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Ternary transition metal chalcogenides with framework structures
and the characterization of their bonding by magnetic properties
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Abstract - An extended Zintl principle is discussed for framework struc-
tures of ternary metal chalcogenides, pnictides and hydrides with tetra-
hedral and planar coordination of transition metal atoms. Their bonding

can be characterized by the magnetic moments measured by susceptibilities
and neutron diffraction. The experimental results are compared with cry-
stal field splittings obtained by calculations based on the strong field
model. This is an attempt to explain the occurence of reduced spin states
of transition metal atoms in tetrahedral coordination in terms of a de-

pendence on the framework structure.

INTRODUCTION

The subject matter of this report is the correlation between structure and bonding in ter-
nary metal chalcogenides AxMyxz where A £ alkalimetal, M = transition metal and X 2 sulfur
or selenium. Not all the hitherto known compounds are to be included here; instead some se-
lected examples will show which factors are significant for the formation of characteristic
[MyXZ] frameworks in the crystal structures and to what extent the complementary determina-
tion of magnetic moments by neutron diffraction allows insight into the characteristics of

the chemical bond.

SYNTHESIS OF TERNARY ALKALIMETAL - TRANSITION METAL CHALCOGENIDES

The first investigations on the existence of ternary sulfides of alkali metals and transi-=
tion metals date back to about 1840 to 1875. Particularly noteworthy are the works of V&1-
ker (ref. 1) and Schneider (ref. 2,3), from which it emerges that ternary sulfides are for-
med by fusing reactions of salts of the transition metals with sulfur and soda or potash.
Some of these earlier findings were later confirmed around the turn of the century by Mil-
bauer (ref. 4,5), who was able to synthesize ternary sulfides by reaction of KSCN with metal
oxides at high temperatures. These older works then fell for a long time into oblivion, and
it was not until the middle of the forties before new results were published by Riidorff et
al. (ref. 6-8), mainly on chromium and copper compounds. Interrelations in this field have
now been recognized and are represented by a great number of new alkali metal-transition me-
tal sulfides and selenides which have been characterized in recent times. Based on earlier
findings on the preparation of ternary sulfides, methods have been developed for the iso-
lation of pure substances. For this purpose hydrides or the metals themselves are used as
alkali metal compounds besides the carbonates, sulfides or polysulfides. The reaction part-
ners are then transition metals in elementary form and sulfur or hydrogen sulfide. For the
syntheses of ternary selenides analogous methods have been developed. The reactions general-
ly occur between 800 and 1200 °C in the melt, and on cooling under suitable conditions the

ternary chalcogenides can be obtained as well formed, often beautifully coloured crystals.
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In addition to the fusion reactions ternary chalcogenides can be prepared by intercalation

of alkali metals in the layer structures of transition metal sulfides or selenides.

CHARACTERISTIC [MyXZ] FRAMEWORKS IN THE CRYSTAL STRUCTURES OF TERNARY TRANSITION
METAL CHALCOGENIDES
The crystal structures of the compounds AxMsz show the occurrence of characteristic [M XZ]
frameworks (ref. 9,10). Table 1 contains some examples with M £ Mn, Fe or Co, the crystal

structures of which are characterized by MX, tetrahedra mostly linked one- or two-dimen-

sionally by their edges. In the iron sulfide with the highest alkali metal content, NaSFeSh,

TABLE 1. Some ternary chalcogenides AxMsz with M & Mn, Fe or Co

A5FeXL' (ref. 13) AgCoX,, (ref. 18)
A3FeX3 (ref. 14,15)

A MnX, (ref. 11) AFeX, (ref. 16,17)

AZMn3xll (ref. 12) AZCc>3xLl (ref. 12,19)

isolated [FeSh] tetrahedra are separated by the alkali metal atoms. Fig. 1 shows the arrange

Only the arrangement of the [FeSA]
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Fig. 2. The structure of NagFeSB.
Only the arrangement of the [Fe256]
groups is shown.

ment of the tetrahedra, the positions of the alkali metal atoms being omitted for clearness.

Fig. 1. The structure of NaSFeSh.

The structure of the ternary iron compounds Na3FeS3 and Na3FeSe3 is characterized by

[Fe,Xg] units (see Fig. 2), in which the two iron atoms are coordinated tetrahedrally by
sulfur or selenium atoms. The two tetrahedra have one common edge. The alkali metal atoms
form layers between these units. The framework structures of the compounds AFeX2 are built
up by infinite chains in which the iron atoms again are coordinated tetrahedrally by chalco-
gen atoms. The chalcogen tetrahedra are linked onedimensionally by their edges. The alkali
metal atoms have different coordination numbers according to their size. Fig. 3 shows the

KFeSZ-type as an example. A similar chain structure type was found for the manganese chalco-
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i‘é
Fig. 3. The structure of KFeSZ. Open Fig. 4. The structure of CszMn3Sh
circles: X-, closed circles: M-, dotted

circles: A-positions. These symbols are
also used in the following figures.

genides AéMnXZ; compounds of the stoichiometry AZMn3X4 crystallize in a layer structure type
(see Fig. 4). Here sulfur tetrahedra are linked again by edges, but now in a twodimensional
arrangement. According to the stoichiometry in the [Mn3xh]-framework only three of four te-

trahedral sites are occupied. The ternary cobalt chalcogenides A2C03Xh are isostructural with
TABLE 2. Some ternary chalcogenides AxMsz with M = Ni, Pd or Pt

A2PdX2 (ref. 21,22) A2PtX2 (ref. 24)

A2Ni3Xh (ref. 20) A2Pd3xl+ (ref. 23) A2Pt3Xh (ref. 25)

the manganese compounds. With sodium a sulfide of the stoichiometry A6C°Xh could be synthe-
sized. The structure shows isolated [CoSh]-Tetrahedra. Table 2 contains some ternary chalco-

genides AxM X, with M £ Ni, Pd or Pt. Within the [Msz]-frameworks the M atoms have again

the coordin:tion number Four but now they are surrounded by a planar arrangement of chalco-
gen atoms. The resulting rectangular arrays are linked one- or twodimensionally by their si-
des. Fig. 5 shows the KZPtSZ-type as an example for a chain structure, Fig. 6 the CSZPdBSh-
type with a layerlike arrangement.

Regarding structural properties the preconditions here are similar to those in the case of
Zintl phases, where elements on the borderline between metals and nonmetals are combined
with a more electropositive partner, i.e. an alkali metal, in a binary compound. Analogous
to these Zintl phases in the ternary chalcogenides under discussion anionic parts of the
structure, in this case transition metal chalcogenide frameworks [Msz], can be obtained be-
cause the cationic partner again is an alkali metal. With the composition Ax[MyXZ] a trans-
fer of x electrons by means of alkali metal atoms yields an anion M sz_. In accordance with
the concept given by Zintl in a next step a prediction of the structure of this anion can be
undertaken, for instance in comparison with the isoelectronic species Msz(x-z)-, where the
chalcogen X is replaced by a halogen Y. Thus the structure of Fe2566_ represented in Fig. 2
corresponds to the structure of FeZCI6 in the same way as the FeShs_ or the CoS 6= anion cor-
relate with the FeClh- or the CoC]hz- anion respectively (Fig. 1), and the PdS2 " chain cor-
relates with the chain in the structure of PdCl2 (Fig. 5). A corresponding replacement of

the-M atoms leads to equivalent predictions: Thus the framework structure of FeSz- corres-
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Fig. 5. The structure of K2PtS2 Fig. 6. The structure of CsZPd3SA
(left side) (right side)
ponds to that of Mnszz-. In addition to and in accordance with the concept given the tabu-

lated compounds show that an increase of the alkali metal content is connected with a
dismantling of the framework structure as long as the oxidation number of M is not changed.
20 AFeX2 - A3FeX3, A3FeX3 -
ASFeXh’ A2C03XA - A6C0X4 or AZPd3X4 - A2PdX2. Frameworks consisting of smaller structural

Examples are shown by the following pairs: A2Mn3Xh - AzMnX

units occur chiefly with lighter alkali metals.

RELATIONSHIPS BETWEEN STRUCTURE AND MAGNETISM, AN INSIGHT INTO THE CHARAC-
TERISTICS OF THE CHEMICAL BOND

Measurements of magnetic susceptibilities yielded the expected diamagnetism for planar coor-
dinated d8-transition metal atoms which are linked one- or twodimensionally within the frame-
work structures of the palladates and platinates with the general compositions AZMX2 and
A2M3X“ (see Fig. 5 and 6). For the corresponding tetrahedrally coordinated ds-transition me-
tal atoms found within the framework structures AFeX2 and A2Mn3Xh, which are to be chosen as
examples here, measurements of magnetic susceptibilities show a small, nearly temperature in-
dependent paramagnetism (ref. 16,26). This indicates antiferromagnetic coupling of the magne-
tic moments. Model calculations did not allow any conclusions on the size of the magnetic mo-
1-5"€552>
have provided further insight into this matter. In these series paramagnetic M atoms were

ments. However, investigations of series of mixed crystals,Csz(Zn]_aMn6)354 and CsGa

gradually replaced by diamagnetic atoms of comparable size and the same oxidation number. In
the first of the series mentioned above a magnetic moment of 5.87 ng for the manganese atoms
was found for small manganese contents. When model calculations are used with additional con-
sideration of antiferromagnetic interactions, this value of the magnetic moment also allows
the interpretation of the temperature dependence of the susceptibility of mixed crystals with
higher manganese contents (ref. 26). In contrast with what is observed in the Zn/Mn mixed
crystals series, the M-S and M-M distances in the Ga/Fe series shorten significant with in-

creasing iron content. Thus the magnetic moment changes and approaches the expected value for
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a low spin state for the end composition CSGaO.SSFe0.4552 (ref. 27).

As a check on the unusual finding of a low spin state of a tetrahedrally coordinated transi-
tion metal atom, neutron diffraction experiments were performed as a complementary investi-
gation. These experiments allow the direct determination of magnetic moments at temperatures
below the threedimensional ordering temperature. Powdered samples were measured using the
BER Il multicounter at the Hahn-Meitner Institut, Berlin. The diagrams obtained were evalua-
ted with the aid of Rietveld's program for profile refinement (ref. 28). The results obtai-
ned for the chalcogenides AFeX2 with a [FeXh/z] chain structure type are listed in TABLE 3.

Fig. 7 presents the structures of the magnetic moments of the sulfides and the selenides.

TABLE 3. Crystallographic and magnetic data of some ternary compounds

with chain structures

Compound KFeS2 KFeSe2 RbFeS2 RbFeSe2
Average M-X distances (pm) 223.6 236.1 2242 236. 4
No.of nearest neighbours M
and their distance to the 2x270.2  2x281.0 2x272.0 2x283.3
central M atom (pm)
Néel temperature (K) 250(1) 310(1) 188(1) 249(1)
Neutron diffraction ex-
periment T (K) 11 15 11 14
R value 0.056 0.070 0.065 0.043
Magnetic moment(uB) according
to w = 2(8(s + 1)}/2 2.7(3)  h.2(3) 2.6(3) 3.5(1)
Magnetic space group c2'/c c2/c! Cc2'/c c2/c!
}Y 7\ \

\

Gt o -
Fig. 7. The arrangements of the magnetic moments for AFes, (left side)

and for AFeSe, (right side)

In order to understand the size of the magnetic moments deviating from the value expected
for d5 iron ions coordinated tetrahedrally by sulfur or selenium atoms in a chain structure
the influence of the nearest neighbours on the electronic structure of the iron atoms was
determined by means of model calculations. We started by applying the strong field method,
neglecting interelectronic interactions and spin-orbit coupling. Since the five d electrons
are supposed to move independently of one another under the influence of the lTigands it is
permissible to use the one-electron scheme as a starting point. On this basis the crystal
fielg splitting of the fivefold degenerate orbital states can be calculated using the opera-

tor H, = Hy + V(r) where Ho represents the operator of the undisturbed transition metal atom
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and Q(r) is the perturbation by the environment. If ﬁ] operates on the real d orbitals as
the basic set, the energy changes AE prove to be approximately the roots of a 5 x 5 secular
determinant according to perturbation theory (ref. 29). In our calculations the ratio of

the radial integral <r2> to the radial integral <ru> was chosen in such a way that the ratio
az/a as defined by Companion and Komarynsky (ref. 30) became 3 for one ligand in the

FeSh tetrahedron in KFeSz. If the charges of the atoms are set equal to their oxidation
numbers, the energy splittings can be calculated by means of a relative standard. The four
chalcogen atoms and the nearest transition metal ions are taken as ligands; their distances
are listed in TABLE 3. Supplementary calculations show that the influence of atoms at a

greater distance can be neglected.

— dyy
- - dy2-,2
dxy dxz dyz _——
dx2-y2d,2 —_—— - - dyz dy;
- d,2
FeS, 5 1FesS, ,2'] J[FeSe, /2 7]

Fig. 8. Relative crystal field splittings calculated for some ternary

iron chalcogenides

Fig. 8 shows the relative energy splittings correlated with an isolated [FeSh]s- tetrahedron
and the chain structures of linked tetrahedra. The sequence of the measured magnetic mo-
ments (TABLE 3) reveals the expected correlation with the splittings. Thus the larger split-
tings and the smaller magnetic moments are found for the iron sulfides and the smaller
splittings and the higher magnetic moments are found for the iron selenides. For the com-

pound NaSFeSh a high spin state is expected, measurements are in preparation.

The simple model is able to predict the size of magnetic moments of ternary manganese com-
pounds. In accordance with smaller energy splittings higher magnetic moments are expected.
The experiments confirm this prediction (TABLE 4). Fig. 9 presents the structures of the ma-
gnetic moments of the compounds listed in TABLE 4. The structure of the above mentioned sul-
fide CszMnBSh is characterized by a framework in which sulfur tetrahedra are linked by

edges in a twodimensional arrangement. The manganese atoms occupy three of four tetrahedral
sites (see Fig. 4). Mainly the larger M-S and M-M distances in comparison with the iron com-
pounds AFeS2 (see TABLE 3) and the lower oxidation number of the M atoms yield a smaller
crystal field splitting in the case of the manganese compound CszMn3Sh. In accordance with
this calculation a higher magnetic moment was found which is not far away from the value ex-
pacted for a high spin state. The results of investigations on the compounds NaMnP and

NaMnAs (ref. 31,32), also listed in TABLE 4, are in agreement with a further extension of
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Crystallographic and magnetic data of some ternary compounds
with layer structures

Average M-X distances (pm)

No.of nearest neighbours M

and their distance to the
central M atom (pm)

Néel temperature (K)

Neutron diffraction ex-
periment T (K)
R value

Magnetic moment(uB) according

to u = 2{S(S + 1)}l/2 Hg
Magnetic space group

= -

Fig. 9.

The arrangements

Cs,Mn,s), NaMnP
244 248.2
2x310 Mn(k4b)  4x288.5
bt (e

160(10) 560(10)
4.2 15
0.027 0.023
5.0(1) Mn(4b) 4.5(1)
4.7(1) Mn(8gq)

Ibam' P4/n'm!’

of the magnetic moments for A

and for AMnP and AMnAs, respectively (right si

NaMnAs
258.6
4x297.0

500(10)
13

0.01
5.0(1)

Ph/n'm'm!

m 1

Mn,S, (left side)
3e)3t

our model calculations to ternary phosphides and arsenides. Both compounds crystallize in a

framework structure type similar to that of the ternary manganese sulfide (Fig.10). For

NaMnP larger energy splittings in comparison with the sulfide Cs

oM

n3Su are calculated mainly

Fig.

10.

The structure of AMnP
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because of the higher point charges substituting the phosphorus ligands. In accordance with
the assumption of a higher charge on the phosphorus atoms compared with the sulfur atoms a
smaller magnetic moment was found. For the arsenide again a larger magnetic moment was obser-

ved. The decrease of the energy splittings depends here on the increase of the M-X distances.
EXTENSION AND OUTLOOK

The ternary chalcogenides AxMsz described so far are in most cases compounds with 3d-transi-
tion metals. Chalcogenides with M 2 hkd- or 5d-transition metal are hardly known. Only some
palladium and platinum compounds, some intercalation phases in which alkali metals are inter-
calated in MX2 layer structures and some molybdenum and rhenium compounds have been discove-
red. In the systems A/Mo/X and A/Re/X ternary chalcogenides could be synthesized which con-

Fig.11. The structure of LihRe6s]1' At the top the arrangement of the [Re6$8]
clusters, at the bottom the linkage of the Res-units by sulfur atoms
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tain isolated or condensed [M6X8] clusters as characteristic units of a framework structure.
In accordance with the extension of Zintl's principle here again analogous atomic arrange-
ments can be observed in binary systems Msz where Y means a halogen. For example: In the sy-
stem Li/Re/S the compound LihRe6S1] was synthesized recently (ref. 33). Structure investi-
gations show a framework in which isolated [Re658] cﬂustersbfre linked threedimensionally by
additional sulfur atoms according to the scheme [Re658]56/2 (Fig. 11). The arrangement is
analogous to that in Nb I, or [Nb6l8]l6/2 (ref. 34,35). For this arrangement a most stable
electronic configuration is obtained if 24 electrons for the 12 metal-metal-bondings in a
M6-unit are available. The Rec-unit has this configuration while the Nb6-unit has only 19
electrons. Therefore the rhenium compound is diamagnetic and the niobium compound paramagne-
tic. In the first one the M6-octahedra are nearly regular, in the latter they are distorted
according to a cooperative Jahn-Teller effect. This example shows that a framework structure
can be preserved even if a system with more covalent bonding is shifted towards more elec-

tron-deficient bonding. This is well known from the so called intercalation compounds.

The before mentioned extension from the ternary chalcogenides to the corresponding phosphi-
des and arsenides led to another group of ternary compounds, namely the ternary hydrids of

the general composition AxMsz. Here the transfer of x electrons by means of alkali metal

S

Fig. 12. The structure of Na,PtH, (left side) and the low-temperature
structure of KyPtH, (right side)

atoms yields negatively charged hydrogen ligands building up anions M H, X" direct comparable
with halogenid anions MyY . Figure 12 shows the structures of the two hydrlds NathHh and
KyPtH), (ref. 36,37). The isolated planar PtHh “-units correspond to the PtC]A “-group well
known from the KZPtCIh structure type. A detailed report about such compounds is another

story.
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