thickness of the NbS2-slab, it is also possible to vary the thickness 

of the AS-slab (with NaCl structure type). Such compounds have been obtained recently, and 

their unit cell dimensions are presented in Table 7. The first compound obtained in this series 

was [(EuS)1.5]1.15NbS2 [51, 52] and its structure is shown in Figure 13. The Q-slab (EuS) in this 

compound consists of three layers of atoms, Eu atoms inside the slab are in distorted octahedral 

coordination, while Eu atoms located on the edges of the slab are in slightly distorted square-

pyramidal coordination by five sulphurs belonging to the Q–slab. These Eu atoms are also inter-

coordinated to sulphur atoms belonging to adjacent H-slabs. Due to the incommensurability 

along the a-axis, the number of these atoms are between 1 and 2 (see Figure 13) with the 

distance to these atoms varying in a wide range (from 2.87 Å to 3.32 Å). A bond valence 

calculation using the results from this structural determination showed that Eu atoms on the 

exterior sides of the Q–slab are in the +2 oxidation state while inner Eu atoms are at the +3 

oxidation state. Mössbauer and magnetic measurements confirmed the conclusion about the 

mixed valence state of Eu [52]. 

Figure 12: The procection of the

(SnS)1.16(NbS2)3 structure along [100]. 
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 The Н-slab (NbS2) in the sulfide [(EuS)1.5]1.15NbS2 is completely analogous to the NbS2 

slab in the misfit layer sulfides belonging to the series 1Q/1H. Niobium in this slab is in trigonal-

prismatic coordination by sulphur atoms. 

 

Table 7: Crystal data of the misfit layer sulfides with three-atom-thick AS-slab, obtained by 

single crystal X-ray diffraction. 

Compound Slabs a, Å b, Å c, Å Space 
Group 

[(EuS)1.5]1.15NbS2 
[51, 52] 

Q 
H 

5.7628(5) 
3.3241(4) 

5.7841(5) 
5.7841(5) 

29.632(4) 
14.816(2) 

Fm2m 
Cm2m 

[Pb1.0Mn0.33Nb0.16S1.5]1.15NbS2 
[53] 

Q 
H 

5.784(2) 
3.326(1) 

5.788(1) 
5.788(1) 

14.326(3) 
14.326(3) 

Cm2m 
Cm2m 

[Pb1.0Fe0.5S1.5]1.15NbS2 
[54, 55] 

Q 
H 

5.7632(7) 
3.3279(1) 

5.7950(9) 
5.7950(9) 

14.0805(12) 
14.0805(12) 

Cm2m 
Cm2m 

[SrGd0.5S1.5]1.16NbS2 
[56] 

Q 
H 

5.7565(8) 
3.3301(5) 

5.7822(9) 
5.7816(9) 

14.917(3) 
14.922(4) 

Cm2m 
Cm2m 

[Sr0.96(Fe0.37Nb0.12)0.49S1.5]1.13NbS2 
[56] 

Q 
H 

5.8920(9) 
3.3246(5) 

5.8369(8) 
5.8313(9) 

28.076(6) 
14.045(3) 

Fm2m 
Cm2m 

 

Figure 13: The projection of the [(EuS)1.5]1.15NbS2 structure along commensurate [100] and

incommensurate [010] directions. 
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 Based on the conclusion that the Eu3+ atoms are in the middle of the Q-slab and Eu2+ are 

located on the borders of the slab, other misfit layer compounds with three-layer-thick AS-slabs 

were obtained [53-56]. As in others misfit layer sulfides, where the AS-slab consists of two 

layers, for the compounds with three-layer-thick AS-slabs two different centerings were found: 

FC and CC. Some differences in the structures of the Q-slabs were also revealed. If in the case of 

[SrGd0.5S1.5]1.16NbS2 the Q-slab is analogous to the corresponding slab in [(EuS)1.5]1.15NbS2 (it 

was shown that Gd3+ is located in the place of Eu3+, and Sr2+ is in the place of Eu2+), while in the 

cases of [Pb1.0Fe0.5S1.5]1.15NbS2 [54, 55], [Pb1.0Mn0.33Nb0.16S1.5]1.15NbS2 [53] and 

[Sr0.96(Fe0.37Nb0.12)0.49S1.5]1.13NbS2 [56] after structural refinement some differences were found 

in the middle layers of atoms (see Figure 14). The metal atoms (Fe, Mn, Nb) are distributed over 

five positions; this position comes from the splitting of one. The niobium atom occupies the 

central position and has octahedral coordination, while iron or manganese are shifted from the 

center and adopt tetrahedral coordination. In the case of [Pb1.0Fe0.5S1.5]1.15NbS2 the niobium 

position is occupied by additional iron. The position of sulphur is also split into four positions. In 

the external layer of the Q-slab, like in the case of [SrGd0.5S1.5]1.16NbS2, in the place of Eu2+ 

some divalent cation (either Sr2+ or Pb2+) is located. 

 

2.3.5 Misfit layer sulfides with doubled NaCl-type slab 

(series 2Q/1H). 

 

 This type of misfit layer sulfides is also known as the franckeite type structure, which 

belong to the raw 2Q/1H. So far, two mixed misfit sulfides with this type of structure are known, 

Figure 14: The atom ordering in the middle layer of the [SrGd0.5S1.5]1.16NbS2 (a),

[Pb1.0Fe0.5S1.5]1.15NbS2 (b), [Pb1.0Mn0.33Nb0.16S1.5]1.15NbS2 (c) and

[Sr0.96(Fe0.37Nb0.12)0.49S1.5]1.13NbS2 (c). 
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the first one was found in the (Pb,Sb)-Nb-S system and the second one in the Sn-Ta-S system 

[57]. 

 The structure of [PbS(Pb0.6Sb0.4)S]1.14NbS2 is built of a double [PbS(Pb0.6Sb0.4)S]-slab 

(Q-slab) and a single NbS2-slab (H-slab) alternating along the с-axis. The unit cell parameters of 

this compound are b=5.8285(9) Å, c=17.649(6) Å, α=86.41(2)°, β=86.55(3)°, γ=89.97(2)°, the 

Q-slab has a=5.864(2) Å, while the H-slab has a=3.333(2) Å and the space group is P:C1. The 

structure is shown in Figure 15. Atoms of Sb3+ are located at the interface between two Q-slabs 

as in natural franckeite (see Figure 15) and it is supposed that the stereochemical activity of Sb3+ 

with its lone electron pair stabilizes the double Q-slab. Magnetic measurements of 

[PbS(Pb0.6Sb0.4)S]1.14NbS2 revealed a superconducting transition at Тс=1.05 K. This temperature 

is lower that in case of [(Pb,Sb)S]1.14NbS2, which belongs to the series 1Q/1H. This feature could 

be related to a decrease of the oxidation state for niobium from Nb4+ in the stoichiometric binary 

2Н-NbS2 (Тс=6.2 K) to partially Nb+3 in this compound due to a transfer of electrons from the Q-

slab to the H-slab. Replacing of Sb3+ by Bi3+ does not lead to the formation of the franckeite-like 

structure type [57]. 

 

2.3.6 Properties of the misfit layer sulfides. 

 

 All the misfit layer sulfides, as well as the disulfides of the V-group transition metals 

have good lubricating properties like graphite due to weak interlayer bonding. Weak intralayer 

Figure 15: The projection of the structure [PbS(Pb0.6Sb0.4)S]1.14NbS2 along [100] (a). On the

left (b) in more detail the doubled Q-slab is presented. 
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bonding is also reflected in a very easy cleavage of the crystals and anisotropy of the physical 

properties. 

 Mixed sulfides with NbS2 and ТаS2 slabs show metallic conductivity with in-plane 

resistivities ρab around 10-6 Ω m. The resistivities obey the Grüneisen law (typical for metals) 

with a Debye temperature of about 200 K [34, 35, 58, 59]. The ratio ρa/ρb of many misfit layer 

sulfides is close to unity, while for some of them the ratio ρс/ρab is about 50 reflecting the 

anisotropy of the physical properties. 

 

Table 8: Number of holes per formula unit MS2 (М=Nb, Ta) in some misfit layer sulfides, 

calculated from the Hall coefficient. 

Sulfide Concentration of holes 

per Nb(Ta) atom (4 K) 

(SnS)1.17NbS2 0.87 [60] 

(PbS)1.14NbS2 0.20 [61] 

(SnS)1.17(NbS2)2 0.43 [35] 

(PbS)1.14(NbS2)2 0.31 [35] 

(PbS)1.13TaS2 0.48 [62] 

(BiS)1.08TaS2 0.62 [63] 

(LaS)1.14NbS2 0.1 [64] 

(CeS)1.16NbS2 0.03 [41] 

(SmS)1.19TaS2 0.05 [65] 

(TbS)1.21NbS2 0.12 [66] 

(TbS)1.20TaS2 0.16 [66] 

(DyS)1.22NbS2 0.13 [66] 

(DyS)1.21TaS2 0.11 [66] 

 

 For the Sn-, Pb- and Bi-containing derivates, the Hall coefficient (RH) is positive and the 

Seebeck coefficient (α) is negative, as in the case of the silver intercalates AgxNbS2 and AgxTaS2 

(0<х<0.67) [35]. The value of the Hall coefficient is calculated assuming that only holes 

contribute to conductivity, which corresponds to a more than half-filled dz2-band (a half-filled 

dz2-band in the disulfide NbS2 corresponds to one hole per niobium atom). The AS-slab, like the 

intercalated metal ion, is a donor of electrons to the MS2-slab. On the basis of the rigid band 

model the electron transfer from the AS-slab to the MS2-slab should cause a decreasing of 

amount of holes in the dz2 band of MS2 and an equivalent number of holes in the valence band of 
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AS (see Figure 16). Therefore, both types of holes 

contribute to the conductivity. In Table 8 the 

number of holes per formula unit MS2 in the 

misfit layer sulfides calculated from the Hall 

coefficient at 4 K are presented.  

The calculation of the number of holes 

was done using the equation RH=1/pe (where е is 

the elemental charge and р is the number of holes 

per unit volume) [67]. In view of the presence of 

holes as well as electrons (a negative α was 

observed in the case of Sn-, Pb- and Bi-containing 

sulfides), the relation RH=1/pe has only a 

qualitative meaning and a quantitative contribution from the AS layers cannot be drawn. For 

example, a band structure calculation of (SnS)1.17NbS2 showed that there is a strong covalent 

interaction between the two slabs. There is an overlap of the Sn 5s-orbitals and 3p-orbitals of 

sulphur atoms in NbS2 (see Figure 16) and it is difficult to explain the electric and transport 

properties of this sulfide simply by estimating the number of holes in the 4dz2-band of NbS2 and 

the number of holes in the valent band of SnS [67].  

 Misfit layer sulfides based on NbS2 and ТаS2, that contain three valent rare-earth metals 

have also a positive Hall coefficient (RH). The 

RH value corresponds to approximately 0.1 

holes in the dz2-band per transition metal atom. 

In contrast to Sn, Sb and Bi-containing 

derivatives, the Seebeck coefficient is positive, 

indicating that only holes contribute to the 

conduction. In the case of 2Н-МS2 sulfides with 

М atoms in trigonal-prismatic coordination, the 

dz2 band is half filled with one electron per 

transition metal atom. In the case of misfit layer 

sulfides with rare-earth A-cations the hole 

number is about 0.1 per transition metal atom, 

indicating that the AS layer is a donor of 0.9 

electrons per Nb or Ta atom. Thus in the case of 

the rigid band model of the structure (see Figure 

17), when all the rare-earth atoms are in +3 

Figure 16: Schematic density of states vs

energy diagram of the (SnS)1.17NbS2. 

Figure 17: Schematic density of states

vs energy diagram of the misfit layer

compounds (LnS)1+xNbS2. 
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oxidation state, there must be electrons in the rare-earth ion 5d conduction band. A contribution 

of the electrons in this conduction band to the electron conduction can be expected, however, 

such contribution is not observed in reality. It has been proposed that the excess of electrons in 

the LnS-layer is localized and assumed to take place at the Ln sites [68]. This localization leads 

to the varying lattice potential along [100] due to mutual modulations of both slabs. The other 

possible explanation for the absence of electrons conduction when all Ln atoms are in +3 

oxidation state is the presence of vacancies in the Ln lattice in the LnS slab, -  

(Ln1-y yS)1+xNbS2, and as a result there is no contribution to the conductivity from 5d-electrons 

[68]. 

So it is possible to make a conclusion that the charge transfer from the AS slab to the 

NbS2 slab is the stabilizing factor for the formation of the misfit layer sulfides. The highest 

possible charge transfer is observed in the case of the AS slab containing a trivalent cation. 

 Magnetic measurements on the rare-earth misfit layer compounds with NbS2 and ТаS2 

slabs show that Ln is present as Ln3+ [35]. The exception is samarium where a contribution of 

Sm2+ is necessary to explain the magnetic properties [69]. A large crystal field effect is present 

for the Ce and Nd-containing misfit sulfides belonging to series 1Q/1H and 1Q/2H [50, 69-71]. 

The results of these measurements indicate that intralayer magnetic interaction is weakly 

ferromagnetic, while the interaction between the LnS layers is even weaker, but 

antiferromagnetic. It is supposed that when the ordering of the ferromagnetic interacted layers 

occurs, they pair antiferromagnetically and the magnetic moments orient perpendicular to the 

layers as observed below 4 K.  

 In the case of Gd-containing compounds the crystal field effect is absent due to the 8S7/2 

ground state of Gd3+. The magnetic moment is close to that of free Gd3+ ions. For (GdS)1.21NbS2 

antiferromagnetic ordering occurs at 4.6 K. The magnetic moments are in the layer, probably due 

to the large dipole-dipole interaction between Gd3+ ions [70]. Tb- and Dy-containing misfit 

sulfides show Curie-Weiss paramagnetic behaviour with magnetic moments close to the 

magnetic moments of Tb3+ and Dy3+ ions [34, 35] and down to 4 K there are not signs of 

antiferromagnetic ordering. The absence of the crystal field effect may be connected with the 

contraction of the 4f-orbitals from Ce to Tb and Dy.  

 Superconductivity in the NbS2- and TaS2-based misfit sulfides has attracted interest for a 

long time. The dichalcogenides are superconductors of the second type with a large anisotropy of 

the critical field (Hc2,║>H c2,⊥; ║ and ⊥ are H parallel and perpendicular to the layers 

respectively), which is even more strongly marked for the intercalates of the organic molecules. 

Experimental data show that superconductivity is observed only in the case of 2H-NbS2 packing 



 26

of the disulfide layers. In Table 8 the temperature of the superconducting transition for sulfides 

of the type (AS)1+xMS2 (A=Sn, Pb, Bi; M=Nb, Ta) are shown [34, 35, 59, 72-76]. 

 

Table 8: Superconducting transition temperatures in (AS)1+x(MS2)m (A=Sn, Pb, Bi; M=Nb, Ta). 

Sulfide Тс 

(SnS)1.17NbS2 2.75 [72], 2.76 [73, 74] 

(PbS)1.14NbS2 2.62 [75], 2.66 [72], 2.72[73, 74], 2.475 [75] 

(BiS)1.11NbS2 0.415, 0.345 [76] 

(SnS)1.16TaS2 2.90 [72], 2.85 [73, 74] 

(PbS)1.13TaS2 3.07 [75], 3.11 [73-74] 

(BiS)1.08TaS2 0.76 [77] 

 

 The compound (PbS)1.14(NbS2)2 [47] doesn’t show any superconducting properties down 

to 1.2 K, which could be explained by the 3R-type packing of NbS2 slabs where the NbS2-slab is 

more reduced. In contrast to the lead analogue, (SnS)1.17(NbS2)2 exhibits superconducting 

properties (Тс=2.64 K) and the influence of the 3R-packing in this case is not clear [47], but it is 

possible that the charge transfer from the AS slab affects the superconducting. 

 

2.4 Layered sulfides with general formula AM2S5. 

 

 When the А-cation is an alkali-earth metal the formation of sulfides with misfit layer 

structure has not been observed. The compounds with empiric formula AM2S5, where А=Sr, Ba; 

M=V, Nb, Ta were obtained in the works of authors [80-86]. Their unit cell dimensions and 

physical characteristics are presented in Table 10. Despite of the close relation between the 

composition of AM2S5-sulfides and the composition of the misfit layer compounds belonging to 

the series 1Q/2H, electron diffraction studies have shown that their structures are completely 

different [80-86]. In contrast to (AS)1+x(NbS2)2 the phases AM2S5 have layered commensurate 

structures and show preferred orientation along the [001] direction [84]. 

 The X-ray data for all the AM2S5 sulfides except SrV2S5, which is rhombohedral, were 

indexed with hexagonal unit cells [80-86]. The а-axes of mixed sulfides AM2S5 coincide with 

the а-axes of the disulfides MS2 (М=V, Nb, Ta) (see section 2.1), an evidence of the presence of 

MS2 slabs in these structures. This means that in these structures niobium and tantalum are in 

trigonal-prismatic coordination and vanadium in octahedral coordination. In the works [81, 83, 

84] it was mentioned that pure phase samples of the sulfides AM2S5 were not obtained. There 

was an impurity of SrS in the samples of SrNb2S5 and SrTa2S5, and in the sample BaTa2S5 there 



 27

was an impurity of BaS, which implies a slightly different composition than stoichiometric 

AM2S5. Indexing of the X-ray data of different samples with the same composition, but prepared 

in different conditions leads to unit cell dimensions that slightly differ from each other. X-ray 

and electron diffraction data revealed complicated superstructures for all the AM2S5 compounds 

(see Table 10) [80-86]. 

 

Table 10: Unit cell dimensions and physical characteristics of the compounds AM2S5 (A=Sr, Ba; 

M=V, Nb, Ta). 

Formula Symmetry a, Å c, Å Superstructure Properties References 

SrV2S5 

 

R 3.3140 35.023 √7a×√7a Semiconductor [80] 

SrNb2S5 

 

H 3.35 
3.361 

24.00 
24.06 

√7a×√7a Metallic conduct. 
(T>1.45) 

[81, 82] 

SrTa2S5 

 

H 3.306 
3.32 

24.28 
24.1 

√28a×√28a Superconductor 
Tc=2.75 K 
Tc=3.16 K 

[81-83] 

BaV2S5 Unknown 

BaNb2S5 

 

H 3.331 
3.32 

24.72 
24.88 

3a×3a Metallic conduct. 
(T>1.9) 

[84] 

BaTa2S5 

 

H 3.326 
3.3204 
3.3258 

25.21 
25.005 
25.208

√28a×√28a Superconductor 
Tc=2.88 K 
Tc=3.14 K 

[85, 86] 

 

 Quite recently the compound Sr6V9S22O2 has been reported [87]. Taking into account that 

the X-ray diffractograms of SrV2S5 and Sr6V9S22O2 are identical and show the same preferred 

orientation along the [001] direction and that the electron diffraction patterns of SrV2S5 give a 

3.314 Å×35.023 Å unit cell with the unusual superstructure √7 (which is identical to 

Sr6V9S22O2), the authors made the conclusion that "SrV2S5" and Sr6V9S22O2 are the same 

compound. Sr6V9S22O2 has a rhombohedral symmetry and the space group is R 3  with the unit 

cell parameters а=8.7538(6) Å and с=34.934(3) Å. The structure is shown on Figure 18. This 

phase can be described as an "intercalate" of oxysulfide layers into layers of VS2. As a result a 

new compound forms with alternating [V7S14]4- "host" layers and [Sr6(VOS3)2(S2)]4+ "guest" 

layers along the с-axes. The [V7S14]4- layer has CdI2 structure type, it is pseudo two-dimensional 

and consists of VS6/3 octahedra connected by edges. On the base of charge consideration of the 

[Sr6(VOS3)2(S2)]4+-layer ("guest" layer), the VS2-layers ("host" layers) appears to be negatively 

charged with an average vanadium oxidation state +3.43 (i.e. [V7S14]4-). The VS2 sublattice with 

а=3.31 Å is indicated in Figure 18b by dotted lines, and the unit cell of the superstructure by 
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bold lines. The а parameter of the superstructure is √7 times larger then the subcell of VS2 due to 

the arrangement of atoms in the [Sr6(VOS3)2(S2)]4+ layers. There are two crystallographically 

distinct vanadium atoms in the [V7S14]4- layer, the V(2)-S bond length is 2.366(1) Å, and the 

V(1)-S bond length is 2.39(2) Å (the V-S distances in (PbS)1.2VS2 are in the range 2.37(2)-

2.39(2) Å). 

The [Sr6(VOS3)2(S2)]4+ layer contains VOS3
3- tetrahedra and S2

2- disulfide groups. The 

projection of this layer along the [001] direction is given in Figure 18c. The V(3)-О1 and V(3)-

S4 distances in the VOS3
3- tetrahedra are 1.724(6) Å and 2.150(1) Å respectively. Such distances 

are similar to distances typical for V5+. The disulfide groups have an S-S separation of 2.103(5) 

Å, which is typical for sulfides of transition metals (pyrites and marcasites). Sr2+ ions link the 

VOS3
3- tetrahedra with disulfide groups into a two-dimensional "array". Strontium atoms are 

coordinated by six sulphur atoms and by one oxygen atom, forming a monocapped trigonal 

prism. Every strontium ion is connected to two sulphur atoms belonging to a VS2-layer and one 

disulfide group [87]. 

Figure 18: The structure of the Sr6V9S22O2. On the Figure 18a the projection of the

structure along [100] is shown. On the Figure 18b and 18c the projection of the layers

[V7S14]4- and [Sr6(VOS3)2(S2)]4+ along [001] are shown respectively. 
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The с-axis length of 34.934(3) Å results from the A-B-C alternation of the 

[Sr6(VOS3)2(S2)]4+-layers. Each successive layer is shifted by a 1/3 translation along the [110] 

direction (see Figure 18). The presence of oxygen in this compound was proved by infrared 

spectroscopy [87]. 

At room temperature, all the compounds presented in Table 10 are weak paramagnets 

[81-85]. The compounds SrTa2S5, SrNb2S5 and BaTa2S5 are superconductors with Тс close to 3 

K. However metal conductivity also been reported for SrNb2S5 [82] and BaNb2S5 [84] down to 

1.45 K and 1.9 K, respectively. SrV2S5 and Sr6V9S22O2 have been reported to have a 

semiconductor type dependence of ρ(T). This fact is possible to explain by the small degree of d-

orbital overlap due to the relatively small ion of vanadium, which causes electron localization. 

Based on an analysis of the literature data, it is possible to assume that the structure of 

SrNb2S5 is also built of NbS2 and [Sr6(NbS4)2(S2)]4+ layers alternating along the c-axis. The 

[Sr6(NbS4)2(S2)]4+ layers are analogous to [Sr6(VOS3)2(S2)]4+ and ordering of the atoms in these 

layers responsible for the √7 superstructure.  

 

2.5 Nb-based layered sulfides with a large А-cation. 

 

 When the А-cation is barium, which has a large ionic radius, one can observe the 

formation of both NbS2-based intergrowth structures and intergrowth structures with hexagonal 

close packed BaS3 layers, where a quarter of all the octahedral sites are occupied by niobium 

atoms (the basic structure in this case is BaNbS3). 

 

2.5.1 The structure of the mixed sulfide BaNbS3 and its properties. 

 

 The structure of BaNbS3 belongs to the BaNiO3 structure type, which is a hexagonal 

analogue of the perovskite structure. In this structure, NbS6 octahedra are linked by common 

faces (see Figure 19), which causes the formation of Nb-Nb bonds along the с-axis, which 

provides the stability of this structural type. Octahedra are linked in infinite chains along the с-

axis separated by barium atoms with coordination number 12. BaVS3 and BaTaS3 belong also to 

this structure type. For comparison, in Table 11 structural and physical properties for the series 

BaМS3 (М=V, Nb, Ta) are presented. 

The structures of BaМS3 (М=V, Nb, Ta) can be presented as a sequence of hexagonal 

close packed BaS3 layers, where one quarter of the octahedral sites are occupied by one atom of 

a transition metal (the correlation between the BaS3 layer of the BaMS3 structure and the layer of 

sulphur in the NbS2 disulfide is shown on the Figure 20). The MS6 octahedra are linked by 
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common faces and form infinite linear chains along the с-axis. The М-М distance in these chains 

is 2.81-2.87 Å, thus form metal-metal bonds (the metal bond forms when M-M≤2.87 Å [92]). 

The metal conductivity in BaVS3 is caused exactly by this fact, nevertheless the reason for the 

absence of metal conductivity in BaNbS3 and BaTaS3 is not clear [92]. The M-M distance 

between the chains of octahedra is longer ∼6.7-7.0 Å. 

 

Table 11: Mixed sulfides belong to the BaNiO3 structural type (space group - P63/mmc). 

Compound a, Å c, Å Properties Reference 

BaVS3 6.724(5) 5.610(5) Metallic type of 

conductivity at 

Т≥130 К 

[85-90] 

BaNb0.8S2.8 6.836(2) 5.748(2) [91-94] 

BaNbS3 6.840(2) 5.745(2) [92, 93, 95] 

BaTa0.8S3 6.826(2) 5.776(2) [91] 

BaTaS3 6.847(2) 5.742(2) 

Diamagnetics and 

semiconductors 

[91, 96] 

 

In spite of the simple structure, the data concerning stoichiometry and properties of 

BaNbS3 are contradictory. It has been proposed that single phase samples are possible to obtain 

only in the case of a ratio Ba/Nb=1:0.8 in the starting material mixture, indicating that the sulfide 

is non-stoichiometric and its formula is different from the ideal BaNbS3 [91]. However in 

another work the Ba/Nb ratio in the starting mixture was shown to lead to the formation of a 

mixture BaNbS3 and BaS, and the single-phase forms only at a ratio 1:1 [92]. The possibility of 

Figure 19: The structure of BaNbS3. 
Figure 20: The relation between the BaS3

layer of the BaMS3 (a) and the sulphur

layer in the NbS2 (b). 
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formation of both stoichiometric BaNbS3 and non-stoichiometric BaNb0.83S2.8 was also proposed 

in another work [93]. The latest investigation revealed a more close range of anion non-

stoichiometry in the sulfide BaNbS3-δ, where –0.07<δ<0.06 [94]. 

 

2.5.2 Intergrowth structures based on BaNbS3. 

 

 There are several intergrowth structures based on BaNbS3 in the Ba-Nb-S system (see 

Table 12) with structures formed by BaS3 close packed layers, where the octahedral sites in 

between are occupied by niobium atoms. 

 

Table 12: Unit cell parameters of the compounds with excess of barium. 

Compound a, Å c, Å Space group Reference 

Ba9Nb4S21 6.974 21.599 P63/mmc [97] 

Ba16.5Nb9S42 6.877 41.84 R3 m [98] 

Ba2NbS5 6.909 49.25 P63/mmc [99] 

 

The structure of Ba9Nb4S21 [97] has been proposed to consist of alternating disordered 

layers (D) which contain 1.50 barium and 

1.45 sulphur atoms per unit cell (the sulphur 

and barium atoms are distributed randomly 

in the D layer), and slabs (М) with 

composition (BaNbS3)2, which contain 

paired NbS6 octahedra linked by common 

faces which are parallel to the с-axis (see 

Figure 21). In the (BaNbS3)2 slab there are 

four atoms of barium with coordination 

number 9 and one with coordination number 

12. After one М slab follows another 

disordered D layer and then again a М" slab, 

but rotated by 180º around the с-axis. This 

sequence can be presented as DМDМ"D. 

The Ba9Nb4S21 structure can be also described as alternating BaS3 layers (layers A, B, C) along 

the с-axis: DBABDCACD. The niobium atoms occupy the octahedral sites between A and B, 

and C and A, but there are no niobium atoms between D and B, and D and C layers. 

Figure 21: The structure of Ba9Nb4S21. 
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The Ba16.5Nb9S42 structure is based on the stacking of close packed BaS3-layers with the 

sequence: DABABDBCBCDCACAD [98]. The transition metal atoms occupy the octahedral 

sites between the A and B, B and C, and C and A layers, but there are no niobium atoms between 

D and B, B and D, and D and C layers. The structure can be also described as consisting of D 

layers alternating with L slabs. As in the previous structure the L slabs consist of chains of NbS6 

octahedra linked by common faces and these chains are parallel to the с-axis (see Figure 22a) 

and are not connected between them. The Nb-Nb distances in the octahedra are 3.22 Å, and there 

is not metal bonding (metal bond forms when Nb-Nb≤2.87 Å). In such a layer there are one 

barium atom with coordination number 12 and one barium atom with coordination number 9 per 

unit cell. Every next L slab is shifted with respect to the previous by a 1/3 translation along the 

direction that is parallel to the longest rhombus diagonal. Thus every fourth slab repeats the first 

layer: DLDL1/3DL2/3DLDL1/3DL2/3 (see Figure 22a). 

The Ba2NbS5 structure is based on the stacking of hexagonal BaS3 layers with the 

sequence along the с-axis (see Figure 22b): CBDB*AB*DBCBCDC*AC*DCB [99]. This 

structure could be also presented as a derivative structure of the Ba16.5Nb9S42 and Ba9Nb4S21 

structures, i.e. М slabs, which form from paired octahedra but contain S+1 alternating with D 

Figure 22: The structures of Ba16.5Nb9S42 (a) and Ba2NbS5 (b). 
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layers and L slabs. In the L slab there are three face shared octahedra. Every second М" or L" 

slab is rotated to the first one by 180º around the c-axis: MDLDM"DL"D. 

 

2.5.3 NbS2-based barium containing sulfides. 

 

 In the Ba-Nb-S system one can observe the formation of compounds which structures can 

be presented as intergrowth structures based on NbS2. The unit cell dimensions of these 

compounds are presented in Table 13.  

 

Table 13: The examples of the different packings in the NbS2-based barium containing sulfides. 

Compound Type of the packing a, Å c, Å References 

BaNb2.85S6.23  21R 3.3341(2) 63.714(4) [100] 

BaNb3.5S7.6  12H 3.3315(4) 36.944(4) [101] 

BaNb3.5S7.6  18R 3.3333(4) 55.646(9) [101] 

BaNb5.33S11.0  33R 3.3339(2) 100.450(7) [100] 

BaNb5.67S10.08  6H 3.3363(2) 17.680(2) [102, 103] 

 

The single-phase sample BaNb5.67S10.08 was obtained under a controlled partial sulphur 

pressure of 23.7 kPa. X-ray powder diffraction data were indexed in hexagonal symmetry with 

unit cell dimensions a=3.3363(2) Å and c=17.680(2) Å [102]. The 00l peaks on the X-ray 

diffraction pattern have stronger intensity in comparison with all other peaks intensities due to 

the preferable orientation of the crystallites and layer structure of the sample. Electron diffraction 

investigation revealed the presence of weak diffuse spots, which correspond to 3а×3а 

superstructure and strong spots, which were indexed with the unit cell parameters, obtained by 

the indexing of the X-ray data. Streaks were observed along the с*-axis indicating that there is 

disorder in the packing of the layers in the structure. When the temperature was decreased the 

weak diffuse superspots in the (ab)-plane became sharp. An analogous effect was already known 

in the literature and was observed in the case of AgxNbS2, which could be caused by the 

presence of charge density waves. When the chemical composition was slightly changed in the 

other samples of BaNb5.67S10.08 and the samples were annealed at lower temperatures the spots 

on the electron diffraction corresponding to the superstructure became also sharper [102]. 

In the temperature range 77-293 K, the BaNb5.67S10.08 exhibits temperature independent 

paramagnetism. The measured density of BaNb5.67S10.08 was 4.71 g/cm3, which does not 

correspond to the assumption that this compound is an intercalate; in the case of the BaхNbS2 

intercalate the calculated density is 3.57 g/cm3 [102]. 
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The latest investigation of BaNb5.67S10.08 by means of high-resolution electron 

microscopy and single crystal diffraction led to the suggestion of a model of the structure of this 

sulfide, the model is presented in Figure 23 

[98]. The structure can be described as a 

packing sequence of layers along the с-axis: 

BaCaCaBcAcAcBa… in a hexagonal unit 

cell. B is a mixed Ba-S layer, no exact 

composition of this layer was given, A and C 

are layers of S, while a and с are Nb atoms. 

The octahedral sites between close packed 

mixed Ba-S and successive S layers 

belonging to NbS2 slabs are partially 

occupied by Nb atoms (with occupation 0.2). 

The repulsion between the Ba and Nb atoms 

should lead to an ordering of niobium in the 

structure; this fact could be one of the 

reasons responsible for the 3а×3а 

superstructure formation. The atom ordering 

in the Ba-S layers could also cause the formation of the superstructure. Theoretically calculated 

and observed high-resolution microscopy images were in good correspondence. 

Other compounds have also been found in the system Ba-Nb-S. BaNb2.85S6.23 was 

obtained at 2-80 kPa partial sulphur pressure [100]. BaNb5.33S11 was obtained by heating at 

1000°С for 5 days with excess of sulphur (1.7-2 mg/cm3), as it was not impossible to obtain 

single phase samples at a controlled partial sulphur pressure. It is likely that long time annealing 

is required to attain equilibrium using such conditions [100]. The X-ray diffraction powder data 

for both BaNb2.85S6.23 and BaNb5.33S11 compounds were indexed in a hexagonal symmetry with 

the unit cell dimensions given in Table 13. In both cases the h+k+l=3n extinction conditions that 

corresponds to R-centered unit cell were observed. The investigation of both samples by means 

of electron diffraction also revealed the presence of 3а×3а superstructure [100]. 

Two new polytypes, 12H-BaNb3.5S7.6 and 18R-BaNb3.5S7.6, were obtained with excess of 

sulphur and additional iodine (12H: 3 mg/cm3 I2 and 2 mg/cm3 S; 18 R: >8 mg/cm3 I2 and 2 

mg/cm3 S). The X-ray powder diffraction patterns of the samples were indexed with hexagonal 

lattice parameters presented in Table 13. The electron diffraction patterns of these structures 

exhibit a supercell 3а×3а in the (ab) plane. The 12H polytype has a hexagonal unit cell and the 

18R polytype has a rhombohedral lattice. 12H-BaNb3.5S7.6 and 18R-BaNb3.5S7.6 are difficult to 

Figure 23: The structure of BaNb5.67S10.08. 
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obtain as single phases partly due to the existence of other compounds in the Ba-Nb-S system 

which are close in composition to the 12H and 18R polytypes, partly due to difficulties in 

attaining an equilibrium state in this system at a controlled partial sulphur pressure [101]. 

It is evident that for all the mentioned sulfides with extra niobium the basic structure is 

NbS2 with а=3.3 Å. Also, all the mentioned sulfides in Table 13 have a 3а×3а superstructure in 

the (ab) plane. This fact leads to the conclusion that the slabs of these sulfides are similar in the 

(ab) plane and have a close or the same structure. The different с-parameters are a result of the 

different sequence of stacking of layers along the с-axis. 

 

2.6 Literature review conclusions. 

 

The new structures can be formed either by A-cation intercalation between the NbS2-

slabs or by intergrowth of NbS2 and AS slabs with differerent structures. In the case of 

intergrowth structures the formation of compounds with commensurate structure (for instance, 

AM2S5, where A=Sr, Ba; M=V, Nb, Ta) and misfit layer compounds (for instance, 

(АS)1+x(NbS2)2, where А=Pb, Sn, rare-earth metal) is possible. Nevertheless, the questions about 

the influence such factors as type of A-cation, the ratio A:Nb and the formal oxidation state of 

Nb on the formation of the different structure types and physical properties still remain unclear. 

Based on this literature review, we come to the conclusion that different structure types based on 

NbS2 can be synthesized by varying a number of parameters, i.e. the type and concentration of 

intercalated ion that can cause a change of the properties. Therefore we have investigated these 

compounds including such ions as Sr2+ and Eu2+. Since these cations have similar ionic radii 

( +2
Srr =1.16 Å, +2

Eur =1.17 Å, CN=6 [104]) we thought that it would be easier to understand the 

formation of the commensurate sulfides and misfit layer compounds in a controlled synthesis. So 

we decided to replace Eu2+ by Sr2+ and Eu3+ by Ln3+ (Ln=rare-earth) in [(EuS)1.5]1.15NbS2. In the 

case of SrNb2S5 the replacement of Sr2+ by Eu2+ was also possible and allowed us to obtain new 

compounds and determine new structures where it was possible.  
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3. Experimental 
 

3.1 Sample preparation. 

 

 As starting materials Ln2S3 (Ln=La-Nd, Sm, Gd-Er, Yb, Lu) (99.9%), Y2S3 (99.9%) and 

AS (A=Sr, Ba, Eu), niobium metal (Roth 99.999%) and elemental sulphur (99.99%) were used. 

The sulfides of europium, strontium and barium were obtained by reduction of the corresponding 

sulfates BaSO4 (99.99%), SrSO4 (99.99%) and Eu2(SO4)3*8H2O (99.9%) in a hydrogen or 

hydrogen sulphide gas flow. 

 The samples were synthesized by solid-state reaction. The components of the starting 

mixtures were weighted with an accuracy of ±0.0002 g, and the mass of the sample was usually 

0.3-0.5 g. The samples were then ground in an agate mortar and pressed into pellets (the applied 

pressure was approximately 100 kg/cm2). The pellets were placed in quartz ampoules with inner 

diameter 10-16 mm, which were evacuated (∼ 10-2 mbar) and sealed. 

 The samples of intercalates and "ANb2S5" (A=Sr, Eu) were annealed in chamber furnaces 

equipped with Eurotherm temperature controllers. The samples were heated for 36-110 hours at 

900-1100°С, and then cooled by switching off the furnace. The temperature and time of 

annealing in every case were chosen either from the literature or from previous experiments. The 

phase composition of the obtained samples was investigated using X-ray diffraction. 

Polycrystalline samples of the sulfides [(A1/3Sr2/3S)1.5]1.15NbS2 (A=Y, Nd, Sm, Gd-Er, 

Yb, Lu) and (Ln1-ySryS)1.15NbS2 (Ln=La, Ce, Pr, Nd, Sm, Gd, Tb) were obtained by two 

methods:  

1) Stoichiometric mixtures of the starting materials A2S3 (A=La, Ce, Gd-Er, Yb, Lu), SrS, Nb 

and S were pressed into pellets and sealed in an evacuated quartz tubes with a small excess of 

sulphur (10% wt.). The samples were then annealed in a chamber furnace for 7 days at 1090°C 

and cooled in the furnace. 

2) For the synthesis of [(A1/3Sr2/3S)1.5]1.15NbS2 (A=Y, Nd, Sm, Tb) and (Ln1-ySryS)1.15NbS2 

(Ln=Nd, Sm, Gd, Tb) the stoichiometric mixtures of the starting materials were pressed into 

pellets and placed in an alumina crucible, which was inserted together with a second crucible 

with about 0.2 g of additional sulphur inside a quartz ampoule with inner diameter 16 mm and 

length 200 mm. The sealed quartz ampoule was placed inside the two-zone furnace for 6 days. 

The temperature at the hot side of the furnace, where the sample was placed was th=1000°C and 

the temperature of the cold side was tl=400°C corresponding to a 49.3 kPa sulphur pressure. The 

partial pressure obtained in the ampoule was calculated using the equation [102]: 
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where T is the temperature at the cold side of the ampoule. 

Single crystals were obtained by annealing the starting materials with excess of sulphur 

or from a flux of the corresponding alkaline-earth chlorides. 

Single crystals of strontium intercalates and of "SrNb2S5" were obtained from 

stoichiometric mixtures of SrS, Nb and S. The starting mixtures were pressed into pellets and 

placed in an alumina crucible. On the top of the crucible another crucible with a pellet of 0.1-0.2 

g extra sulphur was placed. Both crucibles were inserted into a quartz tube that was evacuated 

and sealed. The length of the ampoule was around 7-8 cm (inner diameter 16 mm). The 

annealing was performed for 2 weeks at 1000°C and the ampoule was cooled in the furnace at a 

cooling speed of 1º/min. The crystals grew on the surface of the sample pellet and walls of the 

alumina crucibles. 

Crystals with composition ([Sm1/3Sr2/3S]1.5)1.15NbS2 and (Pr0.55Sr0.45S)1.15NbS2 were 

obtained from the mixtures of Ln2S3 (Ln=Sm, Pr), SrS, Nb and S with 0.05 g (∼10% wt.) excess 

of sulphur. The mixtures were then carefully ground and pressed into a pellet, which was sealed 

in an evacuated quartz ampoule, heated at 1100°C for 1-2 weeks, and then cooled by switching 

off the furnace. 

 BaNb0.9S3 single crystals were obtained in an attempt to grow a "BaNb2S5" single crystal. 

Polycrystalline "BaNb2S5" was obtained from a stoichiometric mixture of BaS, Nb and S, which 

was sealed into evacuated quartz ampoules and annealed for 72 hours at 900°С. The obtained 

sample was not a single-phase and contained NbS2 and Nb3S4, but the values of the unit cell 

parameters calculated from X-ray diffraction data (а=3.3287(3) Å and с=25.00(8) Å) were close 

to the literature data. The crystals were grown from a flux of BaCl2 where the ratio between the 

mass of the powder sample and the mass of the flux was 1:10. The synthesis was made in an 

evacuated quartz tube annealed for 5 days at 1100°С and then cooled at 1º/min. The cold mixture 

was white with black crystals of BaNb0.9S3 on its surface. 

 

3.2. Methods of investigation. 

 

3.2.1 X-ray powder diffraction. 

 

 X-ray powder diffraction data was collected at room temperature using a focusing 

Guinier camera FR-552 with CuKαl-radiation using Ge as internal standard. X-ray diffraction 
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films were measured on an analyzer IZA-2 with accuracy ±0.002 mm and the intensities were 

estimated visually. The calculations of d-spacing, indexing and unit cell parameter refinement 

were made using the program Powder 2 [104]. X-ray powder diffraction was also performed 

with a Guinier-Hägg camera and a Huber Image Plate Guinier Camera 670 (CuKαl-radiation) 

using silicon as inner standard. An automated scanner was used to scan the Guinier films and the 

programs Scanpi [105], Guppi [106], Treor [107] and Powder 2 were used. 

X-ray diffraction powder data were also collected on a STOE STADI/P diffractometer 

(CuKα1 - radiation, ∆(2θ)=0.01°) equipped with a scintillation detector on a rotating sample in 

symmetric transmission mode. 

 

3.2.2 X-ray single-crystal diffraction. 

 

X-ray diffraction data from crystals of BaNbS3 and Sr0.22Nb1.05S2 were collected on a 

four-circle single-crystal diffractometer CAD-4 (MoKα radiation (λ=0.71069 Å) and scintillation 

detector). For the structure refinement reflections with F>6σ(F) were used. An empirical 

absorption correction was done by the standard procedure of ψ-scanning. The solution of the 

structure and further refinement was performed using a CSD program [108]. 

 The X-ray single-crystal data from the misfit layer sulfides, Sr0.23NbS2 and "SrNb2S5" 

were collected on a STOE Image Plate Detector System single-crystal X-ray diffractometer with 

a Siemens rotating-anode using MoKα radiation (0.71073 Å, 50 kV×90mA). The distance 

between the crystal and detector was set to 70 mm, corresponding to a 2θ=52° and d≥0.81Å. The 

exposure time was 5-7 minutes for each ϕ-position. For the misfit layer sulfides and strontium 

intercalate 100 images in range 0°≤ϕ≤200° with 2° rotation were recorded at 293 K. For the 

"SrNb2S5" 200 diffraction images in a range 0°≤ϕ≤200° with rotation 1° were recorded, which 

helped to increase the resolution of the reflections. About 19-36 hours were required for the data 

collection. The data reduction of the images into hkl-fail were performed with a set of programs 

from STOE. Absorption corrections were done with the programs X-Shape [110] and X-Red 

[111]. The heavy atoms coordinates were determined by direct methods using SHELXS-97 [112, 

113], and the refinement of the structure was made using JANA-2000 [114]. 

 

3.2.3 Electron microscopy and energy dispersive X-ray analysis. 

 

 High-resolution electron microscopy on the "EuNb2S5" sample was performed using a 

transmission electron microscope JEOL 4000EX. For the electron diffraction and element 
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analysis of the crystallites a transmission electron microscope Philips CM 20, equipped with a 

LINK-2000 microanalysis system was used. For the quantitative energy-dispersive X-ray 

element analysis Eu (L), Nb (L) and S (K) lines were used. The samples for the electron 

diffraction and high-resolution electron microscopy were prepared by griding them in methanol 

in an agate mortar and placing a drop of the suspension on a copper grid covered by a holey 

carbon film. The high-resolution images were obtained using the Mac Tempas software, with the 

following parameters: Cs (spherical aberration) - 1.0 mm, objective aperture - 9 nm-1, beam 

convergence - 0.55 mrad and mechanical vibration - 0.03 nm. The thickness of the sample and 

defocus were varied. 

Electron diffraction on the misfit layer compounds and BaNbS3 was performed with a 

transmission electron microscope JEOL JEM-2000 FX II (accelerating voltage 200 kV). The 

samples for electron diffraction were prepared either by crushing them in butanol with 

ultrasound or simply grinding in butanol in an agate mortar. A drop of suspension with 

crystallites of the samples was put on a copper grid covered by holey carbon film. 

The element ratio in the samples was determined by means of energy dispersive X-ray 

analysis. Analysis was performed on a scanning electron microscope JEOL JSM-820 (SEM) 

(accelerating voltage 20 kV), equipped with system for elemental analysis LINK AN10000. 

Before the analysis, the samples were put on an alumina holder covered with holey carbon film 

and the crystals on the cactus needles were covered by amorphous carbon. The element ratio was 

calculated as an average from the data of 10-12 measurements on crystallites, using the 

following lines Y (L), La-Tb (L), Dy-Lu (L, M), Sr (L), Ba (L), Nb (L) and S (K). Metals and 

sulphur were used as standards. 

 

3.2.4 Magnetic measurements. 

 

The magnetic susceptibility of the "EuNb2S5" sample was measured in the temperature 

range 1.5-80 K and magnetic field (В=0.07 Oe) with a mutual inductance bridge. 

The magnetic susceptibilities of the others samples were measured on a DC SQUID 

(Quantum Design, MPMS) magnetometer in the temperature range 2-360 K and magnetic fields 

В=10 Oe and В=103 Oe. The samples were placed in a gelatine capsule with known mass and the 

measurements were done under both zero-field-cooling and field-cooling conditions. The data 

were corrected for the diamagnetism of the gelatine capsules. 
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3.2.5 Pycnometric density measurements. 

 

The measurement of the density of the "EuNb2S5" sample was done with using a 

pycnometer. The density in g/cm3 was calculated using the formula:  

ρ=
)3()2()1(

)1(
gggg

gg
−+−

−
ρCCl4, 

where g is the mass of pycnometer with the sample, g; 

g(1) is the mass of the empty pycnometer; 

g(2) is the mass of the pycnometer with CCl4; 

g(3) is the mass of the empty pycnometer with the sample and CCl4; 

ρCCl4 is the density of CCl4 at 20°. 

The final value of the "EuNb2S5" density was calculated as the average of the results of 

three measurements. 

 

4 Results 
 

4.1 New intercalates of strontium. 

 

4.1.1 Synthesis of polycrystalline samples of intercalates of strontium. 

 

 Five samples were prepared from stoichiometric mixtures of SrS, Nb and S, taken in a 

ratio corresponding to the formula SrxNbS2 (x=0.1, 0.2, 0.3, 0.4, 0.5). The synthesis was done in 

quartz tubes according to the technique described above (see section 3.1) and the results are 

presented in Table 14. The amount of impurities was estimated to be around 10-20% in all 

samples. 

Analysis of the x=0.1 sample revealed the presence of an intercalate with unit cell 

dimensions: а=3.3385(6) Å and с=29.11(3) Å and a NbxSy phase. The composition of the NbxSy 

phase could not be determined due to the existence of different packings in NbS2. 

The x=0.2 sample consisted of two intercalate phases with 2H-NbS2 and 3R-NbS2 type of 

packing in the approximate ratio ∼1:1. There were also lines in the XRD pattern, which 

corresponded to "SrNb2S5" and lines belonging to a NbxSy phase. 

The third sample (x=0.3) consisted of a mixture of two phases: an intercalate with 2H-

packing (main phase) and "SrNb2S5". 

The samples with x=0.4 and x=0.5 contained intercalates with different types of packing 

and admixtures of SrS and "SrNb2S5". EDX analysis of the x=0.4 and x=0.5 samples revealed 
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only the presence of crystallites with the composition Sr0.34(1)Nb1.00(2)S2. In the case of the x=0.4 

sample the lines belonging to the intercalate with 2H-packing were more intense than the lines 

from the intercalate with 3R-packing (the intensity of the strongest line of the latter phase was 

∼30%). 

 

Table 14: Phase and EDX analysis on SrxNbS2 (x=0.1-0.5) after the first annealing (T=1000°C, 

55 hours). 

Unit cell dimensions of intercalates, 
Å 

Starting 
composition 

Phases in the 
samples 

2H-packing 3R-packing 

EDX results 

Sr0.1NbS2 
SrxNbS2 (3R) 

NbxSy 
- а=3.3385(6) 

с=29.11(3) Sr0.10(1)Nb1.04(3)S2 

Sr0.2NbS2 

SrxNbS2 (2H) 
SrxNbS2 (3R) 

"SrNb2S5" 
NbxSy 

а=3.336(1) 
с=17.166(5) 

а=3.3343(8) 
с=29.28(1) Sr0.11-0.23Nb0.89-1.07S2

Sr0.3NbS2 
SrxNbS2 (2H) 

"SrNb2S5" 
a=3.3512(9) 
c=16.43(2) - Sr0.33(1)Nb1.00(1)S2 

Sr0.4NbS2 

SrxNbS2 (2H) 
SrxNbS2 (3R) 

"SrNb2S5" 
SrS 

а=3.3526(7) 
с=16.41(3) 

а=3.3533(7) 
c=29.80(1) Sr0.34(1)Nb1.00(2)S2 

Sr0.5NbS2 

SrxNbS2 (2H) 
SrxNbS2 (3R) 

"SrNb2S5" 
SrS 

а=3.354(1) 
с=16.66(1) 

a=3.3569(7) 
с=29.798(7) Sr0.34(2)Nb1.00(1)S2 

 

In the case of the x=0.5 sample, the most intensive lines belonged to the intercalate with 

3R-packing. The XRD pattern revealed reflections from a √3a×√3a superstructure, which very 

likely arises from strontium ordering in the intercalate with x∼1/3. 

After a second annealing at a higher temperature the samples decomposed and "SrNb2S5" 

was found to be the main phase. 

 

4.1.2 The crystal structures of Sr0.23NbS2 and Sr0.22Nb1.05S2. 

 

After several attempts to grow single crystals, two types of single crystals which were 

close in chemical composition but different in structure were obtained. 

A single crystal X-ray diffraction experiment on Sr0.23NbS2 was performed on a IPDS 

STOE diffractometer. Data collection, crystal data and structure determination data for 

Sr0.23NbS2 are presented in Table 15 (see Appendix 2). Analysis of the single crystal X-ray 

diffraction images of the reciprocal lattice using the program Recipe [115] showed that the unit 
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cell is primitive with hexagonal symmetry, and the data were thus indexed in hexagonal 

symmetry with unit cell dimensions a=3.365(1) Å and c=16.938(9) Å. Analysis of the extinction 

conditions revealed that for the reflections l000 , only those with l=2n were present, which 

suggested the following space groups P63, P63/m, P6322. For the refinement we tried both P63/m 

and P6322, the most symmetrical P6322 giving better reliability factors. The positions of the 

heavy atoms (Sr and Nb) were determined with direct methods using the program Shelxs97 [112, 

113]. The positions of the other atoms were determined from the difference Fourier synthesis 

map using the program Jana 2000 [114].  

Two crystallographically independent strontium positions Sr1 and Sr2, which are located 

between the NbS2 slabs, were found. Isotropic temperature parameters for both atoms were 

refined together. Refinement of the occupancy of the strontium atoms with isotropic temperature 

parameters lead to Rall/Robs=0.0825 and RWall/RWobs=0.0867. The occupation for the atoms Sr1 

and Sr2 was 0.021(1) and 0.032(1), respectively. For the NbS2 slab, refinement with anisotropic 

parameters was performed. After the refinement the final isotropic temperature parameters of 

strontium were Uiso=0.018(7). The occupations (g) of Sr1 and Sr2 are 0.019(1) and 0.033(1), 

respectively. The final values of the reliability factors were Robs=5.22% and RWobs=5.36%. 

Atomic coordinates are presented in the Table 16 (see Appendix 2) and the results of the 

refinement with anisotropic temperature parameters for the NbS2 slab are presented in Table 17 

(see Appendix 2). The maximal residual electron density was 5.83 eA-3, which corresponded to 

Figure 24: The structure of Sr0.23NbS2 (a); in (b) and (c) two crystallographically

different strontium atoms are shown. 
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Sr1 and the minimum was 3.35 eA-3. Attempts to lower the symmetry of the structure in the 

refinement did not yield any improvement in the values of the reliability factors. 

The ratio of elements according to the EDX analysis (obtained by averaging the data 

from seven measurements on the single crystal used in refinement) was 

Sr:Nb:S=7.5(2):30.7(2):61.7(2), which corresponds to Sr0.24(1)Nb0.99(1)S2.00(1). This result is in a 

good agreement with the structural refinement, i.e. Sr0.23NbS2. 

The structure of Sr0.23NbS2 consists of two slabs of NbS2 with niobium in trigonal-

prismatic coordination (see Figure 24a), rotated in the (ab)-plane by 180°. The Nb-S distances in 

the trigonal prisms are 2.480(3) Å (see Table 18, Appendix 2). Between the two NbS2 slabs Sr 

atoms are located at two different crystallographic positions in trigonal-prismatic coordination. 

For Sr1 the three distances Sr1-S2 are 3.33(3) Å, and the other three are 3.31(3) Å (see Figure 

24b). For the Sr2 atom the distances Sr2-S are in the range 3.068(17)-3.74(2) Å (see Table 18, 

Appendix 2). This atom is shifted from the center of the trigonal-prism towards one of the side 

edges (see Figure 24c). 

The crystal of the intercalate of strontium Sr0.22Nb1.05S2 was close in composition to 

Sr0.23NbS2 according to the EDX analysis but the unit cell dimensions were different. The EDX 

data for the single crystal Sr0.22Nb1.05S2 were obtained by averaging of the data of ten 

measurements, giving the ratio Sr:Nb:S=6.7(6):31.0(6):62.2(4), which corresponds to the 

formula Sr0.21(2)Nb0.99(2)S2.00(1). 

The single crystal X-ray experiment was performed on the single crystal four-circle 

diffractometer Enraf-Nonius CAD-4. The parameters of the X-ray diffraction experiment are 

presented in Table 19 (see Appendix 3). Analysis of the reflections with F≥6σ(F) revealed the 

extinction conditions lhhh2 (l=2n), which corresponds to the trigonal P31c, cP 13  and 

hexagonal P63mc, cP 26  and P63/mmc space groups. The unit cell dimensions were calculated 

using 24 reflections in the range 16˚<θ<18˚ and the obtained lattice parameters were 

a=3.3355(4) Å, c=29.055(5) Å. The best results were obtained in the space group P63mc as the 

space groups cP 13 , cP 26  and P63/mmc do not correctly describe the doubled slab (NbS2)2. The 

refinement of the structure in P31c offered no improvement. From the two space groups the most 

symmetrical space group P63mc was chosen. The positions of Sr and Nb atoms were found by 

direct methods using the program CSD [109]. The remaining atomic positions were determined 

by difference Fourier synthesis. Jana 2000 [114] was used to refine the occupation and 

temperature parameters of the strontium atoms. 

The presence of double slabs (NbS2)2 with intercalated strontium atoms was determined 

in the refinement. Two crystallographically independent strontium atoms (Sr1 and Sr2) were 

found. High reliability factors and high temperature parameters (Uiso) for the strontium atoms 
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suggested partial occupation at both atomic positions. The temperature parameters of Sr1 and 

Sr2 atoms were refined together. After refinement of the occupation of the strontium atoms the 

reliability factors dropped from Robs=9.41% and RWobs=10.10% to Robs=7.89% and RWobs=8.75%. 

Additional electron density was found on the difference Fourier synthesis map between the NbS2 

layers of doubled slab (NbS2)2. Since the distances from the sulphur atoms in the NbS2 layers to 

these unknown atoms were 2.2-2.5 Å, the presence of additional niobium atoms between the 

NbS2 layers was assumed and introduced in the refinement. The reliability factors decreased then 

to Robs=7.16% and RWobs=7.44%. The occupation of Nb3 atom after the refinement was 0.114(2) 

and after the refinement with anisotropic temperature parameters for the Nbx(NbS2)2 slab, the 

reliability factors decreased to Robs=4.55% and RWobs=5.06%. The occupation of the Nb3 atom 

was 0.108(2). The coordinates and temperature parameters of the atoms are presented in Tables 

20 and 21 (see Appendix 3). After the refinement the rest residual electron density on the 

difference Fourier synthesis map was found, the maximal was 4.23 eA-3 and minimal was 2.69 

eA-3. 

The composition of the Sr0.22Nb1.05S2 crystal obtained in the refinement is in good 

agreement with EDX results obtained on the single crystal (Sr0.21NbS2). 

The structure of Sr0.22Nb1.05S2 is presented in Figure 25. The Nb-S distances in the 

trigonal prisms are in the range 2.465(5)-2.488(4) Å, which is slightly higher than in the case of 

niobium disulfide. This could be due to charge transfer from the intercalated Sr atoms to the 

NbS2 layer, which leads to a reduced state of niobium. Octahedral voids between the doubled 

Figure 25: The structure of Sr0.22Nb1.05S2 (a); Nbx(NbS2)2 slab (b) and two

crystallographically different strontium atoms (c) and (d) are shown. 
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3R-NbS2 layers are occupied by the additional niobium atoms Nb3. These atoms are located 

slightly closer to the bottom layer of NbS2 due to the interaction between Nb3 atoms and Nb1 

atoms of the upper NbS2 layer as the Nb1 atoms are located exactly over the Nb3 atoms (see 

Figure 25b). The doubled 3R-type packed NbS2 layers with additional intercalated niobium in 

between will be hence forth called a Nbx(NbS2)2 slab. The second Nbx(NbS2)2 slab is rotated in 

the (ab)-plane by 180° relatively to the previous one. The Nbx(NbS2)2 slabs are shifted and 

packed by a type of primitive hexagonal packing forming the trigonal-prismatic voids. Thus, like 

in the case of the first crystal Sr0.23NbS2, the Nbx(NbS2)2 slabs are packed by a type of 2H-

packing with a shift. The Sr1 and Sr2 atoms are located in the trigonal-prismatic voids between 

the Nbx(NbS2)2 slabs (see Figures 25c and 25d). The latter is shifted from the center of the 

trigonal-prismatic position towards to one of its side edges (see Figure 25d). The main 

interatomic distances in the structure Sr0.22Nb1.05S2 are presented in Table 22 (see Appendix 3). 

 

4.1.3 Magnetic measurements on Sr0.22Nb1.05S2. 

 

 In the case of the intercalate Sr0.22Nb1.05S2, a single-phase sample has been obtained (the 

unit cell dimensions are а=3.3376(6) Å, с=28.81(2) Å). For this sample the temperature 

dependence of the magnetic susceptibility was measured (see Figure 26). The transition 

Figure 26: Temperature dependence of the magnetic susceptibility for

Sr0.22Nb1.05S2 sample. 
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temperature to the superconducting state is Тс=2.8 K, which is lower than in pure 2H-NbS2 

(Tc=6.2 K) due to the charge transfer from the intercalated strontium atoms between NbS2 slabs. 

The superconducting volume of the phase at ∼4 K calculated by the experimental data is ∼7%.  

 

4.2 New misfit layer compounds. 

 

4.2.1 Investigation of new mixed composite sulfides with the general formula 

[(A1/3Sr2/3S)1.5]1.15NbS2. 

 

In the present work an attempt to synthesize mixed sulfides with the general formula 

[(A1/3Sr2/3S)1.5]1.15NbS2 (series 1.5Q/1H) for all the rare-earth metals and yttrium was made. The 

synthesis was made either by solid-state reaction or in two-zone furnaces as described above (see 

section 3.1). It was found that in the case of A=La and Ce the mixed sulfides with general 

formula [(A1/3Sr2/3S)1.5]1.15NbS2 did not form. Instead the formation of misfit layer sulfides with 

general formula (La1-ySryS)1.15NbS2 (series 1.5/1H) takes place. In the case of A=Pr both 

mentioned phases form and in the case of yttrium and other rare-earth metals pure samples with 

composition [(A1/3Sr2/3S)1.5]1.15NbS2 were obtained. 

X-ray diffraction patterns of mixed sulfides [(A1/3Sr2/3S)1.5]1.15NbS2 (A=Pr, Nd, Sm, Gd-

Er, Yb, Lu, Y) did not reveal any satellite reflections and were indexed in orthorhombic 

symmetry for both slabs, their unit cell dimensions are presented in Table 23. 

Elemental analysis, performed on [(A1/3Sr2/3S)1.5]1.15NbS2 samples (A=Gd, Dy, Ho) 

revealed that there were also crystallites belonging to the series (Ln1-ySryS)1+xNbS2. In the 

[(A1/3Sr2/3S)1.5]1.15NbS2 (А=Yb, Lu) samples there were also crystallites with composition 

"SrNb2S5". 

Unit cell parameters of the Q-slab in the misfit layer sulfides [(A1/3Sr2/3S)1.5]1.15NbS2 

(A=Pr, Nd, Sm, Gd-Er, Yb, Lu) decrease from Pr- to Lu- due to the "lanthanide compression". 

Nevertheless, the change of the a and b axes is not as large as in the case of (LnS)1+xNbS2 

(Ln=Pr-Lu), since the Sr radius strong influences the a and b parameters of the [(A1/3Sr2/3S)1.5]1.15 

slab. The small change of the a and b parameters of the NbS2 slab (H slab) could be described by 

a charge transfer from the Q slab to the H slab, which leads to a change of the formal oxidation 

state of Nb and an increase of the Nb-S distance, i.e. if the charge transfer to the H slab 

increases, the a and b parameters also increase. 

The composition of the misfit layer sulfides could be estimated from the ratio of the а 

parameters of the Q- and H-slabs using the formula (1+x)=2aNbS2/aMS. From calculations using 

this formula, the composition could be written as [(A1/3Sr2/3S)1.5]1.15-1.16NbS2. It corresponds to 
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the theoretically calculated ratio of the ions Sr:Ln:Nb:S=17.8:8.9:15.5:57.8, which is in good 

agreement with the element ratio obtained from EDX analysis (see Table 23). 

 

Table 23: The unit cell dimensions and composition of [(Ln1/3Sr2/3S)1.5]1+хNbS2 misfit layer 

sulfides. 

Ln EDX 
Sr:Ln:Nb:S 

(17.8:8.9:15.5:57.8) 

Unit cell 
dimensions of 
the slab with 

NaCl structure, 
Å 

Unit cell 
dimensions of 
the NbS2-slab, 

Å 

(1+x) = 
2aNbS2/aMS 

Pr 15.5(2):8.8(7):16.4(4):59.3(3) a=5.8090(9) 
b=5.8178(6) 
c=15.232(7) 

a=3.3497(6) 
b=5.8178(6) 
c=15.232(7) 

1.153 

Nd 16.5(3):8.3(2):15.8(3):59.5(4) a=5.8033(6) 
b=5.8110(7) 
c=14.992(4) 

a=3.3454(7) 
b=5.8110(7) 
c=14.992(4) 

1.153 

Sm 16.2(2):10(1):15.4(7):58.7(8) a=5.7953(9) 
b=5.8008(5) 
c=14.956(2) 

a=3.3420(7) 
b=5.8008(5) 
c=14.956(2) 

1.153 
 

Gd 15.8(2):8.8(7):15.8(4):59.6(5) a=5.7584(6) 
b=5.7833(6) 
c=14.939(2) 

a=3.3430(5) 
b=5.7833(6) 
c=14.939(2) 

1.160 

Tb 16.3(2):9(1):15.7(4):59(1) a=5.769(9) 
b=5.7768(8) 
c=14.906(2) 

a=3.340(1) 
b=5.7768(8) 
c=14.906(2) 

1.160 

Dy 15.1(4):8.8(8):15.9(3):60.3(7) a=5.7682(9) 
b=5.7814(5) 
c=14.889(5) 

a=3.3398(5) 
b=5.7814(5) 
c=14.889(5) 

1.158 

Ho 15.6(1):8.9(5):15.6(4):59.9(2) a=5.757(2) 
b=5.7743(5) 
c=14.892(3) 

a=3.3379(5) 
b=5.7743(5) 
c=14.892(3) 

1.160 

Er 15.6(3):8.4(6):15.5(3):60.4(7) a=5.7515(8) 
b=5.7694(4) 
c=14.866(4) 

a=3.3365(4) 
b=5.7694(4) 
c=14.866(4) 

1.160 

Yb 16.5(2):10.3(7):14.6(3):58.6(5) a=5.766(2) 
b=5.7711(4) 
c=14.860(3) 

a=3.3351(8) 
b=5.7711(4) 
c=14.860(3) 

1.157 

Lu 16.5(1):8(1):15.3(5):60(2) a=5.7605(9) 
b=5.7719(4) 
c=14.821(3) 

a=3.3513(6) 
b=5.7719(4) 
c=14.821(3) 

1.164 

Y 16.1(5):8.9(4):17.0(3):57.9(6) a=5.7777(4) 
b=5.7833(6) 
c=14.922(2) 

a=3.3476(5) 
b=5.7833(6) 
c=14.922(2) 

1.159 
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4.2.2 Investigation of the misfit layer compounds [(Ln1/3Sr2/3S)1.5]1.15NbS2 by means of electron 

diffraction. 

 

The mixed sulfide [(Tb1/3Sr2/3S)1.5]1.15NbS2 was investigated by means of electron 

diffraction. On the electron diffraction image along the [001] direction the most intensive spots 

corresponding to the (Tb1/3Sr2/3S)1.5 and NbS2 slabs can be observed. These spots were indexed 

in orthorhombic symmetry with parameters close to those obtained from XRD patterns. Apart 

from these spots there are satellite spots on the ED image caused by mutual modulations of the 

MS (Q-slab) and NbS2 (H-slab) slabs (see Figure 27), which provides evidence for the 

incommensurability of this structure. Moreover, the presence of the hh0 (h=2n+1) spots on the 

electron diffraction image along the [001] direction for both subsystems cannot be described by 

double diffraction. The presence of such spots is not compatible with F-centering of the lattices 

of the MS and NbS2 slabs and corresponds to the C-centering of the subsystems. The rest of the 

spots along the <100>*Q and <100>*H directions could not be indexed using the lattice 

parameters of the Q and H-slabs. However, these spots could be indexed using the (3+1)D 

approach (see Appendix 1). 

For example, in Figure 27 the spots along the [001] direction (the same zone as in Figure 

28a) could be indexed using the (3+1)D composite approach with four Miller indexes HKLM. 

On the image, common spots for both slabs and spots belonging to each of the slabs can be 

observed, i.e. 0200 is a common spot; 1100, 2200 and 2000 are spots belonging to the slab with 

pseudotetragonal symmetry and 0101, 0202 and 0002 are spots of the slab with pseudohexagonal 

symmetry. The q-vector is chosen as shown in Figure 28a, and it is equal to the distance between 

Figure 27: Electron diffraction patterns of [(Tb1/3Sr2/3S)1.5]1.15NbS2 along

the [001] (a) and [100] (b) zone axis. 
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the spots 1100 and 0101 (i.e. )0011( ). Thus, 1100 is at the same time a main spot for the slab 

with pseudotetragonal symmetry and a satellite spot of the first order for the slab with 

pseudohexagonal symmetry, while 0101 is a main spot for the slab with pseudohexagonal 

symmetry and a satellite spot of the first order for the slab with the pseudotetragonal symmetry. 

Taking into account the q-vector one can index all the satellite spots (see Figure 28b). In the case 

of the niobium based misfit sulfides the slabs can be considered as independent and for the 

indexing of the electron diffraction images the 3D approach is usually used. In such a case the 

(3+1)D indices can be replaced with three Miller indices and subscript letters Q or H that show 

which slab these indices belong to (Q is a slab with pseudotetragonal symmetry, H is a slab with 

pseudohexagonal symmetry). 

On the electron diffraction images along the [100] direction (see Figure 28b), the rows 

00l, 02l, …, 0kl (where k=2n) contain sharp spots, located on equal distance, and there are weak 

streaks between the spots. The rows of spots 01l, 03l, …, 0kl (where k=2n+1) are continuous 

streaks. Both slabs ((Tb1/3Sr2/3S)1.5 and NbS2) contribute to the intensity of these rows of spots, 

since the 0kl spots are common to both slabs. If both slabs were C-centered, then on the electron 

diffraction image along the [100] zone there would be present only spots with k=2n. The 

presence of the streaks corresponding to the spot rows with k=2n+1 could be explained by 

translational disorder between some successive MS-slabs and/or between some successive NbS2-

slabs. This effect has been described in more detail in the literature [116]. 

 

 

 

 

Figure 28: Indexing of the [001] zone presented in Figure 27 using (3+1)D approach. 



 50

4.2.3 The crystal structure of [(Sm1/3Sr2/3S)1.5]1.15NbS2. 

 

To distinguish between the F- and C-centering of the Q- and H-slabs and answer the 

question about the distribution of the Sr and Ln atoms in the [(Ln1/3Sr2/3S)1.5]-slab, an X-ray 

single-crystal experiment was 

performed on ([Sm1/3Sr2/3S]1.5)1.15NbS2 

(see Figure 29). The X-ray single 

crystal experiment was performed on a 

IPDS STOE single crystal 

diffractometer. The data collection 

parameters and structure determination 

data is presented in Table 24 (see 

Appendix 4). The small size and low 

quality of the crystal did not allow us 

to register satellite reflections of the 

second and higher order with I≥3σ(I). 

Images of the diffraction zones are presented in Figures 30a and 30b. On the image of the 

(hk0)* zone there are only hk0Q (h, k=2n) spots, which could correspond both to C and F 

centering (see Figure 30a). If it was F-centering there would be only hk1Q (h, k=2n+1) 

reflections on diffraction zone (hk1)*, while if it was C-centering there would be only hk1Q 

(h+k=2n) reflections. It is evident in Figure 30b that there are reflections corresponding to the C-

centering, i.e. 111Q and 221Q spots. In addition to the condition h+k=2n, the systematic non-

crystallographic absence hk0Q (h, k=2n+1) in the (hk0)* zone was present, see Figure 30a, this 

condition will be discussed later. For all other diffraction zones all the spots obey the condition 

hklQ (h+k=2n). In the case of the H-slab all the spots on the images obey the condition hklH 

(h+k=2n) (see Figures 30a and 30b). After the extinction condition analysis the data were 

indexed in orthorhombic symmetry and a C-centered unit cell for the slab [Sm1/3Sr2/3S]1.5 was 

chosen as main with parameters a=5.777(2) Å, b=5.855(3) Å, c=14.936(5) Å, the wave 

modulation vector was q=0.73a*. 

In our case, like in a previous study of [Pb1.0Fe0.5S1.5]1.15NbS2 [54, 55], the refinement in 

the centrosymmetric space group led to higher reliability factors, thus the superspace group 

P:Cm2m (α00) was chosen, with C-centering given by: 

⎟
⎟

⎠

⎞

⎜
⎜

⎝

⎛
00

2
1

2
1

0000
 

Figure 29: Photograph of the ([Sm1/3Sr2/3S]1.5)1.15NbS2

single crystal used in refinement. 
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The W-matrix connecting the two superspace groups is given by 

W(2)=

⎟⎟
⎟
⎟
⎟

⎠

⎞

⎜⎜
⎜
⎜
⎜

⎝

⎛

1000
0100
0010
1001

  

 For the structure determination of ([Sm1/3Sr2/3S]1.5)1.15NbS2, the composite approach was 

used. For the [Sm1/3Sr2/3S]1.5-slab 196 reflections with I≥3σ(I) were observed after averaging. 

The positions of the Sm and Sr atoms were found by direct methods using the program Shelx97 

[112, 113]. Sulphur positions in the [Sm1/3Sr2/3S]1.5 slab were found by difference Fourier 

synthesis using the program Jana2000 [114]. The refinement of the structure was performed 

using the same program. Two possible models of the structure of the [Sm1/3Sr2/3S]1.5 slab were 

investigated: 

1) statistical distribution of the Sm and Sr cations with 1:2 atomic ratio over both cation 

positions; 

2) ordered distribution of cations, where Sm atoms are located in the center of the slab (position 

I) and Sr atoms at the exterior of the slab (position II). 

Figure 30: X-ray single crystal diffraction patterns: (a) zones (hk0)*, (h0l)*, (0kl)*; (b) zones

(hk1)*, (h1l)*, (1kl)*. 
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In the first case, negative temperature factors (Biso=-0.4(1)) for the atoms which occupy 

the positions inside the slab (position I), and high positive values of the temperature parameters 

of the atoms for the atoms at the exterior sides of the slab (position II) (Biso=1.8(1)) were 

obtained. The values of the reliability factors for the Q-slab were Robs=12.12% and 

RWobs=9.06%. 

 In the second case the refinement with fully occupation of the Sr and Sm positions gives 

slightly higher Biso=1.2(1) for position I and Biso=0.3(1) for position II. The reliability factors for 

the Q-part are lower in comparison with the first model: Robs=10.55% and RWobs=8.54%. The 

refinement of the occupancy of the Sm and Sr positions lead to reasonable values 0.88(2) and 

1.00(2) respectively. However, the Sr:Sm ratio obtained from the structure refinement 

(Sr:Sm=2.27:1) was considerably higher in comparison with the EDX data (Sr:Sm=1.87:1), 

which suggested mixed occupancy of the cation positions in the [Sm1/3Sr2/3S]1.5 slab. After the 

refinement, the position in the center in the slab was occupied by 0.76(1) Sm atoms and 0.24(2) 

Sr atoms. The position on the exterior is occupied by 0.82(2) Sr atoms and 0.18(2) Sm atoms. In 

this case, the Sr:Sm ratio (1.70:1) obtained in the refinement is in better agreement with EDX 

data. The reliability factors for the Q-slab are Robs=9.90% and RWobs=8.35%. Thus, there is a 

preferred occupancy of the cation positions in the [Sm1/3Sr2/3S]1.5-slab with Sr atoms occupying 

positions at the exterior sides of the slab while Sm atoms mainly occupy the positions in the 

center of the slab. 

Atomic coordinates and isotropic temperature parameters for the Q-slab are presented in 

Table 25 (see Appendix 4). Refinement with anisotropic temperature parameters did not yield 

any improvement for the reliability factors. After the refinement on the Fo-Fc electron density 

map the maximum of the residual electron density was 5.99 eA-3 and the minimum was 8.15 eA-

3. The maximum of the electron density corresponded to the position of S1. 

For the Q-slab the non-crystallographic extinction condition hk0Q (h, k=2n+1) in the 

(hk0)* zone, which was mentioned above (see Figure 30a), could be due to the difficulty in 

resolving the scattering power of a vertical Sr-S-Sr (92 electrons) column and S-Sm-S (94 

electrons) column. 

 For the NbS2 slab 115 reflections with I≥3σ(I) were observed after averaging. The 

positions of Nb and S3 were determined using the phasing supplied by the atoms of the Q-slab 

using difference Fourier synthesis in the program Jana2000. The reliability factors were 

Robs=8.28% and RWobs=7.00%. Atomic coordinates and isotropic temperature parameters are 

presented in the Table 26 (see Appendix 4). The refinement of the anisotropic temperature 

parameters did not lead to any improvement. After the refinement the electron density map with 
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coefficients Fo-Fc showed a maximum at 6.84 eA-3 and a minimum at 6.99 eA-3. The highest 

residual density was found at the Nb positions. 

The projection of the model of the ([Sm1/3Sr2/3S]1.5)1.15NbS2 structure along the [100] 

direction is presented in Figure 31a. It can be described as an intergrowth structure of two 

incommensurately modulated subsystems: pseudotetragonal [Sm1/3Sr2/3S]1.5 slab and 

pseudohexagonal NbS2 slab. 

The [Sm1/3Sr2/3S]1.5 (pseudotetragonal)-slab has a distorted NaCl structure and consists of 

three layers of atoms. The Sm atoms are preferably located at the center of this slab and have a 

slightly distorted octahedral coordination (the interatomic distances are presented in Table 27, 

Appendix 4). The Sr atoms preferably occupy positions on the exterior of the slab. They have a 

distorted square-pyramidal coordination, i.e. four atoms of S2 located in the same layer as Sr and 

the fifth one is in the central layer of the slab at a longer distance of 3.335(4) Å. The interatomic 

distances are close to the corresponding ones in the ([EuS]1.5)1.15NbS2 structure [51, 52]. 

Moreover, the strontium atoms are coordinated by sulphur atoms (S3) from the adjacent NbS2-

slab. Due to the incommensurability along the a-axis, the number of atoms varies from 1 to 3 

(see Figure 31b). These distances are shorter than the Sr-S 3.335(4) Å distance between the atom 

layers inside the [Sm1/3Sr2/3S]1.5 slab (see above). The Sr-S3 distances as a function of t-phase 

(see Appendix 1) are presented in Figure 32. 

The NbS2 slab consists of three layers of atoms (S-Nb-S), where niobium is in trigonal-

prismatic coordination by sulphur, similar to that found in NbS2. The Nb-S distances (2.463 - 

2.50(4) Å) in the NbS2 slab are close to those found in the NbS2-based sulfides (for instance 

Figure 31: The structure of ([Sm1/3Sr2/3S]1.5)1.15NbS2; (a) projection alog the [100], (b)

projection along the [010] 
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2.451-2.519 Å in the case of (PbS)1,14NbS2 [37] and 2.476-2.478 in ([EuS]1.5)1.15NbS2 [51, 52]). 

The distances in NbS2 are slightly shorter, 2.421-2.432 Å [1]. The increase of the Nb-S distance 

in the misfit layer compounds in comparison with the same distances in the NbS2 could be 

explained by charge transfer from the Q-slab to the H-slab, which leads to a partly reduced state 

of Nb in the NbS2-slab. 

 

4.2.4 Investigation of the new mixed composite sulfides (Ln1-ySryS)1.15NbS2. 

 

In the case of Ln=La, Ce, compounds with the general formula (Ln1-ySryS)1+xNbS2 can be 

synthesized. According to phase analysis the samples were single-phase and EDX analysis 

indicated that the composition of these compounds can be written as (Ln0.55Sr0.45S)1.15NbS2. In 

the case of Ln=Pr a mixture of the composite sulfides [(Pr1/3Sr2/3S)1.5]1.15NbS2 and 

(Pr0.55Sr0.45S)1.15NbS2 formed, while in the case of Ln=Nd, Sm, Gd-Er, Yb and Lu, the 

compounds with general formula [(Ln1/3Sr2/3S)1.5]1.15NbS2 form. For some of these rare-earth 

metals an attempt to obtain misfit layer sulfides with the general formula (Ln1-ySryS)1+xNbS2 was 

made, but only (Nd1-ySryS)1+xNbS2 was obtained as a pure phase. In the other samples the 

[(Ln1/3Sr2/3S)1.5]1.15NbS2 phases were observed. X-ray powder diffraction patterns of the misfit 

layer sulfides were indexed in orthorhombic symmetry for both slabs, see Table 28. 

 

Figure 32: Interatomic distances M2-S3 (M2=0.82(2)Sr + 0.18(2)Sm) as a function of

t-phase in the ([Sm1/3Sr2/3S]1.5)1.15NbS2. 
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Table 28: Unit cell dimensions of the misfit layer compounds with general formula  

(Ln1-уSrуS)1+хNbS2. 

Ln EDX 
Sr:Ln:Nb:S 

Unit cell 
dimensions of 

the Q-slab 
NaCl structure, 

Å 

Unit cell 
dimensions of 
the NbS2-slab, 

Å 

(1+x) = 
2aNbS2/aMS 

La 8.7(3):11.6(9):19.3(5):60.4(4) a=5.7804(5) 
b=5.8215(4) 
c=23.409(3) 

a=3.338(1) 
b=5.8215(4) 
c=23.409(3) 

1.155 

Ce 9.3(3):10.7(8):19.3(7):60.7(5) a=5.7884(8) 
b=5.8062(7) 
c=23.327(7) 

a=3.348(1) 
b=5.8062(7) 
c=23.327(7) 

1.157 

Pr 
crystal 

8.9(3):10.9(3):19.4(3):60.6(3) a=5.799(3) 
b=5.812(2) 
c=23.321(9) 

a=3.348(2) 
b=5.812(2) 
c=23.321(9) 

1.155 

Nd - a=5.7602(9) 
b=5.785(2) 
c=23.273(5) 

a=3.3265(7) 
b=5.785(2) 
c=23.273(5) 

1.155 

Sm - a=5.683(2) 
b=5.755(2) 
c=23.391(9) 

a=3.340(1) 
b=5.755(2) 
c=23.391(9) 

1.175 

Gd - a=5.713(6) 
b=5.742(2) 
c=23.050(9) 

a=3.338(2) 
b=5.743(2) 
c=23.050(9) 

1.169 

Tb - a=5.739(1) 
b=5.782(2) 
c=23.45(2) 

a=3.328(2) 
b=5.782(2) 
c=23.45(2) 

1.160 

 

Taking into account the calculation of the values of (1+x) and EDX data, the composition 

of the compounds (Ln1-ySryS)1+xNbS2 could be written as (Ln0.57-0.54Sr0.43-0.46S)1.15-1.17NbS2. The 

range of the formal charge transfer from the Q-slab for the compounds [(A1/3Sr2/3S)1.5]1+xNbS2 

and (Ln1-ySryS)1+xNbS2 is very narrow: ∼0.57-0.65e- per Nb atom. In both series the c-parameter 

decreases due to decrease of radius in the lanthanide period. Nevertheless the change of the a and 

c parameters is not so sharp as in the case of the (LnS)1+xNbS2 series and the value (1+x) is 

almost constant (1.15-1.17), though it depends slightly on the type of the rare-earth cation. Thus, 

it can be assumed that the size of the Q-slab is determined by the large size of the Sr2+ in 

comparison with the size of Ln3+. 

In order to determine the smallest value of the charge transfer from the Q-slab to H-slab 

which is necessary for the stabilization of the misfit layer (La1-ySryS)1.15NbS2 structure, the solid 

solutions (0.1<y<0.9) have been investigated. The X-ray diffraction patterns were indexed in 

orthorhombic symmetry for both La1-ySryS and NbS2 slabs. The results of the XRD indexing and 

of the phase analysis are presented in Table 29.  
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Table 29: The unit cell dimensions in the row of the solid solutions (Ln1-уSrуS)1+хNbS2 

(0.1<y<0.9). 

Values of y The unit cell dimensions of the slabs calculated from 
XRD patterns for the (La1-ySryS)1.15NbS2, Å Admixtures 

0.9 
AS-slab: a=5.780(1); b=5.828(8); c=23.29(3)* 

NbS2-slab: a=3.329(1); b=5.828(8); c=23.29(3) 

SrNb2S5 

0.8 
AS-slab: a=5.782(7); b=5.824(5); c=23.34(6)* 

NbS2-slab: a=3.329(1); b=5.824(5); c=23.34(6) 

SrNb2S5 

0.7 
AS-slab: a=5.791(5); b=5.818(2); c=23.274(5) 

NbS2-slab: a=3.3311(9); b=5.818(2); c=23.274(5) 

SrNb2S5 

0.6 
AS-slab: a=5.797(7); b=5.824(3); c=23.266(7) 

NbS2-slab: a=3.321(2); b=5.824(3); c=23.266(7) 

SrNb2S5 

0.5 
AS-slab: a=5.7804(5); b=5.8216(4); c=23.409(3) 

NbS2-slab: a=3.338(1); b=5.8216(4); c=23.409(3) 

- 

0.4 
AS-slab: a=5.826(3); b=5.819(2); c=23.380(5) 

NbS2-slab: a=3.3214(6); b=5.819(2); c=23.380(5) 

- 

0.3 
AS-slab: a=5.711(5); b=5.842(5); c=23.205(6) 

NbS2-slab: a=3.3064(9); b=5.842(5); c=23.205(6) 

- 

0.2 
AS-slab: a=5.713(6); b=5.808(2); c=23.105(8) 

NbS2-slab: a=3.3076(7); b=5.808(2); c=23.105(8) 

- 

0.1 
AS-slab: a=5.738(3); b=5.806(3); c=23.073(9) 

NbS2-slab: a=3.311(2); b=5.806(3); c=23.073(9) 

- 

* the low accuracy of the c-axis values determined from XRD pattern could be explained by small amount of the  

(La1-ySryS)1.15NbS2 in the sample and as a result weak intensity of reflections, which more broad in this case. 

 

In Figure 33, the dependence of the с parameter on the strontium amount (y) of the  

(La1-уSryS)1.15 unit cell are presented. It is evident that for a ratio Sr:La<1 the с parameter of the 

unit cell of (La1-уSryS)1.15NbS2 increase monotonously indicating the existence of a continuous 

solid solution up to у=0.5. This observation is in good agreement with an increasing amount of 

strontium in the AS-slab, which has larger radius than La. At y>0.5 EDX and phase analysis data 

show that the samples are not single phase and contain "SrNb2S5" in increasing amounts. Further 

increase of the strontium content in the starting mixtures (у≥ 0.6) does not lead to a change of the 

с-parameter, and thus, layered sulfides with larger strontium content do not form. For samples 
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with y=0.3, 0.4 the composition could be 

written as (La0.68Sr0.32S)1.15NbS2 and 

(La0.66Sr0.34S)1.15NbS2, respectively. In 

both cases the strontium content is not 

higher than 40%.  

Thus, the maximal amount of La 

which could be replaced by Sr was 

0.4≤y≤0.5 in the (La1-уSryS)1.15NbS2 

series. Taking this into account, the 

minimal value of the charge transfer 

from the AS slab to the MS2 slab which 

is necessary for stabilization of the 

misfit layer structures of niobium containing sulfides can be calculated to 0.57-0.64 electron per 

niobium atom. 

 

4.2.5 Crystal structure of (Pr0.55Sr0.45S)1.15NbS2. 

 

The unit cell dimensions of the (Ln1-xSrxS)1.15NbS2 sulfides obtained by indexing their 

XRD-patterns are close to those for non-substituted misfit layer (LnS)1+xNbS2 sulfides. In order 

to determine the crystal structure of the 

sufides with the general formula (Ln1-

xSrxS)1.15NbS2, attempts to obtain crystals of 

good quality for X-ray single crystal 

experiments were made. 

In the case of (Pr0.55Sr0.45S)1.15NbS2 a 

crystal of good quality was obtained. The 

composition was determined using EDX 

analysis by averaging eight measurements to 

Pr:Sr:Nb:S=10.9(3):8.9(3):19.4(4):60.6(3). 

The crystal was a plate with dimensions 

0.2×0.2×0.05 mm3. Data collection parameters 

and structure determination data are presented 

in Table 30 (see Appendix 5). 

The chosen crystal consisted of four well-resolved individuals. Three of them are clearly 

seen in the (ab)-plane (see Figure 34), the fourth is in the (bc)-plane (see Figure 35c). Three of 

Figure 33: The dependence between c-parameter and

Sr-content (x) for (La1-xSrxS)1.15NbS2 compounds

(0<x<0.5). 

Figure 34: Scheme of twinning in the (ab)-

plane in the (Pr0.55Sr0.45S)1.15NbS2 crystal. 
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these individuals were misfit layer compounds (Pr1-ySryS)1.15NbS2, the unit cell dimensions of the 

fourth individual corresponded to the sulfide "SrNb2S5". For the integration of the data it was 

necessary to choose the crystal with the strongest reflections. It was clear that on the image of X-

ray diffraction along the [001]* direction (see Figure 35b) hk0 (h,k=2n+1) reflections were 

absent, which indicates a FF centering of the incommensurate system. Further analysis of the 

whole X-ray diffraction pattern revealed the extinction condition (hklm: h+k, k+l, l+h=2n) 

compatible with F-centering. The F-centered unit cell of the (Pr0.55Sr0.45S)1.15 slab with unit cell 

dimensions a=5.799(3) Å, b=5.810(2) Å, c=23.331(9) Å was chosen as the main structure with 

modulation wave vector q=0.74a*. The superspace group was derived as P:Fm2m (α00), where 

the F-centering is given by the matrix: 

Figure 35: X-ray single crystal diffraction patterns, zones [001]*, [100]*, [010]*. Zone

[001]* with twinning is presented on the (a) and cleaned from twinning is on the (b). 
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The W-matrix connecting the two superspace groups is given by 
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 For the (Pr0.55Sr0.45S)-part, 231 reflections with I≥3σ(I) were observed after averaging. 

The composite approach was used for the structure solution. In the first approach we considered 

the two parts as independent. The Pr/Sr position was found by direct methods using the program 

Shelx97 [112, 113] and the position of the sulphur atom was found by difference Fourier 

synthesis using the program Jana2000 [114]. The refinement with anisotropic temperature 

parameters considering that the position of the metal atom in the Q-slab is fully occupied only by 

Pr (g=1) led to the reliability factors for the Q-slab - Robs=10.91% and RWobs=9.73%. Since from 

the EDX analysis it was known that there is also Sr in the Q-slab, a mixed occupancy at the 

metal position was refined. The values of the reliability factors for the Q-slab decreased to 

Robs=10.38% and RWobs=9.22% giving an occupation of Sr:Pr=0.36(2):0.64(2). The temperature 

parameters for the Sr/Pr and S atoms are 0.018(1) and 0.015(4), respectively. Refinement with 

anisotropic parameters led to a decrease of the reliability factors for the Q-slab - Robs=7.12% and 

RWobs=6.70%. The atomic coordinates and temperature parameters for the Q-slab are presented 

in Tables 31 and 32 (see Appendix 5). 

 In the case of the NbS2 slab, 133 reflections with I≥3σ(I) were observed. The positions of 

Nb and S2 were determined from the difference Fourier synthesis using the phasing given by the 

atoms of the Q-slab. The reliability factors for the H-part obtained in the refinement with 

isotropic temperature parameters were Robs=10.89% and RWobs=10.17%. The refinement with 

anisotropic temperature parameters led to lower reliability factors for the NbS2-slab Robs=7.96% 

and RWobs=7.78%. The atomic coordinates and temperature parameters of the H-part are 

presented in Tables 33 and 34 (see Appendix 5). 

The element ratio, obtained from the structure refinement is 

Pr:Sr:Nb:S=12.8:8.9:18.9:59.4, which is in good agreement with the EDX data - 

Pr:Sr:Nb:S=10.9(3):8.9(3):19.4(4):60.6(3). 
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The projection of the (Pr0.55Sr0.45S)1.15NbS2 structure along the [100] direction is 

presented in Figure 36a. The (Pr0.55Sr0.45S)1.15NbS2 structure is isostructural with the misfit layer 

sulfide (NdS)1.18NbS2 [42] and it can be described as an intergrowth structure of two 

incommensurately modulated subsystems: Pr0.55Sr0.45S(pseudotetragonal)-slab and 

NbS2(pseudohexagonal)-slab. 

The MS-slab has a distorted NaCl structure and consists of two layers of atoms. Each of 

these layers contains three types of atoms (Pr, Sr and S). Both metal atoms are coordinated with 

five atoms of sulphur (S1), which belong to the MS-slab. The metal atom has square-pyramidal 

geometry with four S1 atoms in the same plane, and the fifth sulphur atom from the 

neighbouring layer (the interatomic distances are presented in Table 35, Appendix 5). The in-

plane distances M-S1 (M=Pr, Sr) are in the range 2.942(2)-2.98(5) Å, between the layers the 

distance M-S1 is 2.90(5) Å. The Sr and Pr atoms are also coordinated with sulphur atoms (S2) 

from the adjacent NbS2-slab. Due to the incommensurability along the a-axis, the number of this 

type of atoms varies between 1 and 3 (see Figure 36b). The Sr-S2 distances as a function of t-

phase (see Appendix 1) are presented in Figure 37. 

Figure 36: Projections of the (Pr0.55Sr0.45S)1.15NbS2 crystal structure along 

[100] (a) and along [010] (b). 
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The NbS2-slab consists of three layers of atoms (S-Nb-S) with the niobium atoms in 

trigonal-prismatic coordination. The structure of the slab is the same as in the disulfide NbS2. 

The Nb-S distances (2.49 Å) are close to the distances observed in the misfit layer sulfide 

(LaS)1,14NbS2 (2.474-2.484 Å [37]), but slightly longer than in disulfide NbS2 (2.421-2.432 Å 

[1]). The increase of the Nb-S distances in the misfit layer sulfides in comparison with NbS2 

could be explained by a lower oxidation state of Nb in the NbS2-slab caused by charge transfer 

from the Q-slab to the H-slab. 

Thus, the crystal structure of substituted misfit layer sulfides (Ln1-ySryS)1.15NbS2 is the 

same as the structure of the misfit sulfides with general formula (LnS)1+xNbS2. The structure of 

the NbS2-slab is the same for both substituted and non-substituted sulfides. In the case of Sr-

substituted sulfides one can observe a statistical distribution of Ln and Sr over the cation position 

in the Q-slab. As in the case of non-substituted sulfides this slab consists of two layers of atoms, 

and has a NaCl structure type. 

 

 

 

 

Figure 37: Interatomic distances M-S2 (M=0.628(7)Pr+0.372(7)Sr) as a function of the

fourth superspace coordinate t for the (Pr0.55Sr0.45S)1.15NbS2 structure. The lines parallel

to t-axis correspond to M-S1 distances. 
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4.2.6 Magnetic measurements of the misfit layer sulfides. 

 

For the samples [(A1/3Sr2/3S)1.5]1.15NbS2, (A=Y, Nd, Sm, Tb-Er, Yb, Lu)) and  

(Ln1-ySryS)1+xNbS2 (Ln=La, Ce) the temperature dependence of the magnetic susceptibility was 

measured. The measurements showed that in case of (La1-ySryS)1.15NbS2 and 

[(А1/3Sr2/3S)1.5]1.15NbS2 (А=Y, Lu) the temperature dependence displays a diamagnetic behavior 

in all the temperature range measured 1.8-360 K. All the other samples are paramagnetics down 

to 1.8 K. Calculated and measured magnetic moments of the sulfides are presented in Table 36. 

The measured magnetic moments are in good agreement with calculated magnetic moments 

indicating that rare-earth elements are preferably in +3 oxidation state. 

 

Table 36: Magnetic properties of the misfit layer sulfides [(Ln1/3Sr2/3S)1.5]1.15NbS2 (I) and  

(Ln1-ySryS)1+xNbS2 (II). 

Ln Magnetic properties µexp (µB) µcalc (µB) [34] 

La (II) diamagnetic  

Ce (II) paramagnetic 2.39 2.54 

Nd (I) paramagnetic 3.85 3.62 

Sm (I) paramagnetic Does not obey Curie-Weiss law 

Gd (I) [56] paramagnetic 7.82 7.88 

Tb (I) paramagnetic 9.85 9.72 

Dy (I) paramagnetic 10.73 10.63 

Ho (I) paramagnetic 10.45 10.60 

Er (I) paramagnetic 9.48 9.59 

Yb (I) paramagnetic 4.62 4.54 

Lu (I) diamagnetic  

Y (I) diamagnetic  

 

In Figures 38 and 39 the inverse magnetic susceptibility versus temperature for the 

[(Ln1/3Sr2/3S)1.5]1.15NbS2 (Ln=Sm and Tb) are shown. For the Tb-containing mixed sulfide, the 

behaviour of the inverse susceptibility follows the Curie-Weiss law, while the temperature 

dependence of the inverse magnetic susceptibility of the Sm-containing sample has a more 

complex non-linear behaviour and does not obey the Curie-Weiss law. The same behaviour for 

the inverse magnetic susceptibility was observed in the literature for (SmS)1.19NbS2 [43]. 
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Figure 38: The dependence of inverse magnetic susceptibility versus temperature

for the [(Sm1/3Sr2/3S)1.5]1.15NbS2 

Figure 39: The dependence of inverse magnetic susceptibility versus temperature

for the [(Tb1/3Sr2/3S)1.5]1.15NbS2 
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4.3 Investigation of the compounds with composition "AM2S5". 

 

4.3.1 Synthesis and investigation of "EuNb2S5". 

 

An attempt to synthesize the sample with composition "EuNb2S5" using stoichiometric 

mixtures of EuS, Nb and S at T =1050°С for 48 hours resulted in NbS2 and new phase with 

hexagonal symmetry and the unit cell parameters presented in Table 37 (sample 1). These 

parameters are close to those for the complex sulfide SrNb2S5 as the Eu2+ ion has an ionic radius 

similar to Sr2+. 

Further annealing of the sample at 1100°С during 48 hours led to small change of the cell 

parameters (sample 2, Table 37). In order to find the composition of the new phase, an energy 

dispersive X-ray analysis was performed using a scanning electron microscope. Two types of 

crystallites in the sample were found with element ratios Eu:Nb:S=17.2(6):22(1):61(1), which 

corresponds to the formula Eu1.41(5)Nb1.80(8)S5.0(1) (normalized on five sulphur atoms) and 

Eu:Nb:S=5.4(1):29.8(8):64(2), which corresponds to the formula Eu0.168(3)Nb0.93(3)S2.00(6). The 

latter composition corresponds to the known compound Eu1/6NbS2, which is analogous with 

structure of alkali metals intercalates (the cell parameters of this intercalate are а=3.352 Å, 

с=14.75 Å (see section 2.2)). However, the reflections from this compound were not found on 

the X-ray diffraction pattern, which indicates that the amount of this phase in the sample is very 

low. 

 

Table 37: The unit cell dimensions of the "EuNb2S5" samples obtained at different synthetic 

conditions. 

№ Eu:Nb 

(starting ratio) 

Synthetic conditions а, Å с, Å 

1 

2 

 

3 

1:2 

1:2 

 

1:1.46 

Т=1050°С,48 h. 

additional annealing sample 1 

Т=1100°С, 48 h. 

Т=1100°С, 48 h. 

3.3544(8) 

3.3556(8) 

 

3.353(1)* 

23.35(1) 

23.440(9) 

 

23.45(1)* 
* - calculated from the XRD-pattern measured on the STOE STADI/P diffractometer; the unit cell dimensions of the sample №1 

and №2 were calculated from the XRD-patterns measured with Guinier camera (see section 3.2.1). 

 

The next synthesis was performed taking into account the EDX data. An annealing of the 

sample with composition Eu1.4Nb1.8S5 was carried out during 48 hours at 1100°С. According to 

EDX data, the element composition of the crystallites in this sample was very similar to that of 
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sample 2. The elemental ratio was found to be Eu:Nb:S=16(1):23.4(5):60.6(7), which 

corresponds to the formula Eu1.32(8)Nb1.93(4)S5.00(6). No Eu1/6NbS2 crystallites were found in this 

sample. 

According to the phase analysis, the Eu1.3Nb1.9S5 (sample 3) was a single-phase sample. 

The strongest reflections on the X-ray diffraction pattern were indexed in hexagonal symmetry 

with unit cell parameters a=3.353(1) Å and c=23.45(1) Å with the indexed reflections obeying 

the condition 000l, l=2n. Electron diffraction studies revealed the presence of a complex 

superstructure √7аsub×√7аsub along the ]0001[ * direction (see section 4.3.3), which allowed us to 

index the X-ray diffraction pattern including the reflections with weak intensity in a hexagonal 

cell with unit cell dimensions asuper=8.8732(8) Å and csuper=23.45(1) Å. The XRD-pattern of the 

Eu1.3Nb1.9S5 (sample 3) is presented in Figure 40. The density of Eu1.3Nb1.9S5 was measured with 

a pycnometer to 4.8(1) g/сm3 (ρcalc=4.9 g/сm3). 

 

4.3.2 Magnetic properties of Eu1.3Nb1.9S5. 

 

The temperature dependence of the magnetic susceptibility of Eu1.3Nb1.9S5 (sample 3, 

Table 37) is presented in Figure 41. The transition temperature to the superconducting state is 

Figure 40: X-ray powder diffraction pattern of "EuNb2S5". The superstructure

reflections are shown by asterisks. 
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about 3 K. The volume of superconducting phase, calculated on the basis of these experimental 

data is around 80% (the volume was calculated using the formula χm
exp./χm

calc., where χm
calc.= -

1/4πd, d is the density of the compound). This indicates the presence of bulk superconductivity 

and the observed Tc is very close to the reported transition temperature for the compounds 

АМ2S5 (A=Sr, Ba; M=Nb, Ta) [81-86]. 

 

4.3.3 Determination of a crystal structure model for Eu1.3Nb1.9S5 using electron diffraction and 

high resolution electron microscopy. 

 

Attempts to grow single crystals of the sulfide Eu1.3Nb1.9S5 lead either to twinned 

crystals, or to small crystals unsuitable for the X-ray single crystal experiment. Because of high 

preferred orientation of the powder samples and quite complex superstructure, we were unable to 

Figure 41: Temperature dependence of the magnetic susceptibility for the Eu1.3Nb1.9S5. 
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solve the structure by the Rietveld method. Therefore, it was decided to find a structural model 

on the basis of the electron diffraction data and high resolution electron microscopy (HREM). 

X-ray diffraction patterns of the Eu1.3Nb1.9S5 sample recorded in reflection and 

transmission modes revealed also a strong effect of preferred orientation reflecting the layered 

character of the structure of the sulfide. Since the average distances between layers of S atoms in 

NbS2 and its derivates are around 2.9–3.2 Å, an eight-layered hexagonal close packing of S 

atoms along the c-axis in the structure Eu1.3Nb1.9S5 was assumed. 

As has been mentioned above, 

the presence of a complex superstructure 

√7аsub×√7аsub along the direction 

]0001[ * was found. A similar 

superstructure has been described for the 

oxosulfide Sr6V9S22O2 [87]. The 

presence of oxygen atoms in the 

Sr6V9S22O2 structure was proved with IR 

spectroscopy and in order to determine if 

our sample contained oxygen, we 

performed energy dispersive X-ray 

analysis using a transmission microscope 

(EDX allows qualitatively to confirm or 

to discard the presence of oxygen). In 

our case, no traces of oxygen were found 

and the composition determined with this method is Eu:Nb:S=16.2(7):23(1):61(1), which 

corresponds to the chemical formula Eu1.3(1)Nb1.9(1)S5.0(1). 

ED patterns of the main zones are presented in Figure 42. The bright spots on the ED 

pattern along the ]0001[ * direction can be indexed in hexagonal symmetry with subcell 

parameters а∼3.3 Å, the weak reflections correspond to a √7аsub×√7аsub superstructure. Figure 43 

shows the relation in real space between the subcell vectors (а1, а2, а3) and superstructure cell 

(А1, А2, А3), where ⎪А1⎪=⎪А2⎪=√7аsub and ⎪А3⎪=⎪а3⎪=c. The relation between the vectors of 

these cells can be described by the following transformation matrix: 
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Figure 42: Electron diffraction patterns along

different zone axes for Eu1.3Nb1.9S5. 
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The c-axis parameter, obtained 

from indexing the ED patterns, is ∼23.5 

Å. On the ED patterns along ]0011[ * and 

]1021[ * the systematic absence condition 

000l, l≠ 2n is observed, but on the 

pattern along ]0145[ *, weak reflections 

000l with l≠ 2n are present. Since these 

spots disappeared when the crystallite 

was tilted around the ]0001[ * axis, their 

presence in the ]0145[ * zone could be explained by double diffraction. The extinction condition 

found is in good agreement with the XRD-pattern. 

On the images of the ED zones ]1021[ * and ]0011[ *, considerable streaking was observed 

along the rows of the superstructure reflections, however reflections corresponding to the subcell 

are not streaked. This observation will be discussed further. We tried to determine the structure 

from the HREM images taking into 

account the composition of sulfide 

obtained by EDX analysis and the 

symmetry of the structure determined by 

electron diffraction and crystallochemistry 

of the constituent atoms. Experimental 

HREM images were compared with 

simulated images for different structure 

models. For the modeling of the subcell 

the most useful zone was ]0145[  (see 

Figure 44). On the calculated images, the 

conditions correspond to the experimental 

one, i.e. the thickness of the crystallite 

(∼32 Å) and defocus close to Scherzer defocus (atoms are imaged in black). Considering that 

niobium atoms are in trigonal-prismatic coordination the black "furrows" are related to the NbS2 

slabs. Good agreement between calculated and observed images allows us to suggest the 

following stacking sequence of the atom layers along the с-axis: . . .AcABCBaBABAcA. . . , 

described by the P63 space group. Capital and small letters correspond to layers of sulphur and 

niobium atoms, respectively. The atomic coordinates in the supercell could be obtained using a 

Figure 43: Scheme of transformation from subcell

to supercell in direct space. 

Figure 44: HREM image along the ]0145[ * axis.

The simulated image for defocus –350 Å and

thickness 32 Å given as inset. 
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transformation matrix that multiplies the number of atoms in each layer by 7. The proposed 

model consists of eight atoms of sulphur, including two Nb7S14 slabs, separated by two layers of 

sulphur (S7). The average interlayer S-S separation is 2.9 Å. 

It is known that a number of niobium dichalcogenides derivatives exhibit charge-density-

wave (CDW) formation. In order to check if the appearance of superstructure was caused by 

CDW, the crystallite oriented along the direction ]0001[ * was heated under the microscope. 

However the superstructure was found to be stable up to 760°С (the highest possible temperature 

of heating) without any significant change of the superstructure reflections. If the superstructure 

were caused by CDW it would disappear under heating, thus, the presence of superstructure is 

not consistent with the possibility of charge density localization in the NbS2 layers. Since the 

observed superconductivity indicates the presence of undistorted trigonal-prismatic NbS2 layers, 

it is reasonable to assume that the superstructure is caused by an ordering within the other layers. 

The model of eight S-based layers with Nb in trigonal-prismatic coordination 

corresponds to the composition Nb14S56. Agreement with the composition determined by EDX 

analysis requires additional Eu and Nb atoms to be incorporated into the supercell matrix. The 

following possibilities were considered and subsequently verified: 

a) Eu atoms and additional Nb atoms occupy the interstices formed by the S-based layers; 

b) Eu and S atoms form mixed (Eu,S)7-layers sandwiched between the Nb7S14 slabs. 

In the stacking 

sequence deduced from 

HREM images above 

there are octahedral and 

tetrahedral interstices 

between the S-based 

layers, which could be 

occupied by Eu or Nb 

atoms. Filling the 

octahedral sites with 12 

Eu atoms and 6 Nb 

atoms leads to 

formation of the √7аsub×√7аsub superstructure. In this case the composition of the sulfide would 

be Eu12Nb20S56, which is close to the composition determined by EDX analysis. However, the 

calculated HREM image of the ]0145[  zone of this model is in poor correspondence with the 

experimentally observed and therefore this model was rejected. 

Figure 45: Projection of the (Eu3S4) layer: (a) a single lair with

ideal hexagonal arrangement, (b) modifiedsingle lair with atoms

shifted from the ideal positions, (c) two successive (Eu3S4) layers

with niobium atoms in octahedral coordination. 
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Next, a model with mixed occupation of the hexagonal layers by Eu and S layers was 

considered. Each layer of the superstructure cell contains seven atoms, which are distributed over 

three independent positions. Restrictions caused by symmetry and stoichiometry require the 

mixed layer to have the composition Eu3S4. Mixed hexagonal (Sr3S3O) layers have been reported 

for Sr6V9S22O2 [87], which has a similar √7аsub superstructure. Sr2+ and Eu2+ have similar ionic 

radii and therefore the existence of mixed layers (Eu3S4) in the europium containing compound 

is reasonable and was used as a trial model. 

Within the ideal hexagonal (Eu3S4) layer, Eu atoms form triangles with distances Eu-Eu 

and Eu-S equal to 3.35 Å (see Figure 45a). Such Eu-Eu distances are too short, and the reported 

average Eu-S distances are slightly shorter ∼3.0 Å. Thus, Eu and S atoms are slightly shifted 

from their ideal positions. A modified (Eu3S4) layer is presented in Figures 45b and 45c. The 

atomic shifts were restricted by the requirement to maintain a good agreement with observed 

HREM images along different directions. 

The different stacking of the two (Eu3S4) layers lead to the formation of one octahedral 

and two tetrahedral interstices between the sulphur atoms of these layers. These interstices could 

be occupied by additional Nb 

atoms in order to obtain the 

chemical composition determined 

by EDX. Therefore, two structure 

models could be suggested: in the 

first model Nb atoms occupy two 

tetrahedral interstices, while in the 

second model one Nb atom 

occupies the octahedral interstice 

(see Figure 46). Octahedral 

coordination of Nb is often 

observed in NbS2 derivative 

structures, while tetrahedral 

coordination of Nb is very rare and 

usually related to Nb5+ [117]. Thus, the second model with Nb in octahedral coordination 

between the two Eu3S4 layers is more reasonable from the crystallographic point of view. 

The HREM images of the ]0145[ , ]0011[  and ]1021[  zones were used for comparison of 

experimental images with the calculated ones. Only along the ]0145[  direction one can observe 

columns of atoms of the same type (see Figure 47), for the other directions, the relation between 

Figure 46: Proposed structural models: (a) niobium in

tetrahedral coordination, (b) niobium in octahedral

coordination. 
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the structure and image is not straightforward. A comparison between the simulated and 

observed model favours the second model with niobium in octahedral interstices. Though both 

models produce quite similar pictures the highest difference between the models was observed 

on the HREM of the ]1021[  zone under underfocus conditions. For this zone, the results of the 

calculations for both models will be presented, while for all the other zones only the results for 

the "octahedral" model will be presented. 

The projections along the ]0145[ , ]0011[  and ]1021[  directions, where Nb occupies 

octahedral positions are presented in 

Figure 47. From a comparison of the 

]1021[  simulated image with the 

corresponding projection, white lines on 

the picture of the structure are attributed to 

NbS2 slabs and white dots correspond to 

the cation arrangement in the (Eu3S4) 

layers (see Figure 48). Along ]0110[  

"double spots" are spaced by 7.7 Å, which 

agrees with the superstructure period along 

this direction. It is clearly seen that the 

arrangement of these double spots along 

the с-axis is often absent, which causes 

stacking disorder and explains the presence of streaks along c* on the ]0011[ * and ]1021[ * zones, 

Figure 47: Projection of the "octahedral" model of the Eu1.3Nb1.9S5 along the (a)

]0145[ , (b) ]0011[ , (c) ]1021[  zone axes. 

Figure 48: HREM image along the ]1021[ * axis.

The simulated image for defocus 320 Å and

thickness 44 Å given as inset. 
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which correspond to hkil reflections of the superstructure. At the same time, the periodicity of 

the NbS2 slabs is preserved and as a result, the reflections of the sublattice are well-defined. The 

calculated HREM image is in a good agreement with observed one. 

For the ]0145[  and ]0011[  zones, the simulated HREM images for the "octahedral" model 

are in good agreement with 

experimentally observed images. The 

image of the ]0145[  zone has already 

been discussed (see Figure 44). On the 

image of the ]0011[  zone the columns of 

atoms corresponding to the Nb7S14 slabs 

are not resolved and are projected as 

black continuous lines in the image (see 

Figure 49). The black zig-zags 

containing "furrows" correspond to 

triangles of Eu atoms in the doubled 

(Eu3S4) layers joined through Nb atoms 

(see Figure 47b). The distances between the zig-zags containing "furrows" is 4.4 Å, which is in 

good agreement with the period of the superstructure along the ]0211[  direction. The HREM 

image study along the ]1021[  direction revealed the existence of curved crystals of Eu1.3Nb1.9S5, 

reminiscent of the behaviour of graphite 

and of the layered dichalcogenides with 

2H type of packing [118]. 

The largest difference that can be 

observed between the models is on the 

simulated HREM images along the ]1021[  

direction, taken under underfocus 

condition (see Figure 50). The black 

continuous lines correspond to NbS2 slabs, 

showing no superstructure ordering. The 

black assembling in between corresponds 

to the ordering of the (Eu3S4)-layers. For 

easy comparison, the calculated HREM 

for both models are inserted in Figure 50. The composition of the compound, estimated from the 

"octahedral" model is Eu6Nb8S22 (or normalized on five sulphurs - Eu1.36Nb1.8S5), which is also 

Figure 49: HREM image along the ]0011[ * axis.

The simulated image for defocus –540 Å and

thickness 36 Å given as inset. 

Figure 50: HREM image along the ]1021[ * axis.

The simulated image for defocus –760 Å and

thickness 48 Å given as inset. 
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in better agreement with the EDX data. The value of calculated density for this model is in better 

agreement with experimental density: 4.90 g/cm3 and 4.8(1) g/cm3, respectively (the calculated 

density for the "tetrahedral" model is 5.09 g/cm3). These results make the "octahedral" model 

more preferable and atomic coordinates in the Eu1.3Nb1.9S5 structure are presented in Table 38 

(see Appendix 6). 

The suggested "octahedral" model of the Eu1.3Nb1.9S5 structure can be described as 

alternating [Nb7S14] and [Nb(Eu3S4)2] slabs along с (see Figure 47). Each successive [Nb7S14] 

slab is rotated by 180° with respect to the previous one, which leads to a doubling the с-

parameter. The Nb-S distances in the trigonal prisms are ∼2.45 Å; the typical distance for all the 

derivatives of NbS2. In the mixed (Eu3S4) layer the Eu atom is coordinated to four S atoms with 

Eu-S distances of 2.8, 2.9(×2), and 3.1 Å. The Eu–S distances to the sulphur atoms at the 

neighbouring [Nb7S14]-slab are about 3.0 and 3.1 Å, and the distances to the sulphur atoms from 

the neighbouring [Eu3S4]2- layer are about 3.2 Å. Inside the [Eu3S4]2- layer, Eu atoms are 

separated from each other by 4.2 Å. Two [Eu3S4]2- layers are connected through Nb atoms. This 

atom is in octahedral coordination and the Nb–S distance is around 2.6 Å. The ordering in the 

[Eu3S4]2- layers causes the formation of the √7аsub×√7аsub superstructure, but it appears that there 

is no strong effect on the [Nb7S14] slabs. Thus, the interaction between [Nb7S14] and 

(Nb[Eu3S4]2) slabs is very weak and an ordering in the stacking of (Nb[Eu3S4]2) slabs along the 

c-axis is clearly absent, although the mutual arrangement of neighbouring [Eu3S4]2- layers is well 

defined. 

As in other structures with close packed layers, the Eu1.3Nb1.9S5 exhibits a packing 

disorder along the с-axis, which makes it difficult not only to interpret X-ray data, but also 

HREM images. The defects in the microstructure include translational and rotational disorder, 

which are easy to find on the ED patterns and HREM images. On the ED patterns along the 

]0[hk  directions, streaks along the c-axis are observed, however, they are related only to the 

superstructure reflections (see Figure 42c). One possible explanation is that the (Nb[Eu3S4]2) 

slabs are rotated or shifted with respect to each other while they are packed along the с-axis. 

 

4.3.4 A model of the "SrNb2S5" crystal structure. 

 

 Taking into account the close radii of Eu2+ and Sr2+, several attempts were made to 

determine the structure of "SrNb2S5" and compare it with the model proposed for Eu1.3Nb1.9S5 

(see section 4.3.3). Data collection parameters and structure determination data of the "SrNb2S5" 

are presented in Table 39 (see Appendix 7). 
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It was not possible to find 

single crystals of good quality and the 

specimen chosen for the diffraction 

experiments consisted of two 

pseodohexagonal individuals, which 

were possible to resolve. Figure 51 

shows the twinning of this two 

individuals projected on the (a,b)-

plane in reciprocal space. Analysis of 

different X-ray diffraction zones of the 

crystal allowed us to conclude that the 

crystal systems are triclinic (96° angle 

is shown in Figure 52). This conclusion also has been confirmed by ED. The twinning matrix 

could be written as: 
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For the structure refinement the individual with the weakest reflections was chosen, since 

the superstructure reflections are better resolved. The reflections corresponding to the subcell 

were common for both crystal systems (see Figure 51). The transformation matrix to hexagonal 

subcell can be written as follows: 
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The ratio of the reflection intensities of the two intergrowth crystal systems was about 

2:1. In order to use direct methods, the intensities of the substructure reflections were divided by 

three. The starting model was determined using the program Shelxs97 [112, 113]. The model 

obtained was then refined using Jana2000 [114], where the original data could be used by the 

inclusion of twinning law. The reflections, which obeyed the condition 2h-k=7n were weighted 

independently in order to decrease influence of stacking disorder. The recognition of Sr and Nb 

atoms was done taking into account the M-S bond distances, Sr-S ∼ 3.00 Å, and Nb-S ∼ 2.50 Å. 

Figure 51: Scheme of twinning in reciprocal space in

"SrNb2S5" crystal. 
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The obtained model of the "SrNb2S5" structure is similar to Sr6V9S22O2 (see section 2.4). The 

atomic coordinates are presented in Table 40 (see Appendix 7). 

 The EDX analysis was performed on the 

crystal used in the refinement and the obtained 

element ratio was Sr:Nb:S=17.9(5):22.1(9):60(1), 

which corresponds to Sr6.7(2)Nb8.5(3)S23.0(4). The 

composition of "SrNb2S5" obtained from the 

refinement could be written as Sr6Nb9S23 (or 

normalized to five sulphurs - Sr1.3Nb1.9S5). The 

structure of the "SrNb2S5" model is presented in 

Figure 53. The model can be described as 

consisting of two types of slabs: a Nb7S14 and a 

[Sr6(NbS4)2S] slab. The main interatomic 

distances in the "SrNb2S5" structure are presented 

in Table 41 (see Appendix 7). The Nb7S14 slab is 

the same as the NbS2 slab in the structure of 

niobium disulfide and its derivatives. Niobium in 

this slab is in trigonal-prismatic coordination, with the Nb-S distances in the range 2.4(2)-

Figure 52: (h0l)* zone of X-ray

diffraction obtained from the "SrNb2S5"

crystal. Triclinic unit cell is shown with

black lines. 

Figure 53: The projection of the structure model of "SrNb2S5" along [010] (a); (b) the Nb7S14 

layer in (ab)-plane; (c) packing of two Nb7S14 layers; (d) the [Sr6(NbS4)2S] layer in (ab)-plane.
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2.64(16) Å. These distances are slightly longer than in NbS2, suggesting a partly reduced state of 

niobium due to charge transfer to the Nb7S14 slab. The [Sr6(NbS4)2S] slab is close to the 

[Sr6(VOS3)2S2] slab in the structure of the oxosulfide Sr6V9S22O2, however the disulfide group is 

absent in this case. The niobium atom in this slab is in tetrahedral coordination with distances 

Nb-S lying in the range 2.13(11)-2.46(13) Å. However, such coordination is not typical for 

niobium in sulfides. For comparison, the lengths of the Nb-S distances for niobium in octahedral 

coordination are in the range 2.26-2.46 [4]. The Sr-S distances in the [Sr6(NbS4)2S] slab are in 

the range 2.58(18)- 3.45(12) Å, and for a comparison the same Sr-S distances in SrS are ∼2.95-

3.10 Å. 

Both "SrNb2S5" and "EuNb2S5" are layered and can be described as an alternation of the 

[Nb7S14] and [Sr6(NbS4)2S] slabs (in one case) and [Nb(Eu3S4)2] (in another case) along the c-

axis. Each successive [Nb7S14] slab is rotated by 180° with respect to the previous one, which 

causes the doubling of the с-

parameter. However in the case 

of "SrNb2S5" one can observe 

shifting of the [Nb7S14] slabs 

with respect to each other and 

subsequent packing in a 

primitive hexagonal packing 

type (i.e. 2H packing with shift 

as in the case of strontium 

intercalates). In the case of 

"EuNb2S5", successive 

[Nb7S14] slabs do not shift and one can observe 2H-packing as in the case of MoS2. Such shift 

leads to a packing of the two [Sr6(NbS4)2S] slabs, which breaks the 63 and 3 axes in the structure. 

Comparing [Nb(Eu3S4)2] and [Sr6(NbS4)2S] slabs it became obvious that (Eu3S4) and (Sr3S5) 

layers are almost the same with a small difference in one sulphur atom (see Figure 54), which is 

present in the bottom layer (Sr3S5), but absent in the upper layer. This explains the absence of the 

disulfide groups in the structure of "SrNb2S5" compared to Sr6V9S22O2. In the mixed layer 

(Eu3S4) the Eu atom is coordinated to four S atoms, with the Eu-S distances in the range 2.8-3.1 

Å and in the (Sr3S5) layer the Sr atom is coordinated by five S atoms with the same distances. 

The packing of the mixed layers with [Nb7S14] slabs in both structures is the same. The 

difference in the structures of the [Nb(Eu3S4)2] and [Sr6(NbS4)2S] slabs is the following: the 

niobium atom in the first case occupies the octahedral interstice formed by the packing of the 

(Eu3S4) layers. In the second case the niobium atoms occupy tetrahedral interstices as the 

Figure 54: Bottom layer (Sr3S5) (a); upper layer (Sr3S4) (b),

which is the same with (Eu3S4). 
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additional sulphur atom located exactly over the octahedral void prevents niobium to occupy it. 

An attempt to put the niobium atoms into the octahedral interstices instead of tetrahedral led to 

the increase of the reliability factors from Rall/Robs=0.1583/0.1588 to Rall/Robs=0.2393/0.2831. 

Temperature parameters (Uiso) of niobium atoms in octahedral interstices were rather high 0.7(2) 

and 0.2(1), which implies that Nb is in tetrahedral coordination in the "SrNb2S5" structure. The 

[Eu6(NbS4)2] slab in the "tetrahedral" model of the "EuNb2S5" structure is closely related to the 

[Sr6(NbS4)2S] slab. 

 In conclusion, the structures of "SrNb2S5" and "EuNb2S5" are closely related. The 

superstructure in "SrNb2S5" is caused by an arrangement of sulphur atoms in the [Sr6(NbS4)2S] 

slabs and by an arrangement of Nb atoms in tetrahedral interstices. 

 

4.4 Crystal structure of BaNb0.9S3. 

 

 During the preparation of single crystals of BaNb2S5 from a BaCl2 flux, single crystals of 

BaNb0.9S3 were obtained as black plates. 

 Data Collection parameters and structure determination data are presented in Table 42 

(see Appendix 8). Analysis of reflections with F≥6σ(F) revealed presence of extinction condition 

lhhh2  (l=2n), which is consistent with space group P63/mmc. The unit cell dimensions were 

refined using 24 reflections in the range 16°<θ<18°, their values are а=6.8392(9) Å and 

с=5.745(1) Å. 

 For the solution and refinement of the structure the CSD program was used [109]. The 

least square refinement with isotropic temperature parameters led to reliability factors 

RF=RW=7.75%. The refinement with anisotropic temperature parameters reduced these values to 

RF=RW=3.26%. For the BaNbS3 sulfide the problem of anion and cation non-stoichiometry was 

open. With an occupancy of g=1 for the niobium atom isotropic temperature parameter Beq was 

1.99(6) Å2, which is quite large, for instance, in the analogous structure of BaVS3 the isotropic 

temperature parameter value for vanadium atom is 0.5 Å2 and suggest a partial occupancy at this 

position. The refinement of the occupation of the niobium position gave a value of 0.892(8), and 

the temperature parameter decreased to 1.52(4) Å2, the reliability factor also decreased to 2.40%. 

The refinement of the occupancies of barium and sulphur positions yielded g=1. Tables 43 and 

44 present the coordinates and temperature parameters of atoms, and in Table 45 the main 

interatomic distances are presented (see Appendix 8). A Ba/Nb metal ratio of 1.00(1):0.89(1) 

was obtained from EDX analyses, which is in good agreement with the refinement of the metal 

occupancies. 
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 BaNb0.9S3 crystallizes in the BaNiO3 structure type (see Figure 19, section 2.5.1). The 

structure of this mixed sulfide is built of face shared NbS6 

octahedra, which are connected in continuous linear 

chains along the с-axis with the Ba atoms located 

between the chains and coordinated to 12 S atoms. 

 Analysis of the interatomic distances and angles 

in the BaNb0.9S3 structure show that they are in good 

agreement with the data for BaVS3 and BaTaS3. The 

NbS6 octahedra are practically undistorted with Nb-S 

distances of 2.476 Å, which are slightly longer than for 

stoichiometric BaNbS3 (2.455 Å), but shorter than for 

BaNb0.8S3 (2.529 Å). There is an anisotropy of the 

thermal vibrations of Nb along the с-axis, i.e. along the 

chain of Nb-Nb atoms and the value of В33 is 

approximately 2.4 times higher than В11 and В22. Similar 

values were observed for the BaTaS3 structure (2.7 times 

В33>В11(В22)), and for the structural prototype of this 

compound BaNiO3 (2.5 times В33>В11(В22)). 

 Figure 55 shows images of electron diffraction 

patterns for BaNb0.9S3 along the ]0001[ , ]0211[  and 

]0110[  directions. In the ]0001[  zone the hexagonal 

symmetry can be confirmed. In the ]0211[  zone the 

distance between the 000l reflections is two times higher 

than in the ]0110[  zone, which implies that reflections 

with l=2n+1 are absent. The presence of 000l reflections 

with l=2n+1 in the ]0110[  zone is caused by double 

diffraction. This is also confirmed by the fact that in the 

]0211[  zone such reflections are absent, which confirms 

the choice of the most symmetric space group P63/mmc. 

The present investigation of BaNb0.9S3 by means of electron diffraction showed that the 

formation of cation vacancies did not give raise to a superstructure, indicating the statistical 

character of the vacancy distribution. 

 

Figure 55: Electron diffraction

patterns of BaNb0.9S3 along the

]0001[ , ]0211[  and ]0110[  zones.
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5. Summary 
 

 All the NbS2-based structures can be presented as intercalates of different structural units, 

either ions or slabs with different structures into NbS2. For small amounts of intercalated ions 

simple intercalates are formed, while on cooling or at higher amount of intercalated ions the 

formation of superstructures is also possible. Further increase of the amount of intercalated ion 

with e.g. a divalent ion with a lone pair or a trivalent lanthanide, leads to the formation of misfit 

structures, which are composite intergrowth structures. Increasing the amount of intercalated 

divalent ion such as Sr leads to formation of the "SrNb2S5" structure with an unusual √7a 

commensurate superstructure. Thus, in order to estimate the amount of charge transfer values 

necessary to stabilize the misfit structure the lanthanides ions in these compounds were replaced 

with Sr2+. 

Two series of Sr substituted Nb-based sulfides belonging to the 1.5Q/1H and 1Q/1H 

series of misfit layer compounds have been synthesised. For large lanthanides (Ln=La, Ce), only 

the 1Q/1H compounds formed whereas for smaller lanthanides and yttrium, both types of phases 

can be obtained. The crystal structure of (Pr0.55Sr0.45S)1.15NbS2 has been refined using the 

composite approach. In the Q-slab, Pr-atoms are partly replaced by Sr with a random distribution 

over one cation position. The (La1-xSrxS)1.15NbS2 solid solution (0.1<x<0.9) has also been 

studied. It was found that the maximum value of Sr substitution is 40-50% and therefore, the 

minimal value of charge transfer to stabilize this structure type is about 0.6ē per Nb atom. 

 Using (3+1)D approach, the crystal structure of [(Sm1/3Sr2/3S)1.5]1.15NbS2 belonging to the 

1.5Q/1H series have also been determined. The structure is a composite and two models with 

ordered or statistical distribution of ions in the slab [(Sm1/3Sr2/3S)1.5]1.15 were considered. Our 

results suggest a preferred occupancy of the cation positions in the slab where Sr atoms mainly 

occupy positions on the exterior of the slab while Sm atoms mainly occupy the positions in the 

center of the slab. 

 An attempt to synthesize SrxNbS2 (0.1≤x≤0.5) intercalates was made. Single phases 

could not be obtained, due to the difficulties in reaching equilibrium for the reaction, since the 

formation of the different types of packing of NbS2 is equal. Increasing the temperature from 

1000оС to 1100оС leads to the decomposition of intercalates and formation of the compound 

"SrNb2S5". Two single crystals of Sr0.22Nb1.05S2 and Sr0.23NbS2 were found and their structures 

were determined. The structures belong to two different types of packing. Both structures are 

intercalates, with Sr statistically distributed over occupies trigonal-prismatic sites between the 

NbS2 layers. 
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 A new superconducting sulfide, "EuNb2S5", was investigated by ED and HREM and its 

structure model was suggested. The best agreement between calculated and experimental images 

of HREM was found for the model consisting of Nb7S14 slabs and (Eu3S4)2 slab alternating along 

c-axis. The sulphur atoms in the slabs are closed packed and additional atoms of niobium occupy 

octahedral sites between the slabs of (Eu3S4)2. 

 An attempt to suggest a model for the structure of "SrNb2S5" by means of X-ray single 

crystal diffraction was made. It consists of two types of slabs: a Nb7S14 and a [Sr6(NbS4)2S] with 

niobium in tetrahedral coordination. The latter has similarities with [Sr6(VOS3)2S2] slab of 

Sr6V9S22O2. The layers of Eu3S4 in "EuNb2S5" and Sr3S4 layers are similar and suggest that the 

model of "SrNb2S5" is very close to the real structure. 

 For the first time single crystals of the complex sulfide BaNb0.9S3 have been studied by 

means of X-ray single crystal diffraction. The single crystal refinement and EDX analysis 

showed the existence of cation vacancies at the niobium position. This fact could explain the 

absence of predicted metallic conductivity. The ED studies showed that there is no 

superstructure in the BaNb0.9S3 and that these vacancies are statistically distributed. 

 In all the investigated compounds no significant increase of the transition temperature to 

the superconducting state was found. This is in agreement with bond valence estimations suggest 

that the intercalation of electron donor units into NbS2 layers causes a decrease in Tc. 
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6. Conclusions 
 

 In this work we have investigated the intercalation of electron-donors between NbS2 

slabs. No improvement of the magnetic properties was observed in comparison to NbS2 which is 

in agreement with the general knowledge about the effect of intercalation of charge-donors in 

layered sulfides. The investigated systems are more complicated than expected from previous 

investigations. Due to the intercalation of electron-donor structural units there is no strong 

interaction between slabs and only weak interaction is present. Thus, usually no perfect ordering 

of the slabs in the structure is observed. Due to this, the different possible packings of the slabs 

are always equal in energy and one can observe rotational and translational disorder, which 

causes streaking on ED patterns along the packing axis. In turn, this effect causes serious 

problems during the evaluation of X-ray single crystal diffraction and electron microscopy data 

and it also causes difficulties in obtaining single phase samples. 

In the investigated systems, it is possible to obtain different structures with the same 

slabs, but with different packing of the slabs. Thus, in the Ln-Nb-S systems we have observed 

different types of centring, caused by a shift of the slabs in relation to each other. The ordering in 

the pseudo-two-dimensional slabs is better than between them and they can be modified in two 

different ways, either by changing the thickness of the Q-slab or by replacing Ln with an alkaline 

earth ion. The latter allowed us to investigate the border misfit-commensurate phase and to 

estimate the minimal charge transfer necessary for stabilising the misfit structure. 

The Eu-Nb-S and Sr-Nb-S systems have been investigated in the compositional region 

AxNbS2 (0<x≤1) and shown to display similar intercalate phases. However, we have not found 

any incommensurable structures, which are observed for higher x-values in the Eu-Nb-S system. 

The structure of "SrNb2S5" is definitely commensurate which implies a good fit of the building 

slabs or a high disorder which makes it difficult to observe the possible incommensurability. 
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Appendix 1 

Theoretic bases of (3+1)D crystallography 
 

A.1 Incommensurately modulated structures. 

 

Incommensurately modulated crystals are systems that do not obey the classical 

requirements of symmetry. Nevertheless, their long-range order is as perfect as that of ordinary 

crystals. Incommensurate crystals are 

characterized by Bragg reflection peaks, 

which cannot be indexed by three-integer 

indices. 

Consider a case of a one-dimensional 

structure, which consists of a linear chain of 

atoms, and its diffraction pattern consisting 

of a linear chain of reflections (see Figure 

56a). This structure and its diffraction 

pattern can be defined with only one vector 

a . If we introduce a displacive modulation 

of the atoms (see Figure 56b), satellite 

reflections will appear on the diffraction 

pattern. The main reflections can still be described with the vector a , while the satellites 

reflections have to be described with another vector q . If these two vectors are linearly 

independent the structure is incommensurate. 

In the case of a 3D structure, where the atoms shift from their atomic positions, satellite 

reflections will also appear (see Figure 57a), which can be described with a modulation wave 

vector 1 q =σ1 a 1
*+σ2 a 2

*+σ3 a 3
*. The whole diffraction pattern for an incommensurately 

modulated crystal can be described by a scattering vector S =h a 1
*+k a 2

*+l a 3
*+m q . It is 

obtained by the projection of the diffraction pattern in (3+1)-dimensional space along 

incommensurate direction onto 3D reciprocal space. A point in (3+1)D superspace is defined by 

the vector: 

                                                 
1 In the international tables this equation is written as q =α a 1

*+β a 2
*+γ a 3

* (where components α, β and 

γ are given α= q × a 1, β= q × a 2, γ= q × a 3; a 1
*, a 2

* and a 3
* are parameters of the main sublattice in 

reciprocal space) and in order to avoid confusion, in this work α=σ1, β=σ2, γ=σ3, except on (3+1)-
superspace groups symbols where α, β, γ are used. 

Figure 56: Example of commensurate (a)

and incommensurate (b) 1D structures. 
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r s=xs1 a s1+xs2 a s2+xs3 a s3+xs4 a s4   (1) 

(where (xs1,xs2,xs3,xs4) is the coordinate of a point in (3+1)D space). In 3D space a point is then 

defined by a vector r =x1 a 1+x2 a 2+x3 a 3, which implies xs4=σ1xs1+σ2xs2+σ3xs3 and xsi=xi (i=1, 2, 

3). It is convenient to introduce a new coordinate t along the incommensurate direction (called t-

phase), that defines a section in (3+1)D space: t=-σ1xs1-σ2xs2-σ3xs3+xs4; where t=0 if the point 

belongs to 3D space. A displacive modulated structure is obtained from the normal structure by 

modifying the positions of the atoms with respect to the average coordinates x s1, x s2, x s3, i.e., 

x s1+u1( x 4); x s2+u2( x 4); x s3+u3( x 4), where u1, u2, u3 are functions depending on the coordinate 

x 4=σ1 x s1+σ2 x s2+σ3 x s3 of an undisplaced atom. The coordinate х4 at the displaced positions is 

x4= x 4+σ1u1+σ2u2+σ3u3. Considering the simple case of a modulation determined by the wave 

modulation vector q =σ1 a 1
* and u1=Asin(2π x 4), where А is the amplitude of modulation, an 

atom on the a s1- a s4 diagram is a sinusoidal curve parallel to a s4 (see Figure 57b); and resulting 

that the pattern is again periodic. The straight line in Figure 57b corresponds to the absence of a 

modulation. 

 Together with the appearing additional direction corresponding to (3+1)D space a new 

type of symmetry operation 

can be introduced, which 

can be defined as consisting 

of the three dimensional 

space groups (gE) and 

symmetry elements which 

act on the coordinates 

based on the additional 

dimension (gI). The 

transformation of х4 into 

the coordinates of 

symmetrically related 

atoms is given by a 

parameter ε (ε is determined by de Wolff equation Rq≡ εq (R≡ gE is a rotation matrix) and it can 

adopt only +1 or –1 values) and phase factor τ (translation). If ε= -1 then the phase shift τ is 0. If 

ε= +1 depending on the symmetry τ can adopt the values 0 (1), ±1/2 (s), ±1/3 (t), ±1/4 (q) or 

±1/6 (h). The last three values belong to symmetries higher than orthorhombic and the symbols 

representing these τ-values are given in the parentheses. There are several possibilities to write 

Figure 57: Simple example in reciprocal space for 3D structure

with modulation along b (a). The same lattice in real space with

an atom with displacive modulation (wavy line; two wavy lines

present the same case but with different phases). 
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superspace groups. The old ways are describing the symmetry of modulated structures with a 

symbol in one line or in a two-line notation. The first capital letter described the q-vector: q  

could be written as q = q i+ q r, where q r is a rational component, and q i is an irrational 

component. In the case of q r=(0,0,0) in front of the Hermann-Maugin symbol the capital letter P 

was written, for q r with (0,0,1/2) the capital C etc (A (1/2,0,0), L (1,0,0), U (0,1/2,1/2), R 

(1/3,1/3,0), B (0,1/2,0), M (0,1,0), V (1/2,0,1/2), N (0,0,1), W (1/2,1/2,0)). The Hermann-Maugin 

symbol for three dimensional space groups is presented in usual way. The gI symmetry 

characters is given by 0 and 1, s, t, q, h, which are included within the parentheses after the 

Hermann-Maugin symbol, for example P:Pmna )111(  or P 111
mna

P  for the two-line notation. 

Nowadays, the international tables use the symbol Pmna(00γ) for this space group. The first 

capital letter P is not written, instead q i=(00γ) is written. The tables for (3+1)-dimensional space 

groups are presented in the work by de Wolff, Janner and Janssen and in the international tables 

[119, 120]. 

 The incommensurability can be caused by non-stoichiometry, magnetism, charge-density 

waves and intergrowth of the slabs with weak bonding. 

 

A.2 Composite structures. 

 

Composite structures consist of two or more subsystems. Each of the subsystems could 

be characterized with its own 3D space group. These 3D space groups describe only average 

structures without mutual modulations of each subsystem. Janner and Janssen noticed that 

composite structures could be described using superspace symmetry and all the reflections on the 

diffraction patterns of the composite structures can be indexed with four HKLM indices [121]. 

One can distinguish two groups of such compounds: the linear (or column) intergrowth 

and the planar intergrowth compounds. Linear intergrowth composite structures consist of 

separate columns of different structure elements and different column length.  

 To the composite structures with planar intergrowth belong the misfit layer sulfides 

[(AS)n]1+x(MS2)m (n=1, 1.5, 2; m=1-3; M=V, Nb, Ta, Ti, Cr). In these sulfides the a axis is 

usually chosen as the incommensurate direction (in the international tables it is recommended to 

chose c-axis as incommensurate direction). The misfit slabs form an intergrowth along с axis and 

therefore, the common plane in reciprocal space is the (b*c*) plane, because the slabs do not 

intersect, the (ab) planes of both subsystems are parallel. The distance between the [AS]n layers 
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must be equal to the distance between the MS2 layers (i.e. c* axes for both subsystems are equal). 

The first subsystem MS2 is described by vectors 1a , 1b , 1c  with lengths 1a , 1b , 1c  and by angles 

α1, β1, γ1 between the vectors; the second subsystem AS is described by vectors 2a , 2b , 2c  and 

the same angles. One can also observe situation, when the c axis of one of the subsystems is 

twice the c axis of the other subsystem (see section 2.3.2, Figure 8) 

 The diffraction vector in (AS)1+хNbS2 sulfides is S =H a 1
*+K a 2

*+L a 3
*+M a 4

*, where 

a 1
*= a NbS2

*, a 2
*=b *

NbS2= b *
AS, a 3

*= c *
NbS2= c *

AS, a 4
*= a *

AS. This relation differs slightly from 

the diffraction vector relation for an 

incommensurately modulated structure, because 

of the presence of two mutually modulated unit 

cells, and in this case a 1
* and a 4

* play the same 

role. The atoms of one subsystem "feel" the 

periodicity of the other subsystem, which causes 

displacive modulations of the atoms from their 

average positions. The modulation wave vector 

for the NbS2-slab is a 4
*, and for the AS-slab a 1

* 

[34]. Therefore, there are mutual modulations of 

the subsystems and due to that the 3D periodicity 

of the two subsystems is a very approximate 

presentation of the composite structure. Mutual 

modulations of the subsystems lead to satellite 

reflections appearing on the electron diffraction 

images and on the X-ray diffraction patterns, in 

addition to the main reflection of the two 

subsystem lattices. 

Thus, diffraction picture in (3+1)D 

superspace also differs from the diffraction picture in superspace for incommensurately 

modulated crystal. In Figure 58 the projection of the reciprocal space in the ( a s1
*, a s4

*) plane is 

presented. The positions in 3D space were obtained by projection onto a s1
*. In (3+1)D 

superspace there are periodic functions which are parallel to a s4 and which describe the 

modulations of the first subsystem caused by atomic displacement. There are also periodic 

functions, which are parallel to a s1, which are related to the atoms of the second subsystem (see 

Figure 59a and 59b). 

Figure 58: Section of reciprocal

superspace ( a s1
*, a s4

*) of composite

crystal with two subsystems. Filled big

circles are main reflections for the first

subsystem; big empty circles are main

reflections for the second subsystem

Crossed circles are the projections of the

latter on 3D space. Small circles are

satellites.



 96

For a composite structure a (3+1)D superspace group is also chosen. (3+1)D superspace 

groups are the same as in the case of incommensurately modulated structures with one q-vector 

(d=1), and the three dimensional space groups of each of the two subsystems and their average 

structures are possible to determine using the reflections with HKL0 and 0KLM indices. The 

reflections 0KL0 are common for both sublattices, while the reflections HKL0 (H≠0) and 0KLM 

(M≠0) belong either only to the NbS2-slab, or to the AS-slab, respectively. The reflections 

HKLM are satellites and appear due to mutual modulations of both sublattices. 

 The intensities of the 

satellites are determined by 

atomic displacements from the 

average positions in both 

subsystems. The displacements 

do not contribute equally to the 

satellite intensity, for example, 

the satellite with Miller index 

3KL1 is a first order satellite for 

the first subsystem and the third 

order satellite for the second 

subsystem. This means that 

atomic displacements in the fist subsystem contribute more to the satellite intensity. In fact, each 

satellite has a contribution from both subsystems, i.e. the reflections 1KL0 are satellites of the 

first order of the second subsystem and main reflections 1KL for the first subsystem. The theory 

of (3+1)D crystallography has been well-developed by Janner and Janssen [121], Kato [122, 

123], Van Smaalen [46, 124-127] and Yamamoto [128, 129]. 

 The 3D unit cells of the subsystems (slabs) ν=1, 2 are determined by vectors Λν={ a νi} 

(i=1, 2, 3) with the corresponding vectors in the reciprocal space Λν
*={ a *

νi}. The minimal 

number of vectors in reciprocal space needed for indexing is a set of four vectors M*={ a 1
*, 

a 2
*, a 3

*, a 4
*}, three of which must be linearly independent. From a set of four reciprocal vectors 

of M*={ a 1
*, a 2

*, a 3
*, a 4

*}, the matrices Z1 and Z2 with integer coefficients and vectors of the 

subsystems unit cells in reciprocal space Λν
* are [121]: 

a *
νi=∑

=

4

1

*

k
kik aZ ν  (i=1, 2, 3) 

Figure 59: Section of superspace for composite crystal

with two subsystems without taking into account mutual

modulations (a); the same case but with wavy lines

representing the displacive modulation (b). 
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Z1=
⎟
⎟
⎟

⎠

⎞

⎜
⎜
⎜

⎝

⎛

0100
0010
0001

 Z2=
⎟
⎟
⎟

⎠

⎞

⎜
⎜
⎜

⎝

⎛

0100
0010
1000

 

The modulation wave vectors q ν for each of the two subsystems could be described by 

{ a 1
*, a 2

*, a 3
*, a 4

*} using (1×4) matrices V1 and V2, i.e. q ν=∑
=

4

1

*

k
kk aV ν . Since q 1= a 4

* and 

q 2= a 1
*, then V1=(0001) and V2=(1000). Van Smaalen [126] introduced (4×4) square matrices 

W1 and W2, which define the transformation of the set of vectors M*={ a i
*, (i=1, 2, 3, 4)} to the 

set Λν
*, using the modulation wave vector q ν; the matrices W1 and W2 are obtained from Z1 and 

Z2 by adding an additional row, corresponding to the matrices V1 and V2. 

a *
νi=∑

=

4

1

*

k
kik aW ν  (i=1, 2, 3, 4) 

W1=

⎟⎟
⎟
⎟
⎟

⎠

⎞

⎜⎜
⎜
⎜
⎜

⎝

⎛

1000
0100
0010
0001

 W2=

⎟⎟
⎟
⎟
⎟

⎠

⎞

⎜⎜
⎜
⎜
⎜

⎝

⎛

0001
0100
0010
1000

 

 So a 4
* can be presented as a linear combination of the first three vectors, at the same 

time defining a matrix σ [121]: a 4
*=∑

=

3

1

*

i
ki aσ . Since a 4

* is a q -vector of the first subsystem 

( q 1), then matrix σ (=σ1) defines the modulations of the subsystem ν=1, caused by subsystem 

ν=2. Similarly with modulations of the second subsystem, which are defined by the second 

modulation vector q 2= a 1
*, this vector could be defined by a 2

*, a 3
* and a 4

* (these vectors 

define the matrix σ2). 

 Let’s consider our case for [(Sm1/3Sr2/3S)1.5]1.15NbS2 (see section 4.2.3), two W-matrices 

are 

W1=

⎟⎟
⎟
⎟
⎟

⎠

⎞

⎜⎜
⎜
⎜
⎜

⎝

⎛

1000
0100
0010
0001

 and W2=

⎟⎟
⎟
⎟
⎟

⎠

⎞

⎜⎜
⎜
⎜
⎜

⎝

⎛

1000
0100
0010
1001

 

For the Q-slab a 1=5.777(2) Å, a 2=5.855(3) Å and a 3=14.936(5) Å then 

a 1
*=1/5.777=0.1731 Å-1, a 2

*=1/5.855=0.1708 Å-1, a 3
*=1/14.936=0.0669 Å-1 and 

q 1=0.73 a 1
*=0.73×0.1731=0.1263 Å-1 ( a 1/ a 2=5.777/3.339=1.73⇒0.73). The multiplification a 

set of unit cell dimensions and q 1 of the Q-slab 
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⎟
⎟
⎟
⎟
⎟

⎠

⎞

⎜
⎜
⎜
⎜
⎜

⎝

⎛

2

*
2

*
2

*
2

q
c
b
a

=W2×

⎟
⎟
⎟
⎟
⎟

⎠

⎞

⎜
⎜
⎜
⎜
⎜

⎝

⎛

1

*
1

*
1

*
1

q
c
b
a

=

⎟⎟
⎟
⎟
⎟

⎠

⎞

⎜⎜
⎜
⎜
⎜

⎝

⎛

1000
0100
0010
1001

×

⎟⎟
⎟
⎟
⎟

⎠

⎞

⎜⎜
⎜
⎜
⎜

⎝

⎛

1263.0
0669.0
1708.0
1731.0

=

⎟⎟
⎟
⎟
⎟

⎠

⎞

⎜⎜
⎜
⎜
⎜

⎝

⎛

1263.0
0669.0
1708.0
2994.0

 

gives us unit cell dimensions and q 2 of the H-slab: a 2=1/ a 2
*=3.339, b 2=b 1, c 2= c 1 and 

q 2= a 1
* ( q 2/ a 1

*=0.1263/0.2994=0.42). 

 In order to denote the incommensurability of the а axes α0 is used. The matrices σ1 and 

σ2 define the components of modulation vectors for both slabs of the composite crystal. In our 

case, where the axes of subsystems are parallel, σ1 and σ2 have simple form: σ1=[α0,0,0] and 

σ2=[α0
-1,0,0]. 

 As described above the composite structure could be characterized by a (3+1)D 

superspace group Gs. The space group determination can be done in the same way as in the case 

of incommensurately modulated structure (see section A.1). The (3+1)D superspace group Gs 

include the following elements: a (4×4) matrix Rs (rotation matrix) and a translation vector τs, 

which consists of four components. The rotational and translational symmetry could be deduced 

from systematic extinction conditions based on analysis of the reflections indexed with four 

integer Miller indices. The relation between ν
SR , ντ S  and RS, τs is [126]: 

ν
SR =WνRS(Wν)inv and ντ S =Wντs 

 For example, in the case of (SnS)1.17NbS2 the space group for the NbS2 slab was 

determined as Cm2m. Taking into account the values of reliability factors which were obtained 

in the refinement of the structure for the SnS slab both Cm2a and C2mb space groups were 

possible [36, 60, 125]. The analysis of the extinction conditions in (3+1)D superspace led to a 

superspace group Gs(=Gs
1(i.e. of NbS2))=Cmmm(α0,0,0) s11 , including all the subgroups with 

orthorhombic symmetry [125]. Since the 3D space group of the NbS2 slab is Cm2m, the 

subgroup (Gs=Gs
1) Сm2m(α0,0,0) s11  was chosen. In that case the (3+1)D superspace group of 

the SnS-slab is Gs
2=Сm2а(α0

-1,0,0) 111  and the 3D space group for SnS is Сm2а. In the literature 

one can find an old expression for the space group P:Сm2а(α0
-1,0,0) 111 . The capital P letter 

means that the wave modulation vector q  consists only of q i. Since (α0,0,0) and (α0
-1,0,0) 

correspond to the q i component, the P is usually omitted and α0=aNbS2/aSnS. 111  represents the 

symmetry elements mx, 2y and mz of the NbS2 slab in the fourth dimension; in the same way s11  

represents the symmetry elements mx, 2y and az in the fourth dimension. 
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Table 46: Examples of (3+1)D superspace groups of both slabs for all the types of centering of 

misfit layer sulfides [124]; the superspace group is Gs=Gs
1 (i.e. of MS2). 

Sulfide Centering MS2 (M=Nb, Ta) AS 

(SnS)1.17NbS2 СС Сm2m(α0,0,0) s11  Сm2а(α0
-1,0,0) 111  

(LaS)1.14NbS2 CF Fm2m(α0,0,0) s11  Сm2а(α0
-1,0,0) 111  

(PbS)1.13TaS2 FF Fm2m(α0,0,0) s11  Fm2m(α0
-1,0,0) 111  

(HoS)1.23NbS2 FC F2y(α0,0,γ)1 C2y(α0
-1,0,-α-1γ)1 

 

 Every atom belongs to one of the two subsystems; their coordinates are given with 

respect to the subsystem lattice basis Λν: 

xνi(µ)=nνi+ 0
ixν (µ)+ µ

νiu ( 0
4vSx ) 

i=1, 2, 3; n is sum of all integers. µ corresponds to a certain atom in the Λν unit cell with average 

coordinate 0
ixν (µ); µ

νiu ( 0
4vSx ) is the modulation function describing a displacive modulations from 

the average position for that atom. Such description considers each subsystem independently. In 

order to connect the descriptions of the both slabs of the misfit structure it is necessary to give 

coordinates with respect to a common origin [126]: 

x νi(µ)=nνi+ 0
ixν (µ)-( tZ ν

1 )i (i=1, 2, 3), 

where 0
ixν  are 3D coordinates of the subsystem ν=1 and 2. νZ = )( 13

νν ZZ , i.e. the matrix consists 

of two columns: (3×3) matrix ν
3Z  and column (3×1) matrix ν

1Z . The complete formula for 

calculation of the position coordinate is: 

xνi(µ)= x νi(µ)+ µ
νiu ( 0

4vSx ) 

Correspondingly, the coordinate 4vSx (µ) is determined by the relation: 

4vSx (µ)=σν x νi(µ)+ tV ν
1  

ν
1V  can be found by the relation Vν=( νν

13 VV ) analogous to Z; ν
1V =1 for ν=1 and ν

1V =0 for ν=2. 

 In order to calculate the distances between the atoms that belong to different slabs, the 

coordinates must also be put on a common basis. Choosing as a common basis Σ, the necessary 

coordinate transformations could be written as: 
/
νx =( ν

3Z + ν
1Z σ)-1

νx , 

and for the arguments of the modulation function: 

4Sxν =( ν
3V + ν

1V σ)
/
ixν (µ)+ tV ν

1  
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The modulation is given by coefficients j
niA  and j

niB  in the Fourier transformation: 

j
iuν ( 4vSx )=∑

n

j
niA sin(2πn 4Sxν )+ j

niB cos(2πn 4Sxν ), 

where j is a number of atom, and n determine the different harmonics in the modulation function. 

Coefficients j
niA  and j

niB  are parameters in the refinement of single crystal X-ray data. In 

addition to harmonic functions for describing modulations one can use linear and step functions 

[34]. Since harmonic functions were used in this work linear and step function will not be 

described here. 

 The best way to illustrate the distances between the atoms inside some slab or between 

the two slabs is a graph presenting distances as function of the t-phase (the coordinate of the 

fourth direction in (3+1)D superspace). These graphs were introduced in the woks by Van 

Smaalen [127] and the graph is built with the formula for 4Sxν , given with respect to the same 

basis Σ and common origin. On the graph presenting distances as functions of the t-phase one 

can find all the distances that occur in the crystal. For the La-S distances in the LaS slab of the 

Figure 60: Coordination of La (2 sybsystem) by S (2 sybsystem); 1-4 are for the five

coordinating sulphur atoms in the modulated structure (a). Coordination of Nb and six

sulphur atoms as a function of t-phase (b). Coordination of La (2 sybsystem) by S (1

sybsystem) as a function of t (c). Dotted and full lines for the basic and the modulated

structure, respectively [127]. 
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(LaS)1.14NbS2 such graph is presented in Figure 60a. The periodicity of the t-phase in Figure 60a 

is 0.57 (=α0=aNbS2/aLaS). The Nb-S distances in the NbS2 slab are presented in Figure 60b; the 

periodicity of t in that case is 1. The dependence of the La-S distances, where the sulphur atoms 

belong to the NbS2 slab from the t-phase is presented in Figure 60c; the distances in the average 

structure are indicated by a by dashed line, the continuous line indicate the distances taking the 

modulations into account. The periodicity of the t-phase in this graph is also 0.57. La atoms are 

between the two rows of sulphur atoms but not exactly in the middle. At t corresponding to the 

minimum A1 the distance from La to S of the first row is about 2.85 Å. Two sulphur atoms 

belonging to the second row are at a distance of about 3.18 Å from La, which corresponds to C2. 

The minimum А2 corresponds to the shortest La-S distance belonging to the second row. At the 

intersection of the curves B1 and B2, La is at a ∼ 2.92 Å from two sulphur atoms (one of the 

sulphur atoms belong to the first row and the second atom belong to the second row). Thus, the 

coordination of La at the points А1 and А2 is 5+1=6, and at В1 and В2 it is 5+2=7. 
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Appendix 2 
 

Table 15: Data collection, crystal data and structure determination data for Sr0.23NbS2. 

Data collection 
Absorption correction 

Absorption coefficient µ(mm-1) 

Diffractometer 

Radiation 

Data collection method 

Number of measured reflections 

Number of observed measured reflections 

Number of independent reflections 

Number of observed independent reflections 

I≥3σ(I) 

θmin(°) 

θmax(°) 

Ranges of h, k, l 

Numerical from crystal shape 

8.224 

IPDS STOE 

MoKα (λ=0.71073 Å) 

ϕ rotation scans 

1213 

916 

105 

 

91 

7.00 

25.91 

-4<h<3; -4<k<4; -20<l<20 

Crystal data 
Empirical formula 

Colour of the crystal 

Crystal system 

Space group 

a(Å) 

c(Å) 

V(Å3) 

Z 

Calculated density (g/cm3) 

Sr0.23NbS2 

Dark-grey with metal lustre 

Hexagonal 

P6322 (№182) 

3.365(1) 

16.938(9) 

166.1(1) 

2 

3.542 

Refinement 
Number of refining parameters 

Weighting scheme 

∆ρmax(eÅ-3) 

∆ρmin(eÅ-3) 

Rall/Robs; RWall/RWobs 

12 

ω=1/(σ2(F)+0.00001F2) 

5.83 

-3.35 

0.0522/0.0522; 0.0536/0.0536 
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Table 16: Atomic coordinates and isotropic temperature parameters in the Sr0.23NbS2 structure, 

the space group is P6322 (№182). 

Atom Site x y z Uiso Occupation 

Sr1 4f 1/3 2/3 0.501(2) 0.018(7) 0.019(1) 

Sr2 12i 0.371(6) 0.483(7) 0.4998(9) 0.018(7) 0.033(1) 

Nb1 2d 2/3 1/3 1/4 0.0107(8) 1 

S1 4e 0 0 0.3409(3) 0.011(1) 1 

 

Table 17: Anisotropic temperature parameters of the atoms in the Sr0.23NbS2 structure. 

Atom U11 U22 U33 U12 U13 U23 

Nb1 0.0053(9) 0.0053(9) 0.022(1) 0.0026(5) 0 0 

S1 0.009(2) 0.009(2) 0.017(3) 0.0043(8) 0 0 

 

Table 18: Main interatomic distances (Å) in the Sr0.23NbS2 structure. 

Nb1×6Nb1 - 3.365 

Nb1×6S1 - 2.480(3) 

 

Sr1×3S1 - 3.33(3) 

Sr1×3S1 - 3.31(3) 

Sr2×S1 - 3.068(17) 

Sr2×2S1 - 3.74(2) 

Sr2×S1 - 3.326(17) 

Sr2×S1 - 3.073(17) 

Sr2×S1 - 3.331(17) 
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Appendix 3 
 

Table 19: Data collection, crystal data and structure determination data of Sr0.22Nb1.05S2. 

Data collection 
Absorption correction 

Absorption coefficient µ(mm-1) 

Diffractometer 

Radiation 

Data collection method 

Number of measured reflections 

Number of observed measured reflections 

Number of observed independent reflections 

F≥6σ(F) 

θmin(°) 

θmax(°) 

Ranges of h, k, l 

Numerical from crystal shape 

9.766 

Enraf-Nonius CAD-4 

MoKα (λ=0.71069 Å) 

ω/1.33θ scan 

2416 

2293 

 

572 

2.80 

37.96 

0<h<5; -5<k<4; -50<l<49 

Crystal data 
Empirical formula 

Colour of the crystal 

Crystal system 

Space group 

a(Å) 

c(Å) 

V(Å3) 

Z 

Calculated density (g/cm3) 

Sr0.22Nb1.05S2 

Dark-grey with metal lustre 

Hexagonal 

P63mc (№186) 

3.3355(4) 

29.055(5) 

279.94(7) 

4 

4.292 

Refinement 
Number of refined parameters 

Weighting scheme 

∆ρmax(eÅ-3) 

∆ρmin(eÅ-3) 

Rall/Robs; RWall/RWobs 

28 

ω=1/σ2(F) 

4.23 

-2.69 

0.0455/0.0455; 0.0506/0.0506 
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Table 20: Positional coordinates and isotropic temperature parameters of the atoms in the 

Sr0.22Nb1.05S2 structure, the space group is P63mc (№186). 

Атом Site x y z Uiso Occupation 

Sr1 2b 2/3 1/3 0.628(3) 0.053(7) 0.114(2) 

Sr2 6c 0.127(5) 0.25(1)  0.128(1) 0.053(7) 0.112(4) 

Nb1 2a 0 0 -0.0180(2) 0.0055(3) 1 

Nb2 2b 1/3 2/3  0.2780(1) 0.0063(4) 1 

Nb3 2a 0 0 0.3706(7) 0.008(4) 0.108(2) 

S1 2b 2/3 1/3 0.2238(2) 0.006(1) 1 

S2 2b 2/3 1/3 0.0360(2) 0.0069(9) 1 

S3 2b 2/3 1/3 -0.0711(2) 0.006(1) 1 

S4 2b 2/3 1/3 0.3309(2) 0.009(1) 1 

 

Table 21: Anisotropic temperature parameters of atoms in the Sr0.22Nb1.05S2 structure. 

Atom U11 U22 U33 U12 U13 U23 

Nb1 0.0037(3) 0.0037(3) 0.0092(6) 0.0018(2) 0 0 

Nb2 0.0035(4) 0.0035(4) 0.0118(7) 0.0017(2) 0 0 

Nb3 0.005(5) 0.005(5) 0.013(8) 0.003(2) 0 0 

S1 0.006(1) 0.006(1) 0.007(2) 0.0030(6) 0 0 

S2 0.005(1) 0.005(1) 0.011(2) 0.0025(5) 0 0 

S3 0.005(1) 0.005(1) 0.008(2) 0.0027(5) 0 0 

S4 0.008(1) 0.008(1) 0.010(3) 0.0045(7) 0 0 

 

Table 22: Main interatomic distances (Å) in the Sr0.22Nb1.05S2 structure. 

Nb1×6Nb1 – 3.3355 

Nb1×3S2 - 2.483(3) 

Nb1×3S3 - 2.470(3) 

 

Nb2×6Nb2 – 3.3355 

Nb2×3S1 - 2.489(3) 

Nb2×3S4 - 2.464(3) 

Nb3×6Nb3 - 3.3355 

Nb3×Nb1 - 3.200(15) 

Nb3×3Nb2 - 3.337(13) 

Nb3×3S3 - 2.538(10) 

Nb3×3S4 – 2.263(8) 

Sr1×3S1 - 3.35(4) 

Sr1×3S2 - 3.33(4) 

 

Sr2×S1 - 3.81(2) 

Sr2×2S1 - 3.20(2) 

Sr2×S2 - 3.82(2) 

Sr2×2S2 - 3.21(2) 
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Table 24: Data collection parameters and structure determination data for 

([Sm1/3Sr2/3S]1.5)1.15NbS2. 
Data collection 

Absorption correction 
Diffractometer 
Radiation 
Data collection method 
Number of measured reflections 
Number of independent reflections 
Number of independent main reflections 
Number of independent satellites 
Number of observed main reflections I≥3σ(I) 
θmin(°) 
θmax(°) 
Range of h, k, l, m 

Was not performed due to irregular crystal shape 
IPDS STOE 
MoKα (λ=0.71073 Å) 
Phi rotation scans 
13268 
1993 
428 
1565 
359 
1.93 
26.19 
-7<h<7; -7<k<7; -18<l<18; -3<m<3 

Crystal data 
Empirical formula 
Crystal colour 
Crystal system for the incommensurate structure 
Superspace group pair 

([Sm1/3Sr2/3S]1.5)1.15NbS2 
Grey with metal lustre 
Orthorhombic 
Cm2m (α00):Cm2m (α00) (№38.11) 

Q-slab (Sm1/3Sr2/3S)1.5 
a(Å) 
b(Å) 
c(Å) 
Modulation wave vector 
V(Å3) 
Z 
All reflections 
Number of observed reflections I≥3σ(I) 
Reliability factors Rall/Robs; RWall/RWobs 
∆ρmax(eÅ-3) 
∆ρmin(eÅ-3) 

 
5.777(2) 
5.855(3) 
14.936(5) 
q=0.73a* 
505.2(4) 
4 
246 
196 
0.1156/0.0990; 0.0836/0.0835 
5.99 
-8.15 

H-slab (NbS2) 
a(Å) 
b(Å) 
c(Å) 
Modulation wave vector 
V(Å3) 
Z 
All reflections 
Number of observed reflections I≥3σ(I) 
Reliability factors Rall/Robs; RWall/RWobs 
∆ρmax(eÅ-3) 
∆ρmin(eÅ-3) 

 
3.339(2) 
5.855(3)  
14.936(5) 
q=0.42a* 
292.0(4) 
2 
121 
115 
0.0854/0.0828; 0.0700/0.0700 
6.84 
-6.99 

Common part 
All reflections 
Number of observed reflections I≥3σ(I) 
Reliability factors Rall/Robs; RWall/RWobs 

 
61 
48 
0.1053/0.0875; 0.0904/0.0903 

Refinement 
 
Number of reflections used in refinement 
Number of parameters used 
Weighting scheme 
Reliability factors Rall/Robs; RWall/RWobs 

 
359 
17 
ω=1/σ2(F) 
0.1058/0.0926; 0.0827/0.0827 
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Table 25: Atomic coordinates and temperature parameters for the Q-slab, the space group is 

Cm2m (38). 

Atom Site x y z Biso Occupancy 

Sm1 2a 0 0 0 0.6(2) 0.76(1) 

Sr1 2a 0 0 0 0.6(2) 0.24(2) 

Sr2 4c 0 0.496(6) 0.2238(3) 1.1(2) 0.82(2) 

Sm2 4c 0 0.496(6) 0.2238(3) 1.1(2) 0.18(2) 

S1 2a 0 0.50(4) 0 0.3(3) 1 

S2 4c 0 -0.002(9) 0.1834(7) 0.6(2) 1 

 

Table 26: Atomic coordinates and temperature parameters for the H-slab, the space group is 

Cm2m (38). 

Atom Site x y z Biso Occupancy 

Nb 2b 0 -0.068(5) 1/2 0.4(1) 1 

S3 4c 0 0.267(6)  0.6048(6) 0.5(2) 1 

 

Table 27: Main interatomic distances in the ([Sm1/3Sr2/3S]1.5)1.15NbS2 structure. 

Bond Distance, Å Bond Distance, Å Bond Distance, Å 

M1-S1 

M1-S1 

M1-S1(×2) 

M1-S2(×2) 

M1-M1(×4) 

2.91(16) 

2.89(16) 

2.8500(8) 

2.733(11) 

4.0660 

M2-S1 

M2-S2 

M2-S2 

M2-S2(×2) 

M2-S3 

M2-S3 

M2-M2(×4) 

3.335(4) 

2.95(6) 

2.98(6) 

2.913(2)  

2.84(2) (min) 

3.00(2) (min) 

4.07(3) 

Nb-Nb(×2) 

Nb-Nb(×4) 

Nb-S3(×2) 

Nb-S3(×4) 

 

 

3.2947 

3.34(4) 

2.50(4) 

2.462(19) 

 

 

M1=0.76(1)Sm+0.24(2)Sr 

M2=0.82(2)Sr+0.18(2)Sm 
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Table 30: Data collection parameters and structure determination data of the 

(Pr0.55Sr0.45S)1.15NbS2. 
Data collection 

Absorption correction 
Diffractometer 
Radiation 
Data collection method  
Tmin/Tmax 
Number of measured reflections 
Number of independent reflections 
Number of observed reflections with I≥3σ(I) 
Number of independent satellites 
Number of observed satellites with I≥3σ(I) 
θmin(°) 
θmax(°) 
Range of h, k, l, m 

Numerical from crystal shape 
IPDS STOE 
MoKα (λ=0.71073 Å) 
Phi rotation scans 
0.5791/0.8048 
5647 
1443 
416 
888 
11 
2.60 
25.83 
0<h<7; -6<k<6; 0<l<28; -1<m<3 

Crystal data 
Empirical formula 
Crystal colour 
Crystal system for the incommensurate structure 
Superspace group 

(Pr0.55Sr0.45S)1.15NbS2 
Grey with metal lustre 
Orthorhombic 
Fm2m (α00):Fm2m (α00) (№42.7) 

Q-part (Pr0.55Sr0.45S) 
a(Å) 
b(Å) 
c(Å) 
Modulation wave vector 
V(Å3) 
Z 
All reflections 
Number of observed reflections with I≥3σ(I) 
Reliability factors Rall/Robs; RWall/RWobs 

 
5.799(3) 
5.810(2) 
23.331(9) 
q=0.74a* 
789.2 
4 
334 
231 
0.0712/0.0712; 0.0670/0.0670 

H-part (NbS2) 
a(Å) 
b(Å) 
c(Å) 
Modulation wave vector 
V(Å3) 
Z 
All reflections 
Number of observed reflections with I≥3σ(I) 
Reliability factors Rall/Robs; RWall/RWobs 

 
3.333(3) 
5.810(2) 
23.331(9) 
q=0.43a* 
453.7 
8 
170 
133 
0.0796/0.0796; 0.0778/0.0778 

Common part 
All reflections 
Number of observed reflections with I≥3σ(I) 
Reliability factors Rall/Robs; RWall/RWobs 

 
51 
41 
0.0591/0.0591; 0.0550/0.0550 

Refinement 
Number of reflections used in refinement 
Number of parameters used 
Weighting scheme 
∆ρmax(eÅ-3) 
∆ρmin(eÅ-3) 
Reliability factors Rall/Robs; RWall/RWobs 

405 
23 
ω=1/(σ2(F)+0.000025F2) 
14.59 
-18.26 
0.0722/0.0722; 0.0694/0.0694 
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Table 31: Atomic coordinates for the Q-part – S.G. Fm2m (42). 

Atom Site x y z Uiso Occupancy 

Pr 8c 0 0 0.1766(1) 0.0191(9) 0.628(7) 

Sr 8c 0 0 0.1766(1) 0.0191(9) 0.378(7) 

S1 8c 0 -0.007(14) 0.3023(5) 0.018(4) 1 

 

Table 32: Temperature parameters for the Q-part. 

Atom U11 U22 U33 U12 U13 U23 

Pr 0.0083(12) 0.018(2) 0.031(2) 0 0 0.003(7) 

Sr 0.0083(12) 0.018(2) 0.031(2) 0 0 0.003(7) 

S1 0.014(5) 0.017(9) 0.024(7) 0 0 -0.003(22) 

 

Table 33: Atomic coordinates for the H-part – S.G. Fm2m (42). 

Atom Site x y z Uiso Occupancy 

Nb 4a 0 0.076(3) 0 0.011(2) 1 

S2 8c 0.5 0.244(4) 0.0670(4) 0.012(3) 1 

 

Table 34: Temperature parameters for the H-part. 

Atom U11 U22 U33 U12 U13 U23 

Nb 0.0005(22) 0.007(3) 0.025(3) 0 0 0 

S2 0.001(5) 0.014(5) 0.020(6) 0 0 -0.001(5) 

 

Table 35: Main interatomic distances in the structure of (Pr0.55Sr0.45S)1.15NbS2. 

Bond Distance, Å Bond Distance, Å 

M-S1  

M-S1 

M-S1 

M-S1(×2) 

M-S2 

M-S2(×2) 

M-M(×4) 

2.956(8) 

2.98(5) 

2.90(5) 

2.942(2)  

2.938(9) (min) 

2.97(1) (min) 

4.0976 

Nb-Nb(×2) 

Nb-Nb(×4) 

Nb-S2(×2) 

Nb-S2(×4) 

3.3333 

3.34(2) 

2.49(2) 

2.490(9) 

M=0.628(7)Pr + 0.378(7)Sr 
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Table 38: Atomic coordinates in the Eu6Nb8S22 structure, space group is P63 (№173); 

asuper=8.8732(8)Å, csuper=23.45(1) Å; Z=2. 

Atom Site x y z 

Eu1 

Eu2 

Nb1 

Nb2 

Nb3 

Nb4* 

S1 

S2 

S3 

S4 

S5 

S6 

S7 

S8 

S9 

S10 

6c 

6c 

2b 

6c 

6c 

2b 

6c 

6c 

2b 

2a 

6c 

2b 

6c 

2b 

6c 

6c 

0.347 

0 

1/3 

0.095 

0.238 

2/3 

0.048 

0.476 

1/3 

0 

0.409 

1/3 

0.446 

2/3 

0.238 

0.095 

0.406 

0.280 

2/3 

0.480 

0.191 

1/3 

0.238 

0.381 

2/3 

0 

0.103 

2/3 

0.381 

1/3 

0.191 

0.476 

0.169 

0.331 

1/2 

0 

0 

1/4 

0.064 

0.064 

0.064 

0.188 

0.188 

0.312 

0.312 

0.436 

0.436 

0.436 
* in the "tetrahedral" model appears two atoms: Nb4(1/3,2/3,0.215) and Nb5(0,0,0.285), which are in tetrahedral coordination. 

All other atoms in the "tetrahedral" model have exactly the same coordinates, the composition of the sulfide in the case of this 

model is Eu6Nb9S22 (Z=2). 
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Table 39: Data collection parameters and structure determination data of the "SrNb2S5". 
Data collection 

Diffractometer 

Radiation 

Data collection method 

Number of observed measured reflections 

Number of independent reflections 

Number of observed independent reflections with 

I≥3σ(I) 

θmin(°) 

θmax(°) 

Ranges of h, k, l 

IPDS STOE 

MoKα (λ=0.71073 Å) 

Phi rotation scans 

9337 

7884 

 

4227 

1,71 

23.22 

-9<h<9; -9<k<9; -26<l<26 

Crystal Data 
Empirical formula 

Crystal colour 

Crystal system for the structure 

Space group  

a(Å) 

b(Å) 

c(Å) 

α(°) 

β(°) 

γ(°) 
V(Å3) 

Z 

Calculated density (g/cm3) 

Sr6Nb9S23 

Dark-grey with metal lustre 

Triclinic 

P1 (№1) 

8.870(2) 

8.895(2) 

24.011(6) 

91.45(3) 

96.27(3) 

120.08(2) 

1622.4(8) 

2 

4.296 

Refinement 
Number of parameters used 

Weighting scheme 

Reliability factors Rall/Robs; RWall/RWobs 

655 

ω=1/(σ2(F)+0.00001F2) 

0.1583/0.1588; 0.1583/0.1588 
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Table 40: Atomic coordinates and temperature parameters in the structure model "SrNb2S5", the 

space group is P1 (№1). 

Atom Site x y z Uiso 

Sr1 1a 0.319(7) 0.638(4) 0.509(2) 0.03(2) 
Sr2 1a 0.708(5) 0.439(5) 0.511(2) 0.06(2) 
Sr3 1a 0.912(6) 0.046(5) 0.510(1) 0.02(2) 
Sr4 1a 0.86(4) 0.356(4) 0.011(1) 0.004(9) 
Sr5 1a 0.086(6) 0.972(4) 0.012(1) 0.04(2) 
Sr6 1a 0.483(5) 0.773(4) 0.015(2) 0.03(2) 
Sr7 1a 0.315(6) 0.971(6) 0.848(2) 0.04(2) 
Sr8 1a 0.147(4) 0.379(4) 0.850(2) 0.03(1) 
Sr9 1a 0.734(6) 0.589(7) 0.849(1) 0.02(2) 
Sr10 1a 0.506(5) 0.915(4) 0.346(1) 0.02(1) 
Sr11 1a 0.304(7) 0.327(6) 0.348(2) 0.04(2) 
Sr12 1a 0.916(6) 0.723(4) 0.348(1) 0.02(2) 
Nb1t* 1a 0.285(2) 0.021(2) 0.452(1) 0.01(1) 
Nb2t* 1a 0.934(3) 0.343(2) 0.406(1) 0.01(1) 
Nb3t* 1a 0.449(5) 0.351(4) -0.042(1) 0.01(1) 
Nb4t* 1a 0.764(4) 0.007(4) 0.912(1) 0.003(9) 
Nb5 1a 0.765(5) 0.564(4) 0.678(1) 0.02(2) 
Nb6 1a 0.343(5) 0.281(4) 0.678(1) 0.01(1) 
Nb7 1a 0.486(5) 0.714(4) 0.678(1) 0.01(1) 
Nb8 1a 0.189(4) 0.855(4) 0.678(1) 0.06(2) 
Nb9 1a 0.907(4) 0.991(4) 0.678(1) 0.001(12) 
Nb10 1a 0.622(5) 0.139(4) 0.678(1) 0.005(13) 
Nb11 1a 0.041(5) 0.419(4) 0.678(1) 0.02(2) 
Nb12 1a 0.163(4) -0.056(4) 0.178(1) -0.002(11) 
Nb13 1a 0.601(4) 0.239(4) 0.178(1) 0.003(12) 
Nb14 1a 0.314(5) 0.378(4) 0.178(1) 0.02(2) 
Nb15 1a 0.888(5) 0.092(4) 0.178(1) 0.004(14) 
Nb16 1a 0.028(5) 0.519(3) 0.178(1) 0.002(12) 
Nb17 1a 0.454(5) -0.199(4) 0.178(1) 0.006(15) 
Nb18 1a 0.745(4) 0.666(4) 0.178(1) 0.01(1) 

S1 1a 0.16(2) 0.55(1) 0.381(4) 0.05(5) 
S2 1a 0.678(5) 0.337(4) 0.379(1) -0.03(1) 
S3 1a 0.002(11) 0.987(8) 0.882(3) 0.004(28) 
S4 1a 0.758(8) 0.257(8) 0.878(3) -0.006(23) 
S5 1a 0.493(9) 0.762(8) 0.883(3) -0.001(26) 
S6 1a 0.093(7) 0.681(5) 0.886(2) 0.009(22) 
S7 1a 0.46(2) 0.14(1) 0.984(5) 0.06(7) 
S8 1a 0.23(1) 0.362(9) 0.985(4) 0.01(3) 
S9 1a 0.71(1) 0.612(9) 0.981(3) 0.01(4) 
S10 1a 0.31(1) 0.279(9) 0.493(3) 0.01(3) 
S11 1a 0.040(7) 0.777(6) 0.479(2) -0.02(2) 
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S12 1a 0.249(9) -0.001(7) 0.361(3) 0.008(27) 
S13 1a 0.594(8) 0.669(7) 0.383(3) 0.03(2) 
S14 1a -0.10(1) 0.21(1) 0.742(5) 0.04(4) 
S15 1a 0.456(6) 0.916(6) 0.743(2) -0.01(2) 
S16 1a 0.32(1) 0.48(1) 0.739(3) 0.02(4) 
S17 1a 0.18(1) 0.074(8) 0.745(5) 0.05(5) 
S18 1a 0.023(8) 0.627(7) 0.748(3) -0.003(25) 
S19 1a -0.257(8) 0.791(7) 0.737(5) 0.04(4) 
S20 1a -0.38(2) 0.35(1) 0.746(7) 0.2(1) 
S21 1a 0.692(8) 0.736(8) 0.612(4) 0.02(3) 
S22 1a 0.276(8) 0.45(1) 0.617(3) 0.02(3) 
S23 1a 0.828(9) 0.169(7) 0.614(7) -0.02(3) 
S24 1a 0.411(9) 0.889(9) 0.615(3) -0.001(32) 
S25 1a 0.15(1) 0.040(9) 0.618(4) 0.09(7) 
S26 1a -0.036(7) 0.588(5) 0.616(2) -0.03(2) 
S27 1a 0.556(8) 0.326(9) 0.608(6) 0.15(7) 
S28 1a 0.674(9) 0.061(7) 0.244(2) -0.01(3) 
S29 1a 0.108(7) 0.355(6) 0.243(2) -0.02(2) 
S30 1a 0.979(9) 0.927(8) 0.249(3) 0.001(28) 
S31 1a 0.54(1) 0.634(8) 0.249(3) 0.02(4) 
S32 1a 0.36(2) 0.22(1) 0.249(5) 0.07(6) 
S33 1a 0.21(2) 0.76(1) 0.251(6) 0.08(7) 
S34 1a 0.82(1) 0.49(1) 0.249(4) 0.02(4) 
S35 1a 0.474(9) 0.598(6) 0.113(2) 0.001(29) 
S36 1a 0.75(5) 0.45(3) 0.113(6) 0.3(8) 
S37 1a 0.048(8) 0.312(6) 0.113(2) -0.009(22) 
S38 1a 0.61(1) 0.021(8) 0.112(2) 0.02(4) 
S39 1a 0.329(8) 0.179(7) 0.112(2) 0.01(3) 
S40 1a 0.898(8) 0.879(7) 0.109(3) -0.01(2) 
S41 1a 0.15(2) 0.72(1) 0.109(4) 0.07(7) 
S42 1a 0.913(7) 0.082(7) 0.384(2) -0.01(2) 
S43 1a 0.542(7) 0.011(9) 0.484(9) 0.4(5) 
S44 1a 0.04(3) 0.46(2) 0.496(6) 0.1(1) 
S45 1a 0.409(9) 0.320(7) -0.134(3) 0.01(3) 
S46 1a 0.810(4) 0.053(3) 0.016(4) 0.6(5) 

* niobium in tetrahedral coordination. 
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Table 41: Main interatomic distances in the structure model of "SrNb2S5". 

Nb1t×S10 - 2.39(10) 
Nb1t×S11 - 2.39(4) 
Nb1t×S12 - 2.28(9) 
Nb1t×S43 - 2.39(14) 
 
Nb2t×S1 - 2.13(10) 
Nb2t×S2 - 2.23(7) 
Nb2t×S42 - 2.34(7) 
Nb2t×S44 - 2.46(12) 
 
Nb3t×S7 - 2.18(14) 
Nb3t×S8 - 2.13(11) 
Nb3t×S9 - 2.37(5) 
Nb3t×S45 - 2.36(11) 
 
Nb4t×S3 - 2.43(9) 
Nb4t×S4 - 2.37(8) 
Nb4t×S5 - 2.27(7) 
Nb4t×S46 - 2.46(13) 
 
Sr1×S1 – 3.16(11) 
Sr1×S10 - 3.16(11) 
Sr1×S11 – 3.30(10) 
Sr1×S22 – 3.06(9) 
Sr1×S24 – 3.08(9) 
Sr1×S43 – 3.0(5) 
Sr1×S44 - 2.71(12) 
 
Sr2×S2 - 3.20(6) 
Sr2×S10 - 3.04(10) 
Sr2×S11 - 3.16(6) 
Sr2×S26 - 2.98(6) 
Sr2×S27 - 2.79(14) 
Sr2×S43 - 3.3(5) 
Sr2×S44 - 2.58(18) 
 
Sr3×S10 - 3.16(9) 
Sr3×S11 - 3.22(10) 
Sr3×S23 – 3.01(9) 
Sr3×S25 - 3.15(12) 
Sr3×S42 – 3.06(6) 
Sr3×S43 – 3.1(7) 
Sr3×S44 - 2.73(15) 
 
Sr4×S4 – 3.19(7) 
Sr4×S7 - 3.06(14) 
Sr4×S8 – 3.33(12) 
Sr4×S9 – 3.22(12) 
Sr4×S36 - 3.0(3) 
Sr4×S37 - 2.94(7) 
Sr4×S46 - 2.50(11) 
 
Sr5×S3 – 3.15(8) 
Sr5×S7 – 3.04(16) 
Sr5×S8 – 3.16(8) 
Sr5×S9 – 3.24(8) 
Sr5×S39 - 2.91(6) 

Sr5×S40 - 2.90(8) 
Sr5×S41 – 3.45(12) 
Sr5×S46 - 2.90(14) 
 
Sr6×S5 – 3.19(8) 
Sr6×S7 – 3.46(16) 
Sr6×S8 - 3.20(7) 
Sr6×S9 – 3.18(13) 
Sr6×S35 – 2.83(7) 
Sr6×S38 - 2.85(7) 
Sr6×S46 - 2.7 (9) 
 
Sr7×S3 – 3.05(12) 
Sr7×S4 – 3.42(7) 
Sr7×S5 – 3.06(11) 
Sr7×S6 - 2.60(6) 
Sr7×S7 – 3.39(12) 
Sr7×S15 – 3.08(8) 
Sr7×S17 - 2.99(12) 
Sr7×S18 – 3.49(7) 
Sr7×S45 - 2.79(8) 
 
Sr8×S3 – 3.21(8) 
Sr8×S4 – 3.21(8) 
Sr8×S5 – 3.24(6) 
Sr8×S6 – 3.07(8) 
Sr8×S8 – 3.26(10) 
Sr8×S14 - 3.02(10) 
Sr8×S16 - 3.17(9) 
Sr8×S45 - 2.62(10) 
 
Sr9×S3 – 3.13(6) 
Sr9×S4 – 3.15(9) 
Sr9×S5 – 3.35(11) 
Sr9×S6 - 2.88(8) 
Sr9×S9 – 3.19(8) 
Sr9×S19 – 3.26(11) 
Sr9×S20 - 2.95(15) 
Sr9×S45 - 2.75(7) 
 
Sr10×S1 – 3.35(10) 
Sr10×S2 – 3.31(5) 
Sr10×S12 - 2.79(10) 
Sr10×S13 - 2.79(9) 
Sr10×S28 – 2.98(6) 
Sr10×S31 – 3.50(10) 
Sr10×S33 - 2.99(14) 
Sr10×S42 – 3.15(7) 
Sr10×S43 – 3.4(6) 
 
Sr11×S1 - 2.96(17) 
Sr11×S2 - 3.28(8) 
Sr11×S12 - 2.74(9) 
Sr11×S13 - 2.85(6) 
Sr11×S29 - 2.99(7) 
Sr11×S32 - 2.76(19) 

Sr11×S42 – 3.27(7) 
 
Sr12×S1 - 3.29(17) 
Sr12×S2 – 3.17(5) 
Sr12×S11 – 3.18(6) 
Sr12×S12 - 2.71(6) 
Sr12×S13 - 2.88(9) 
Sr12×S30 – 2.94(9) 
Sr12×S34 - 2.87(11) 
Sr12×S42 – 3.30(8) 
 
Nb5×S18 - 2.51(9) 
Nb5×S19 - 2.62(12) 
Nb5×S20 - 2.53(10) 
Nb5×S21 - 2.45(16) 
Nb5×S26 - 2.47(9) 
Nb5×S27 - 2.43(8) 
 
Nb6×S16 - 2.53(15) 
Nb6×S17 - 2.54(10) 
Nb6×S20 - 2.56(12) 
Nb6×S22 - 2.4(2) 
Nb6×S25 - 2.49(6) 
Nb6×S27 - 2.45(12) 
 
Nb7×S15 - 2.50(13) 
Nb7×S16 - 2.55(12) 
Nb7×S19 - 2.46(11) 
Nb7×S21 - 2.48(16) 
Nb7×S22 - 2.52(14) 
Nb7×S24 - 2.48(11) 
 
Nb8×S15 - 2.58(13) 
Nb8×S17 - 2.53(12) 
Nb8×S18 - 2.59(7) 
Nb8×S24 - 2.48(11) 
Nb8×S25 - 2.44(10) 
Nb8×S26 - 2.47(6) 
 
Nb9×S14 - 2.56(11) 
Nb9×S17 - 2.59(12) 
Nb9×S19 - 2.54(9) 
Nb9×S21 - 2.41(11) 
Nb9×S23 - 2.51(9) 
Nb9×S25 - 2.47(10) 
 
Nb10×S14 - 2.51(11) 
Nb10×S15 - 2.53(10) 
Nb10×S20 - 2.53(12) 
Nb10×S23 - 2.43(9) 
Nb10×S24 - 2.38(7) 
Nb10×S27 - 2.47(12) 
 
Nb11×S14 - 2.59(9) 
Nb11×S16 - 2.59(14) 
Nb11×S18 - 2.53(9) 
 

Nb11×S22 - 2.5(2) 
Nb11×S23 - 2.46(6) 
Nb11×S26 - 2.43(9) 
 
Nb12×S30 - 2.42(8) 
Nb12×S32 - 2.49(13) 
Nb12×S33 - 2.5(2) 
Nb12×S39 - 2.54(11) 
Nb12×S40 - 2.56(11) 
Nb12×S41 - 2.47(17) 
 
Nb13×S28 - 2.50(14) 
Nb13×S32 - 2.48(19) 
Nb13×S34 - 2.54(11) 
Nb13×S36 - 2.53(11) 
Nb13×S38 - 2.53(10) 
Nb13×S39 - 2.59(13) 
 
Nb14×S29 - 2.52(14) 
Nb14×S31 - 2.51(7) 
Nb14×S32 - 2.52(19) 
Nb14×S35 - 2.53(8) 
Nb14×S37 - 2.52(11) 
Nb14×S39 - 2.45(14) 
 
Nb15×S28 2.51(14) 
Nb15×S29 2.45(9) 
Nb15×S30 2.53(8) 
Nb15×S37 2.52(8) 
Nb15×S38 2.51(10) 
Nb15×S40 2.50(11) 
 
Nb16×S29 - 2.48(13) 
Nb16×S33 - 2.52(13) 
Nb16×S34 - 2.45(16) 
Nb16×S36 - 2.60(13) 
Nb16×S37 - 2.51(11) 
Nb16×S41 - 2.46(13) 
 
Nb17×S28 - 2.50(9) 
Nb17×S31 - 2.53(10) 
Nb17×S33 - 2.4(2) 
Nb17×S35 - 2.58(11) 
Nb17×S38 - 2.56(8) 
Nb17×S41 - 2.64(16) 
 
Nb18×S30 - 2.53(5) 
Nb18×S31 - 2.46(10) 
Nb18×S34 - 2.54(16) 
Nb18×S35 - 2.49(10) 
Nb18×S36 - 2.49(13) 
Nb18×S40 - 2.50(9) 
 
S37×S46 - 2.97(13) 
S38×S46 - 2.90(18) 
S40×S46 - 2.98(18) 
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Appendix 8 
 

Table 42: Data Collection parameters and structure determination data of BaNb0.9S3. 

Space Group 

а, Å 

с, Å 

V, см3 

Z 

Calculated density, g/cm3 

Absorption coefficient (cm-1) 

Diffractometer 

Data collection method 

Radiation 

Weighting scheme 

Number of measured reflections 

Number of independent reflections 

Number of reflection used in refinement with 

F≥6σ(F) 

Number of parameters used 

RF, RW 

P63/mmc 

6.8392(9) 

5.745(1) 

232.7(1) 

2 

4.658(2) 

121.03 

Enraf-Nonius CAD-4 

ω/1.33θ scan 

MoKα, λ=0.71069 Å 

1/σ(F)2 

947 

181 

 

143 

10 

0.0240; 0.0238 
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Table 43: Atomic coordinates and temperature parameters in the BaNb0.9S3 structure. 

Atom Site x y z Beq, Å2 Occupancy 

Ba 

Nb 

S 

2d 

2a 

6h 

1/3 

0 

0.1702(3) 

2/3 

0 

2x 

3/4 

0 

1/4 

1.63(3) 

1.52(4) 

1.49(4) 

 

0.892(8) 

 

Table 44: Anisotropic temperature parameters of atoms in the BaNb0.9S3 structure. 

 B11 B22 B33 B12 B13 B23 

Ba 1.49(3) 1.49(3) 1.91(5) 1/2B11 0 0 

Nb 1.03(5) 1.03(5) 2.52(9) 1/2B11 0 0 

S 1.48(8) 0.79(9) 1.99(10) 1/2B11 0 0 

 

Table 45: Main interatomic distances (Å) and angles (°) in the BaNb0.9S3 structure. 

Ba-S 3.420(3)×6 

Ba-S 3.462(1)×6 

Nb-S 2.476(2)×6 

Nb-Nb 2.873(1)×2 

S-Nb-S 89.72(5)×3 

S-Nb-S 90.28(5) 

S-Nb-S 180.00(6)×2 
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