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The phase relationships of the quaternary systems MCrSe,-MGazSe4 (M = Mn, Fe, Co, Ni) and 
MV&-MGa& (M = Fe, Ni) and the ternary system NiS-Ga& were studied by X-ray phase analy- 
ses with the aim to prepare new layered structure and spinel-type chalcides. The hitherto unknown 
selenides MnCro 5Ga,.5Sel, FeCqSGal $e., , CoCr, &a, Sea, and (Ni, Cr, Ga, q ),Se4 (all ZnIn&-III 
type) were obtained and characterized by X-ray and FIR studies. No quaternary chalcides are formed 
in the systems MV,S&4Ga2S4; ternary NiGa$e., and CoGa?Se., were likewise not obtained. Whereas 
the phase widths of the end-member phases are small (with the exception of o’-Ga& at 1000°C) 
because of the strong tetrahedral and octahedral site preferences of gallium and both chromium and 
vanadium, respectively, the quatemary selenides form solid solutions of the type MCrzetiGaLSe4 with 
x = 0.65-0.80 for M = Mn and Fe. 0 1987 Academic PKSS, IK. 

Introduction 

For preparation of new ternary or 
multinary chalcides, it is useful to study the 
phase diagrams of systems with end-mem- 
ber phases which differ in the coordination 
of the metal sites in such a manner that 
those of possible new compounds are inter- 
mediate (1, 2). In order to obtain new lay- 
ered structure or spinel-type chalcides with 
interesting physical properties we therefore 
studied the phase diagrams of the quater- 
nary systems MCr$eJ-MGa2Se4 with M = 
Mn, Fe, Co, Ni and MV2S4-MGa2S4 with 
M = Fe, Ni, which fulfill the conditions dis- 
cussed above. 

The ternary chromium selenides (3-5) 
and vanadium sulfides (6, 7) crystallize in 
the NiAs defect structure Cr& type with 
only octahedral sites occupied by the metal 

atoms. The other end-member phases pos- 
sess crystal structures with tetrahedrally 
coordinated metal atoms. The gallium sul- 
fides (2, 8) crystallize in the layered struc- 
ture FeGa& type with both octahedral and 
tetrahedral sites occupied, and MnGazSed 
and FeGazSer (9-12) crystallize in defect 
sphalerite structures with only tetrahedral 
sites occupied; ternary CoGazSe4 and Ni- 
Ga#e, are not known so far (13-14). 
Hence, the metal coordination of A&X4 
layered structures as the ZnIn& (IS, 16) 
and the FeGa& type (2, 8) with one octa- 
hedral and two tetrahedral sites occupied 
is intermediate between those of the 
Cr3S4 and the ZnS defect structures, 
that of spinels, i.e., one tetrahedral and 
two octahedral sites occupied, between 
those of the Cr& and the layered struc- 
tures. 
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Experimental 

Polycrystalline samples of the quaternary 
chalcide systems under investigation were 
prepared by firing appropriate mixtures of 
the ternary compounds in evacuated closed 
silica tubes at elevated temperatures (two 
heating periods of 8-30 days depending on 
annealing temperature chosen) and quench- 
ing with ice water to ambient temperature. 
The ternary chalcides were synthesized 
from the elements by heating at 800°C for 
48 hr and then at 1000°C for 12 hr. The poly- 
crystalline samples obtained were ground 
and reheated at 800°C for 5 days to achieve 
homogeneity. Starting materials were sul- 
fur, 5 N (Fluka), selenium, 4 N (Fluka), 
chromium, 4 N (Fluka), gallium, 4 N (Ven- 
tron), vanadium, 2 N (Fluka), manganese, 
3 N (Ventron), iron, 6 N (Ventron), cobalt, 
3 N (Ventron), and nickel, 4 N (Janssen). 

The ternary and quaternary chalcides 
and equilibrated phase mixtures obtained 
were analyzed by X-ray Guinier powder 
technique (Huber Guinier 600 system); 
CrK,, radiation was used. The unit cell di- 
mensions of the various chalcide phases 
were calculated by least-squares methods 
(“LSUCR,” “ITO” (17)); a-quartz was 
used as an internal standard (a0 = 491.36 
and co = 540.54 pm). The far-infrared spec- 
tra of the new layered structure compounds 
were recorded with a Bruker IFS 114 FT-IR 
spectrometer (nujol mulls). 

Results 

1. Layered Structure Selenides 
MnCmGmSe4, FeCmGade4, 
CoCro.5Gal.sSe4, and (Ni, 0, Ga, &Se4 

In the systems under investigation, the 
hitherto unknown quaternary selenides Mn 
Cro.sGal,$Se4, FeCro.5Gal.SSe4, and CoCro.5 
Ga,.5Se4 were synthesized. Equilibrated 
samples of composition NiCro,5Ga1.sSe4 are 
three-phase, viz. Ni,-,Cr,Se, GazSe3, and a 
ZnInzS4-III type quaternary selenide. No 

quaternary chalcides were obtained in the 
systems MV$S4-MGa& (M = Fe, Ni). 
Ternary CoGazSe4 and NiGaZSe4 could like- 
wise not be prepared. 

The quaternary selenides, which can be 
best obtained by firing appropriate mixtures 
of the ternary selenides or the elements at 
800°C for two heating periods of 8 days, 
crystallize in the layered structure ZnIn2S4- 
IIIA type (space group R3m, Z = 3). The 
unit cell dimensions are given in Table I. 
The X-ray powder photographs of the lay- 
ered structure selenides show strong tex- 
ture effects. The FIR spectra (see Fig. 1) 
reveal only a few of the 40 group theoretical 
allowed (18) bands. 

In the case of MnCro.sGa,.5Se4, the X-ray 
patterns of samples quenched from temper- 
atures <8OO”C differ from those of samples 
quenched from higher temperatures, partic- 
ularly there are reflections additional to 
those allowed in the rhombohedral system. 
The patterns, however, could also be in- 
dexed in the hexagonal system and the unit 
cell dimensions obtained are very similar to 
those of the ZnInS4-type compound (see 
Table 1). Furthermore, the FIR spectra of 
both samples are very similar. From addi- 
tional experiments it is shown that the low- 
temperature form can be converted into the 
ZnIn2S4-type compound by heating at 
higher temperatures, whereas the reverse 
transformation at lower temperatures is not 
possible (within 8 weeks). Hence, low-tem- 

TABLE I 

UNITCELL DIMENSIONS (pm)~~ 

QUATERNARY ZnIn&-III TYPE SELENIDES 

a c 

MnCr0.5GaI,5Se40 386.6(l) 3843(l) 
FeCr0.5Ga1.5Se48 382.8(l) 3794( 1) 
CoCr&a, $e4a 380.5(2) 3770( 1) 
(Ni, Cr, Ga, q )3Se4u 379.1(l) 3763(2) 
MnCr0.5Ga,,5Se46 386.9(l) 3839(l) 

o Quenched from 800°C. 
b Quenched from 600°C; see text. 
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FIG. 2. Unit cell dimensions of MnCr2-2rGazlSe4 (0, 
0) and FeCr2-2xGazxSe4 (W, 0) solid solutions. J 
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FIG. 1. Far-infrared spectra of the ZnIn&-IIIA type 
MnCr0.5Gal,5Se4 and FeCr,,5Ga, $e,. 

perature MnCr0.sGa,.5Se4 is probably a 
metastable compound. 

2. Phase Diagrams of the Systems 
MCr2+Ga&e4 (M = Mn, Fe), 
MV2-2,Ga& (M = Fe, Ni), and 
NiS-Ga2S3 

The phase diagrams of the manganese 
and iron selenide systems were studied by 
X-ray phase analyses of quenched samples. 
The phase widths of the ternary end-mem- 
ber phases are very small, i.e., no mutual 
substitution could be detected by the X-ray 
method. The ZnIn&-III type quaternary 
selenides exist, independently of the equili- 
bration temperatures studied (600 to 
9OO”C), in the range from x = 0.65 to x = 
0.80 in both systems. The unit cell dimen- 
sions of these solid solutions, however, al- 
ter only little depending on x (see Fig. 2). 
The lattice constants of the ternary se- 
lenides resemble the literature data (see Ta- 
ble II). The iron system is not fully quasi- 
binary, as shown from forming solid 

TABLE II 

LATTICECONSTANTS (pm) OFTHETERNARY 
END-MEMBER PHASES IN THE MCr2Se4-MGazSe4 

AND MV2S4-MGa& SYSTEMS 

a b c P (“) Reference 

M&r&n 629.W) 365.2(l) 1220.6(2) 90.63(2)” 

628.9(2) 364.8(l) 1217.8(Z) 90.62(3Jh (4) 

630.8 364.9 1221.6 90.67 

FeCr& 625.5(l) 360.9(l) 1175.7(l) 90.81(l) 

626 361 II78 90.85 (5) 
621.9(2) 358.8(l) ll59.2(4) 90.91(2)( 

Fe,Ser 614.00) 351.4(l) llO9.9(2) 91.54(l) 

FeV& 585.5(l) 329.3(l) 1127.3(l) 91.92(l) 
587.2 330.0 1129.4 92.12 (7) 

NiV*Sd 584.8(l) 328.Ml) 1108.6(2) 92.33(l) 

584 328 II07 92.57 (6) 
MnGa& 567.5(l) 1075.9(l) 

567.6 1076.0 (9) 

FeGa+q 550.1(l) 550.0(l) 
550. I 550. I C/2) 

FeG& 366.8(l) 1X19.3(2) 
365.4 1205.6 (8) 

NiGaz& 362.49(2) Il99.56(5) (2) 

” Quenched from 600°C. 
b Quenched from 800°C. 
c FeCr~-bFe*Se4 mixed crystals, non-quasi-binary behavior. 
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solutions of type FeCr2-zxFetiSe4 (see Ta- 
ble II). 

The mutual substitutions of MV& and 
MGa& (A4 = Fe, Ni) are very small. Quar- 
ternary sulfides of spine1 type or other 
structures were not found. The lattice con- 
stants of the ternary sulfides are in agree- 
ment with the literature data (see Table II). 

In the ternary system NiS-Ga&, layer 
structure (FeGa& type) ternary NiGa& is 
formed (2). The phase widths of the ternary 
and both binary end-member sulfides (p- 
NiS and monoclinic a-Ga&) are very 
small. Only in the case of hexagonal (Y’- 
Ga& (19, 20) at higher temperatures can 
some amounts of nickel, but less than re- 
ported in (21), i.e., about 10, not 30 mole%, 
be substituted into the binary gallium sul- 
fide. The unit cell dimensions of mono- 
phase Ga& with 10 mole% NiS, with sam- 
ple quenched from IOOOC, were a = 
639.7(l) and c = 1808.1(2) pm. 

Discussion and Conclusion 

The pseudoternary layered selenides pre- 
sented in this paper are the first compounds 
of the ZnIn& family which are not exclu- 
sively composed of d lo metal ions as Zn2+, 
In3+, etc. (see also (22)). The crystal struc- 
tures of the new compounds were not de- 
termined, but the cation distribution is ob- 
viously such that chromium is only on 
octahedral sites, gallium on tetrahedral 
ones, and the bivalent metals (Mn, Fe) on 
both enabling some nonstoichiometry. 
However, the maximum and minimum 
chromium contents thus possible, viz. 
MCrGaSe4 and MGa2Se4, are not realized. 

The relatively small alterations of the 
unit cell dimensions with increasing gallium 
content (see Fig. 2), especially in the man- 
ganese system, are probably due to the fact 
that simultaneously chromium is substi- 
tuted by the larger manganese on octahe- 
dral sites and manganese by the smaller gal- 
lium on tetrahedral sites. 
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