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Abstract. In order to develop a novel model to predict if
a so called normal tetrahedral compound crystallizes in a
wurtzite- or sphalerite superstructure type, the system
Cu3AsS4—CusSbS, was reinvestigated. A solid solution
series was prepared and the mixed crystals were charac-
terized by powder X-ray techniques. The crystal structures
of Cu3As3305b0.67054, CuzAsg736Sbo264S4, and CuzAsS,
were refined from single crystal X-ray data. The re-
finements converged to R =0.0209, wR2=0.0484
(Cu3As(3305bg 67054, 201 unique reflections, 15 parameters),
R= 00235, wR2 = 0.0596 (CU3ASO_73ést.264S4, 218 re-
flections, 15 parameters), and R = 0.0241, wR2 = 0.0669
(Cu3AsSy, 721 reflections, 45 parameters). Z is 2 for all
compounds. The volumes of the tetrahedra [MS,] were
calculated for the investigated compounds. In addition, the
corresponding data were calculated for further solids from
literature data. The volumes of the tetrahedra are used to
separate compounds with a sphalerite type anion arrange-
ment from compounds with hexagonal packed anions. A
closer inspection of the tetrahedra volumes reveals a great-
er variation for one given material in the case of wurtzite
type superstructures than for sphalerite type superstruc-
tures. A critical difference in the tetrahedra volumes is de-
rived from these data.

Introduction

Normal tetrahedral structures have been investigated for a
long time because of their interesting electrical and optical
properties. Parthé has given easy valence electron rules in
order to predict the composition of multinary compounds
which crystallize in tetrahedral structures [1]. The cubic
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sphalerite structure type and the hexagonal wurtzite struc-
ture type are distinguished due to the packing of the an-
ions. In ternary or multinary tetrahedral compounds the
cation positions may be occupied in an ordered or in a
statistic way. An ordered distribution causes a reduction of
symmetry, e.g. leading to a tetragonal instead of a cubic
cell for CusSbSy (famatinite), whereas an orthorhombic
cell instead of a hexagonal cell results for CuzAsS, (enar-
gite) [2]. An even lower symmetry has been observed in
some other cases.

The system CuszAsS;—CusSbS, is well investigated
with respect to the formation of mixed crystals and ther-
mal properties [3, 4]. According to powder data the struc-
ture of the mixed crystals CusAs,Sb;_,Ss changes at
x =0.8. For x < 0.8 the tetragonal famatinite type is ob-
served, and for x > 0.8 the orthorhombic enargite type is
found. Most of the former investigations concentrate on
the stability of the different phases in the quasi-binary sys-
tem. Kanazawa describes the evolution of the lattice para-
meters in the solid solution series CuzAs,Sb;_,S4 [5]. Ber-
nardini et al. examine the evolution of the d;j;-values, the
most intense reflection in the X-ray powder diagram. The
d1> spacing increases linearly from luzonite to famatinite
[6]. Luzonite is the arsenian homologue of famatinite.

In the literature some refinements of natural samples of
enargite can be found [7—10]. However, these refinements
cannot be used for deriving crystal chemical parameters
since the natural samples may contain a manifold of ele-
ments. Only Karanovi¢ et al. determined the composition
of their sample exactly by energy dispersive spectroscopy,
it was Cu3 074A80.05553.971 [10].

The crystal structure of CuzAsgegsSbo315S4 was deter-
mined by Marumo and Nowacki in 1967 [11]. This com-
position was reinvestigated, as their data based on film
methods.

To date it is not possible to predict which structure
type will be formed by a normal tetrahedral compound
with a given composition. Some authors suggest that the
C cation in quaternary compounds A;BCQs (A =Cu,
B =Mn, Fe, Co, Ni, Cd, C=Si, Ge, Sn, 0=S, Se)
plays an important role [12]. However, despite numerous
efforts, e.g. ref. [13], there is no concept available to de-
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rive at least the arrangement of the anions from simple
crystal chemical data, e.g. ionic radii of the constituent
elements.

A novel approach to predict the preference for either a
distorted hexagonal or a distorted cubic arrangement of
the anions was recently described [14]. It became obvious
that in CusPS,; (enargite type) the tetrahedra [MS,]
(M = Cu, P) exhibit a significant difference of their vol-
umes while in Cu3SbS, the tetrahedra [MS4] (M = Cu,
Sb) have about the same size.

Herein, we report our investigations of the system
Cu3As,Sb;_,S4. This system was chosen since Cuz;PS, and
CuzSbS, do not form a solid solution series. Lattice con-
stants and thermal behaviour of the mixed crystals are re-
ported. In addition, selected compositions are characterized
by single crystal X-ray structure determination. Thus, a pre-
cise information about the volumes of the tetrahedra [MS4]

(M = Cu, As, Sb) is available. It is possible to derive
critical volume ratios for the change from the cubic anion
arrangement to the hexagonal packing from these data.

Experimental

Cu3AsS,s and CusSbSs were prepared by annealing stoi-
chiometric mixtures of the elements in evacuated, sealed
quartz ampoules for two weeks at 590 °C. The products
were homogenized between two annealing periods. The
solid solutions Cu3As,Sb;_,Ss (x =0.1 to 0.9) were pre-
pared from the end members by annealing stoichiometric
mixtures at 595 °C for a total of four weeks. Again, the
materials were ground between two annealing periods.
After that time, no impurities were detected by X-ray
powder diffraction.

Table 1. Crystallographic data for the X-ray structure determinations of CusAsg3Sbg7S4, CuzAs3Sb7Ss, and CuzAsSy.?

Compound Cu3As0330Sbo.67054 Cu3As.7365b0.26454 Cu3AsS,
Formula weight/(g mol™!) 426.56 407.83 393.78
Crystal size/mm? 0.12 0.10 0.08 0.11 0.09 0.09 0.32 0.20 0.18
Colour black black black
Crystal system tetragonal tetragonal orthorhombic
Space group I42m (no. 121) I42m (no. 121) Pmn2; (no. 31)
Lattice constants/A a=15.353(1) a=>5.315(1) a="7.399(1)
¢ = 10.652(2) ¢ =10.536(2) b =6.428(1)
c=6.145(1)
Cell volume/A3, Z 305.2(1), 2 297.7(1), 2 292.3(1), 2
OX-ray/(g cm ™) 4.642 4.550 4475
Diffractometer STOE IPDS, MoK, A = 0.71073 A, oriented graphite monochromator
Image plate distance /mm 60 55 60

@-range/°, Ap/° 0°<p<1125° 1.5

Absorption correction

0° < ¢ < 140°, 2.0 0° < <173, 1.0

Numerical, shape optimized with X-SHAPE [15]

Irradiation time/image/min. 15

Temperature/°C 20

2 O-range/° 3.8<20<563

hkl-range —-6<h<6
—-6<k<6
-13<1<9

No. of reflections, Rj,. 894, 0.0408

No. of independent reflections 201

No. of parameters 15

Program
RI(I > 20), R1(all reflections)
wR( > 207), wR(all reflections)?

0.0209, 0.0209
0.0484, 0.0484

Weighting parameter a 0.0269

GooF 1.083

Largest difference peaks

AOmax, Aomin/(e A7) 0.613, —0.630

18 13

24 20

42 <20<583 6.3 <20 <56.0
—5<h<7 —9<h<9
—6<k<7 —8<k<8
—14<i<14 —7<I<8
1257, 0.0398 2276, 0.0322
218 721

15 45

SHELXL97 [16]
0.0235, 0.0235
0.0596, 0.0596
0.0390
1.138

0.739, —0.542

0.0240, 0.0251
0.0660, 0.0664
0.0445

1.094

0.643, —0.597

a: Further details of the crystal structure investigations are available on request from the Fachinformationszentrum Karlsruhe, D-76344 Eggen-
stein-Leopoldshafen (Germany) (Fax: (+49)7247-808-666 (Dr. S. Hohler-Schlimm); E-mail: crysdata@fiz-karlsruhe.de), on quoting the depository

numbers CSD-413348 (CLI3AS()>33()Sb0_67()S4), CSD-413349 (CU3AS()_736$b()_264S4), and CSD-413350 (CU3ASS4).

b: Definition of R1 and wR:

,ZHFO‘ — ‘Fc“
R1 = SN IF, , WR

> [W(Foz - Fcz)z}
> [W(Fnz)z] 7

GooF =

> [W(F02 - Fcz)z}

n—p ?

w = 1/(0*(Fs2) + (aF,)%).
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Thermal analyses were carried out on a Setaram TMA
92 16.18 high temperature DSC in evacuated sealed quartz
ampoules (inner diameter: 2.6 mm). X-ray powder diffrac-
tion data were collected in transmission setup on a STOE
Stadi P equipped with CuKj,; radiation (Ge monochroma-
tor, Si as an external standard) and a linear PSD detector.

Single  crystal ~ X-ray  diffraction data  of
Cu3As0.3305b0.67054 (CuzAsg3Sbo7S4), CuzAsg7365bo.264S4
(CuzAsp7Sbo3S4), and CuzAsS, were collected on a STOE
IPDS. For all three compositions a numerical absorption
correction was performed. The description of the crystal
shapes was optimized with X-Shape [15]. The structures
were solved by direct methods and refined against F2 [16]
with anisotropic displacement parameters for all atoms
including an extinction parameter. The Flack parameter
was used to check for the right setting of the non-centro-
symmetric structures. It was 0.00(8) for Cu3Asg3Sbo7S4,
—001(5) for CU3AS().7Sb()_3S4, and 007(2) for CLI3ASS4.
This means, there was no evidence for inversion twinning.
Crystallographic data and details of the refinements are
collected in Table 1.

Results and discussion

Phase analytical investigations

The system Cu3As,Sb;_,S4 has a two phase region at x = 0.8.
Mixtures with x < 0.8 crystallize in the famatinite type, com-
positions withx > 0.8 crystallize in the enargite type. The sam-
ple with x = 0.8 contains both phases. Fig. 1c shows that the
cell volume of the famatinite phase is close to the volume at
x = 0.7, the volume of the enargite phase is close to the volume
forx = 0.9. Skinneret al. found that the antimony richest enar-
gite type composition in their studies was CusAsg g74Sbg. 12654
(annealing temperature 500 °C). The same authors desig-
nated CuzAsg691Sbo300S4, grown at 425 °C, as the arsenic
richest famatinite type composition they received in their stu-
dies [3]. Sugaki et al. determined the composition gap at tem-
peratures of 400 °C, 500 °C, and 600 °C [4]. At 400 °C the
immiscibility field reaches from about 2 to 38% Cu3SbS,.
With higher temperatures the width of the field decreases,
reaching from 6 to 33% Cu3SbS, at 500 °C and 14-25%
famatinite at 600 °C. For this temperature the authors re-
ported the existence of small amounts of tennantite-tetra-
hedrite (CujpAssS13—CupSbsSy3, both cubic, space group
I43m [17]). The evolution of the lattice parameters in the
solid solution series luzonite-famatinite (both are tetrago-
nal) was described by Kanazawa [5] and Sugaki et al. [4].
In both cases the authors report a linear variation over the
whole composition range.

The orthorhombic lattice constants of enargite type so-
lids can be transformed into tetragonal cell parameters
using the following formulas:

A — Aortho _ bonho
tet — 1) tet — )
V2 Vi

and ¢y = \/§ * Cortho -

The value for ai; can thus be calculated from gy, and
bortho- Here the average value of both data ai and by is
used since they are slightly different.
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Fig. 1a. Tetragonal lattice parameter a. vs. the composition of the
solid solution CuzAs,Sby_S4.
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Fig. 1b. Tetragonal lattice parameter ¢, of the compositions in the
system CuzAs,Sbj,S4.
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Fig. 1c. Cell volumes vs. composition in the system CuzAsS;—Cu3SbSy.

The change of the structure with increasing As content
around the composition gap becomes obvious from these
data. The lattice constants a and c decrease linearly to
x = 0.8 and then « falls to smaller values, while the para-
meter ¢ jumps to higher values at this composition, see
Fig. 1. The cell volume varies more or less linear over the
whole composition range, because the contrary trends for
c and a compensate each other.

The lattice constants of the famatinite type composi-
tions are in good agreement with the data published in
refs. [4, 5].

The ratio c/a decreases linearly with an increasing con-
tent of arsenic. Its value declines from the ideal tetragonal
ratio c/a =2, which is nearly reached in CuzSbSy (c/a
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Fig. 2. Development of the c/a ratios with increasing content of As
in CusAs,Sb;_,S4 (data for x > 0.8 are transferred to the tetragonal
metric, vide supra).

=1.997) to c/a =1.981 in CuzAsp7Sbp3Ss. Contrary to
the linear behaviour for the series famatinite-luzonite [5] a
discontinuity is found for the series famatinite-enargite at
x = 0.8. The enargite type compositions have ratios c/a >
2.03, see Fig. 2. Again, the values of the famatinite com-
positions agree very well.

The splitting of the reflections in the powder diffraction
patterns depends strongly on the c/a ratio. This splitting
becomes more and more evident with an increasing As
content due to the increasing structural distortions.

Famatinite is reported to melt congruently at 627 °C
[18]. The melting points reported for enargite are not un-
ique. Some authors suggest the congruent melting of enar-
gite at 655 °C [19], and 674 °C [20] while others report a
particular decomposition at 600 °C [4]. A detailed survey
of the contradictory results is given by Miiller and Blachnik
who report the melting point of CuzAsS4 as 694 °C [21].

Melting points of the mixed crystals CuzAs,Sb;_,Sy
were determined by DTA measurements in order to
investigate the thermal behaviour of the system
Cu3AsS4—Cu3SbS,. The compositions were heated twice
to 1000 °C with a rate of 10 °C per minute and cooled
again with the same rate. The second heating cycle was
performed in order to examine if the substances melt con-
gruently.

The melting points for CuzSbS; (632°C) and
CuzAsSy (692 °C) are in good agreement with refs. [18,

700-LLC
s
680 *
*
*
660
* *
*
640 *
*

+ -
620

0.0 0.2 0.4 0.6 0.8 1.0

Y

Fig. 3. Melting points in the system Cu3As,Sb;_,S4.

Fig. 4. Orthorhombic Cu3AsS; (left) compared to tetragonal
Cu3As)7Sb3S4 (right). As and Sb are located in the tetrahedra. Note
the different tetrahedral sizes the enargite structure while the different
tetrahedra in Cu3Asg7Sbg3S4 have almost the same size.

21]. The melting points of the mixed crystals increase
linearly with an increasing content of As, as shown in
Fig. 3.

The thermal effects in the two heating cycles are
identical within the tolerances. An X-ray powder diffrac-
tion diagram was recorded for CusAsysSbg sS4 after melt-
ing. The diffraction data show the coexistence of the fa-
matinite type and a second phase belonging to the
Cu2As4513—CupSbsS |3 series. We also recognized a de-
composition upon heating the end members to 700 °C.
These results are in agreement with the results of Sugaki
et al., who investigated the system Cu3zAsS;—CusSbS, at a
temperature of 600 °C. They found a particular decompo-
sition into the tennantite-tetrahedrite system, too [4]. Miil-
ler and Blachnik report that heating Cu3AsSs above the
melting point of enargite increases the amount of by-pro-
ducts [21].

Single crystal investigations

The results of the crystal structure analyses are collected
in tables 2—5. The compounds consist of corner sharing
tetrahedra [CuS4] and [(As/Sb)S4] in a ratio 3:1. As and
Sb are statistically distributed on the MY positions.

During the refinement only one common position and
common displacement parameters for Sb and As were
considered. The occupancies of Sb and As were con-
strained to result in fully occupied positions.

We showed recently for CusPS; and Cu3SbS, that in
CusPS, the tetrahedra [CuS4] and [PS4] differ significantly
in size whereas they have about the same size in Cu3SbS,.
The higher symmetrical sphalerite structure type cannot be
built if the differences between different tetrahedra are
too large. In order to verify this idea, the system
Cu3AsS;—CusSbS, was investigated with respect to this
assumption. The volumes of the tetrahedra were calculated
from the lengths of the edges (see Fig. 5 for assignment)

Fig. 5. Labelling of the tetrahedral edges.
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Table 2. Atomic parameters (e.s.d.s) and

Atom Wyckoff pos. Occ. x y z U Uey® (in A2) for CusAsg3Sbg7S4 and
CuzAs).3Sbg.7S4 Cu3As075b03S4
Sb 2a 0.736(3) O 0 0 0.0119(2)

As 2a 0.264 0 0 0 0.0119(2)

Cul 4d 0.5 0 0.25 0.0233(2)

Cu2 2b 0.5 0.5 0 0.0230(3)

S 8i 0.2501(1) «x 0.1273 (1) 0.0161(3)

Cu3As)7Sby.3S4

Sb 2a 0.3302) 0 0 0 0.0096(2)

As 2a 0.670 0 0 0 0.0096(2)

Cul 4d 0.5 0 0.25 0.0211(2)

Cu2 2b 0.5 0.5 0 0.0210(2)

S 8i 0.2439(1) «x 0.1250 (1) 0.0143(3)

a: Ueq is defined as one third of the trace of the orthogonalized Uj; tensor.

Table 3. Anisotropic displacement parameters Uj; (in A? for

CU3AS()_3Sb()A7S4 and CU3ASQ‘7Sb0A3S4.

with the formula [22]

ol

Atom  Uj=U U U Ups = U rog oa |
11 = 22 33 12 13 — U23 1 2 O p2 b2 1
Cu3As0.3Sbo.7S4 = | 283" 2 pr 0 21
2 32 2

Sbl 0.0119(2) 0.0120(3) 0 0 b c 0 1
Asl 0.0119(2) 0.0120(3) 0 0 1 1 1 O
Cu2 0.0224(3) 0.0251(4) 0 0 We have calculated the average volumes of all tetahedra in
Cu3 0.0228(3) 0.0233(5) 0 0 the compounds under discussion. From the volumes V; of
S4 0.0156(4) 0.0173(7) 0.0004(3)  0.0008(2) the distinct tetrahedra i in a compound we have calculated
CusAso7SbosSq the following values:
Sb 0.0090(2) 0.0000(2) 0 0 . X,-, thehav::;?fge value (f)f EH tetrahedral Ifolumevs ]
As 0.0090(2) 0.0000(2) 0 0 e AV, the difference of the average volume V; from
Cul 0.0202(3 0.00003 0 0 the volume V;, AV; =V; — V

! ' ) ’ ) e AV, the average value of AV,
Cu2 0.02053) 0.0000(4) 0 0 The values are given in Table 6. The data for CuzPSy
S 0.0137(5) 0.0154(6) 0.0005(2) 0.0004(2)

Table 4. Atomic parameters (e.s.d.s) and Uq  (in Az) for CuzAsS,.

Atom Wyckoff pos. x y Z

As 2a 0 0.1726(1) 0.0014(1)
Cul 2a 0 0.8467(1) 0.5016(2)
Cu2 4b 0.7523(1) 0.6745(1) 0.0097(1)
S1 2a 0 0.1777(2) 0.3589(3)
S2 2a 0 0.8517(2) 0.8763(3)
S3 4b 0.7436(1) 0.6648(1) 0.3811(2)

a: Ueq is defined as one third of the trace of the orthogonalized Uij

tensor.

and Cu3SbS, were calculated from ref. [14].

Plotting AV, of the tetrahedra [MS4] (M = (As,Sb;_,))
of the compositions with x = 0.0, 0.3, 0.7, and 1.0 against
the composition provides a linear dependence, shown in
Fig. 6.

For CusPS, AV, is quite high as expected. On the other
hand for sphalerite type structures we receive small val-
ues. AV; for enargite is slightly bigger as compared to the
sphalerite related compositions.

If we compare the average values AV; for the system
Cu3AsS4;—CusSbS,, we expect a minimum at about
x =0.4. This is, because the tetrahedra [SbS4] are larger
than the polyhedra [CuS4], but the tetrahedra [AsS4] are
smaller. If Sb is substituted by As, there exists a composi-
tion where the tetrahedra [(As,Sby_,)S4] reach the same

Table 5. Anisotropic displacement parameters

Atom Uy, Un Uss U Ui Uz Uy (in A?) for CuzAsS,.
As 0.0103(3)  0.0078(3)  0.00953) 0O 0 —0.0001(3)
Cul  0.0222(4) 0.01953) 0.0187(4) 0 0 0.0025(5)
Cu2  0.02133) 0.0183(3) 0.0197(6)  0.0013(1)  —0.0008(2) 0.0011(4)
S1 0.0130(7)  0.0127(7)  0.0070(7) 0O 0 0.0010(5)
S2 0.0134(6)  0.0083(5)  0.0133(7) O 0 —0.0001(6)
S3 0.0110(5)  0.0105(5)  0.0145(9)  0.0017(3) 0.0008(3) —0.0004(3)
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Table 6. Volumes of the different tetrahedra in the investigated com-
positions.

Compound AV; of AV; of AV; of AV;
[Cu;S4] [CusS4] [MS4]
CusPSy 10.4 5.1 —20.6 10.3
Cu3AsSy 5.1 2.7 —104 5.2
Cll}AS()ij().}Sz; 5.0 0.0 -5.0 3.3
CuzAsg3Sbg 784 1.8 -1.9 1.9 1.8
Cu3SbSy -0.4 3.1 6.6 3.3
Table 7. V; for different compounds.
Compound Space-group AV; ref. Structure-
Type
CuGeS3 Clcl 3.7 [23] sst ¢
Cu,SnS; 142m 23 [24] sst
CusSbSey IA2m 5.8 [17] sst
CuFeS, 142d 2.4 [25] sst
CuyTiSy 142m 22 [26] sst
Cu,SiS;3 (LT) Clcl 7.3 [27] sst
LizAsO4 Pmn2, 15.2 [28] wst ?
LisPOy4 Pmna 21.4 [29] wst
AlLiSe, Pmn2, 10.0 [30] wst
AgsAsSy Pmn2, 15.0 [31] wst
Cu,SiS; (HT) Cmc2, 8.6 [32] wst

a: sst: sphalerite superstructure type
b: wst: wurtzite superstructure type

size as the polyhedra [CuS4]. This is at about x = 0.4, cf.
Fig. 6. With increasing amounts of As the tetrahedra
[(AsSb)S4] become smaller and AV; increases again.

Structural data from the literature were also evaluated
in order to verify these findings. From Table 7 one can see
that sphalerite type compounds have significantly smaller
AV; values than wurtzite type compounds. The question
arises for a “critical” AV; that separates sphalerite and
wurtzite type compounds from each other.

AV[(AsSb)S ]

-

-8 4

-12 . : - ; !
0.0 0.2 0.4 0.6 0.8 1.0
x
Fig. 6. Plot of AV; of the tetrahedra [MS4] (M = As, (AsSb), Sb)
against the composition of Cu3zAs,Sb;_,S4.

The largest AV; we calculated for a famatinite type
compound was 8.8 for CuyNiSi,S;. The structure was
solved by Schdfer etal. [33]. We refined the structure
again [34] in order to verify this relatively large AV; and
observed AV;=8.5. This difference is not remarkable.
The smallest V; for an enargite type compound was found
for enargite itself with AV; =5.2.

This means that there is an intermediate range where
either one or the other packing can be realized, cf. also
CusSiS;3 [27, 32]. To date, our model fits crystal structures
of chalcogenides quite well. However, an inspection of the
structures of more ionic compounds, e.g. ternary nitrides,
shows that different critical parameters have to be derived
here for a broader applicability of our approach.
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