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Toward the crystal structure of nagyagite, [Pb(Pb,Sb)3{(Au,Te)]
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ABSTRACT

Synthetic nagyagite was grown from a melt as part of a search for materials with high-tempera-
ture superconductivity. Electron microprobe analyses of synthetic nagyagite and of nagyagite from
the type locality Nagyag, Transylvania (noac&Tmb, Romania) agree with data from literature.

The crystal chemical formula [Pb(Pb,SH)@&u,Te)] was derived from crystal structure investi-
gations. Nagyagite is monoclinic pseudotetragonal. The average crystal structure was determined
from both synthetic and natural samples and was refined from the synthetic materad 1045

for 657 single-crystal X-ray data: space gré@gm, a=4.220(1) Ab=4.176(1) Ac=15.119(3)

A, B=95.42(33, andZ = 2. Nagyagite features a pronounced layer structure: slices of a two slabs
thick SnS-archetype with formula Pb(Pb,Sip&rallel to (001) have a thickness of 9.15 A. Te and

Au form a planar pseudo-square net that is sandwiched between the SnS-archetype layers; it is
assumed that planar AllTe, configurations are edge connected to chains and that Te atoms are in

a zigzag arrangement. Ordering within the SnS-archetype and gold-tellurium layers, intense twin-
ning and/or stacking variants are responsible for the often observed superstructure reflections. For
buckhornite, [(PiBi)s:S:][(AuTe,)ss], a structure model is proposed considering a homologous
series with nagyagite, [(RlPb,Sb))ssSs][(Au,Te)].

INTRODUCTION metries and cell parameters have been published. Schrauf

Werner (1789) [cited in Hintze (1904)] described a foliated-878) mentioned a tetragonal pseudosymmetry, but could not
gold ore from Nagyag, Transylvania (nowc&fimb, Roma- Work out the true symmetry and suggested orthorhombic sym-
nia) and named it for the type locality “Nagiakererz.” Haidinggpetry as likely. Tetragonal and monoclinic symmetry was as-
(1845) modified the name to nagyagite. Numerous synony§igmned by Dana and Dana (1877) and Palache et al. (1944),
like “Blattererz,” “Nagyager Erz,” “Bléattertellur,” “Graugolderz,” respectively, orthorhombic symmetry by Criddle and Stanley
“black tellurium,” “foliated tellurium,” “elasmose,” and (1993). From X-ray film investigations Gossner (1935) found
“elasmosine” refer to the macroscopic behavior and the cheripseudotetragonal or even tetragonal cell witf12.5 A and
cal composition; references to the historical descriptions @& 30.25 A; however, he mentioned that a tetragonal cell is
compiled by Hintze (1904). For a recent description of the of@t likely from the intensity distribution, one crystal red
deposit in Nagyag see Simon et al. (1995). Nagyagite existsl& x 12.5 A = 4.17 A. Stanley et al. (1994) made the first
many other localities. Nagyagite occurs as foliated masses, cgigempt to determine the space-group. For an orthorhombic
talline plates, and massive granular particles. Despite the faseudotetragonal cell with= 8.363(7) Ap = 30.20(1) Ac =
that crystals up to several millimeters in scale are known, t8&88(7) A, they found the extinction symbol Bb--, but the au-
correct chemical formula and the crystal system remained tihers mentioned some pseudoextinctions and classes of strong
certain to date; the crystal structure was unknown. There ared weak reflections.
three main reasons for this: (1) It was unclear which elementsWe encountered nagyagite during a search for high-tem-
substitute for others in nagyagite. Occasionally Te and Sb op&ature superconductive materials among sulfides rather than
and Te were grouped together. (2) The crystals are mechanicaltythe usually investigated oxides (Culetto 1996, 1997). Of
extremely unstable; plastic deformation does not allow to cutttie complex sulfides, selenides, and tellurides, nagyagite was
break samples of extreme laminated to foliated habit withatlought to be a candidate for such a physical study due to sym-
bending them. (3) Pervasive twinning was described even in earlgtry reasons, the layered type structure expected from the
morphological investigations (Schrauf 1878; Palache et al. 194djarked cleavage, and the pronounced foliated habit. Appro-
Associated stacking faults and structural defects prevented phiate chemical substitutions or high pressure should provide
detection of crystal symmetry and the determination of unit cethaterials with anomalous normal-state properties, e.g., anoma-
Laue symmetry, extinction rules, and atomic arrangement. lous phonon frequency shift at low temperature. Successful

The uncertainty in the symmetry of nagyagite was mematerials synthesis encouraged us to solve the type structure
tioned by practically all authors to date. Several crystal symf nagyagite.
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MATERIALS SYNTHESIS

Multi-phase samples in the Ag-Au-Pb-Sb-S-Te system we
prepared by a two-step procedure. For the preparation ofAu
precursor material, stoichiometric portions of 4N fine gol
grains (OGUSSA) and 5N tellurium pieces (STREM) have be
sealed in a Duran glass ampulla at 0.2 haatihosphere. The
ampulla was then heated from 350 to 300at a rate of 4 K/
min in a Naber Labotherm furnace and kept at 8D@or 3.5
h. The reaction was completed by a subsequent five hours
nealing process at 46&. The sample was then slowly coolec
down to room temperature.

In a second step, pieces of the brittle Audieecursor mate-
rial and the analytical or higher grade reagentSA§LUKA),
Sb (MERCK), Pb (BMG), S (FLUKA), and Te (STREM)
weighed out according to the initial composition AgAL
ShPh;S,cTe; were sealed as above. Later synthesis runs wi
performed with variable ratios of elements. The total sample m
for the second reaction step was chosen as ~1 g. The vertic
positioned ampulla was heated to £8Dat a rate of 4 K/min
and kept there for 30 min. Reactions already started below ¢
°C and partial melting was visible, general surface melting w
observed above 62C. Temperature rise maintaining the rate g
4 K/min produced a silvery melt with metallic luster containin
numerous bubbles. Finally the melt was kept at’@3for 5 min
and then cooled down at a rate of 2 K/min in a vertical tempera-
ture gradient of approximately 0.5 K/cm. mula. The commonly proposed solid solution between S and

The regulus showed a pitted surface and contained numBg; or grouping together of Sb and Te, did not yield integer
ous vesicles ranging from less than one to several mm in sig@ichiometry. The element substitutions proposed from struc-
Extremely thin-tabular crystals of chemically homogeneousral investigation in parts are unexpected. Nagyagite has to be
synthetic nagyagite, intergrown in fan-shaped aggregates weoasidered as a composite structure formed by an alternate
grown. Some of the larger crystals showed a rectangular ostiacking of sulfide and telluride layers. Solid solution between
line with the corners being truncated by small faces. CrysRb-Sb(-As-Bi) has to be considered for the cation positions
fragments detached from the cavities served for single-crystdgthin the SnS-type layers; these layers are separated by pla-
X-ray investigations. Thin slices of different orientation weraar gold-tellurium sheets of anionic character. Table 1 com-
cut from the regulus, embedded in resin, ground, and polisha@tes the previous chemical analyses after recalculation based
for electron microprobe investigations. The major reaction prodn the present results. Within the analytical error, they agree
uct is nagyagite, minor phases include hessite, stuetzitdth our structural formula.
boulangerite, tellurantimony, galena, three chemically differ- Quantitative chemical analyses of nagyagite and of synthetic
ent phases related to sylvanite, poorly crystallized phasesmaterial were performed using an electron microprobe. Two
the system Ag-Sh-Te (some of them are unknown), as well@sished sections were investigated, one containing natural
small quantities of valentinite (Fig. 1). Electron microprobeagyagite from the type locality (no. 5588, collection of the
analyses and/or single-crystal X-ray diffractions were pelnstitut fiir Mineralogie und Kristallographie, Universitat Wien),
formed on the products. The presence of metallic lead excetite other contained fragments from the syntheses’ products. A
ing 0.5 vol% in samples of comparable composition and realt=OL Superprobe 8600, controlled by a LINK-EXL system
tion conditions can be excluded by low temperature ac- aoperated at 25 kV with a beam current of 30 nA was used. The
dc-susceptibility results from Michor and Hilscher (1997, peraw data were processed by the ZAF-4 on-line program. Pure

f FIGURE 1.Complex assemblage of synthetic nagyagite (na) rimmed
y the unknown phase “X” (un) and intergrown with sylvanite (sy),
uetzite (st), boulangerite (bo), and galena (ga).

sonal communication). metals (Ala, AgLa, SH.a), synthetic CdTe (Tiex), and natu-
ral PbS (Pha, SKa) were used as standards. The results are
CHEMICAL COMPOSITION compiled in Table 2. A different set of standardsTB{ TeLa;

Previous analyses of nagyagite from the type locality as w&lb,S;: Sh_a; Au-Ag alloy (60:40): AlLa) yielded slightly in-

as from the other localities showed it to be a lead dominatettased Te and decreased Sb and Au values (+0.2, —0.1, and
sulfide-telluride. Sb and Au were always found as essentid.2 wt%, respectively).

constituents. Recently the substitution of Sb by As in nagyagite The chemical composition of the investigated natural
was described by Simon et al. (1994), that of Sb by Bi by Johsamples compares well with published data on Au-rich
et al (1994). Stumpfl (1970) mentioned the lack of a wide comagyagite (Paar and Chen 1982). Synthetic samples (isolated
positional variation in this complex mineral from different lo€rystals and the central portion of crystal aggregates) are equiva-
calities. Uncertainties in the recalculation of the results ¢dnt to natural nagyagite. The unknown compound “X” cover-
chemical analyses existed due to the lack of a structural forg the nagyagite nucleus of larger crystals is deficient in Pb
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TABLE 1. Electron microprobe analyses

Pb Sb Pb+Sb Au Ag S Te Au+Te total
Weight percents
55.98(19) 7.60(20) 11.15(8) 0.00 11.14(15) 14.61(19) 100.48*
57.30 7.70 11.10 0.00 10.50 14.90 101.601
56.50 7.20 10.90 0.00 10.70 15.10 100.50t
56.84 7.66 7.66 0.07 11.07 17.10 100.40%
56.78 7.68 7.47 0.12 10.83 16.97 99.85%
55.79(30) 8.70(10) 6.28(9) 0.00(4) 11.02(8) 18.36(14) 100.168
45.99(50) 11.42(8) 7.83(16) 0.18(8) 10.27(8) 24.35(30) 100.05||
Atomic proportions
3.18 0.73 3.91 0.66 4.08 1.34 2.00*
3.27 0.75 4.02 0.67 3.91 1.39 2.061
3.23 0.71 3.94 0.66 3.99 1.42 2.08t
3.20 0.74 3.94 0.46 4.03 1.57 2.03%
3.23 0.75 3.98 0.46 3.99 1.57 2.03%
3.13 0.83 3.96 0.37 4.00 1.67 2.048

Notes: Results are given in weight percent and recalculated for a total of 10 atoms corresponding to the number of atoms within the average unit cell.
Source of materials and analytical data are as follows:

* This work; sample from Nagyag, Transylvania (now Sacarimb, Romania), collection of the Institut fir Mineralogie und Kristallographie, Universitat
Wien (no. 5588), standard deviation in parentheses from 5 analyses.

T Paar and Chen (1982); samples from Schellgaden, Austria.

¥ Stanley et al. (1994); samples from Nagyag, Transylvania (now Sacarimb, Romania).

§ Synthetic nagyagite, standard deviation in parentheses from 18 analyses.

|| Unknown synthetic phase “X”, standard deviation in parentheses from 14 analyses.

and enriched in Sb and Te as compared to the nagyagite ceeguent difference Fourier summations and it was refined in
Further investigation of this compound was abandoned becaspace grou2,/m.
no pure fragments could be isolated. One specimen of natural nagyagite from the type locality
(sample no. 5588) was found to be suitable for structure inves-
STRUCTURE INVESTIGATION tigation. Although the reflection profile was broader than that
For structure investigation, dozens of crystal fragments froofi the synthetic sample, there is no doubt about the identity of
several synthesis runs and natural material from Nagyag d@hd two phases. The structural parameters for both data sets are
Cripple Creek (from in the Mineralogical Collection of theequal within three standard deviations. The powder pattern of
Institut fir Mineralogie und Kristallographie, Universitat Wienhatural nagyagite (Stanley et al. 1994) compares well with that
were investigated by Weissenberg and precession film teckealculated from the atomic parameters obtained from struc-
nigues and with a Nonius four-circle diffractometer equippedre refinement. Cell metrics and details on data collection and
with a CCD-detector. The major part of crystals gave extremediructure refinements are summarized in Table 3. Due to the
broad X-ray reflection profiles even if their optical behaviohigher accuracy, structural data obtained from the refinement
suggested sufficient quality. After many trials, a small crystal
chip of synthetic material with monoclinic symmetry was found

to be suitable for St.ructure inve_st_igation, the only extinctiof,g, ¢ 3 Single-crystal X-ray data collection and structure refine-
rule (k0): k = 2n + 1 is characteristic for the space groBgs ments for synthetic nagyagite

or P2,/m. The structure was solved by direct methods and sub- 4.220(1) A Crystal dimensions 60 x 45 x 5 pm®
b 4.176(1) A Range of data collection 3° <29 <56.4°
c 15.119(3) A Integration diameter 0.55 mm
. . per reflection
TABLE 2. Recalculated chemical formulae of natural nagyagites p 95.42(3)°  p(MoKa) 61 mm-t
based on the total of 10 atoms for the average unit cell v 265.3 A2 Absorption correction crystal shape
Recalculated formula Reference Space group  P2,/m Total measured reflections 3847
V4 2 Observed unique reflections (n)689
[(Pb3.20Sbo.71F€0.00)54.00S3.03][AUo 44 T€1 63]52.07* Sipdcz (1886) Pealc 7.29 g/lcm®  Reflections with F, > 40(F,) 657
[(PD3.45SD0 74)54.20S5.76][AUo.46 T€1 56] 5 2.0 Stumpfl (1970) R = 3|F2- F(mean)?|/3 F3 0.056
[(Pb3.49Sbg 77)54.26S3.70][AUo 54 T€1 1] 51 05F Stumpfl (1970) R =3 (||FI-IFIN/3F, (657/689 data) 0.045/0.048
[(Pb3.26Sbo.70) 53.06S3.08][AUo.65 T€1.41]52.068 Paar and Chen (1982) WR2 = [y W(FZ - F*I3 wF"? 0.106
[(Pba.sosbo 75)24 0553 90][AU0.66T91.39122.05§ Paar and Chen (1982) Variable parameters (p) 34
[(Pb3.50Sbo.77C U0 02AG0.01F€0.02)54.12S3.00][AU0 45 €4 53]51 6% T Criddle and Stanley GooF=({3 [W(F3-F2)7/(n-p)}>® 1.161
(1993) Max A/o <0.001
[(Pb314Sbo.74AU0.03)53.91S 4 24] [AUg 32 T€1 53] 51.85* T Cioflica et al. (1993) Extinction parameter 0.0098(11)

Final difference Fourier map —1.99 to +3.79 eA3

Note: Nonius four-circle diffractometer equipped with a CCD detector
(Mo tube, graphite monochromator), unit-cell parameters were obtained
by least-squares refinements of accurate 29 values. Data collection in
the ¢-scan mode (rotation 360°), scan speed: 0.1°/min; Ap = 2°/frame;
frame size: 621 x 576 pixels, binned mode; detector-to-sample distance:
28 mm. Corrections for Lorentz and polarization effects; neutral-atomic

[(Pb3.00Sbo ss) 53885436l [AUo 20 T€1.56]51.76 T
[(Pb3.34Sbo 57Bi0.17)54.08S3.01][AlUo.6a T€1 37)52.01 T
[(Pb2.63SDo.04AS0 82) 53795 4.02][AU0 66 T€1 53] 52 10T
[(Pb3.05Sb055AS0.34) 53.97S3.97] [AUo.c0 T€1.46] 52.06 T
[(Pb2.62Sbo.30AS0.61)53.65S3.08][AUo.ss T€1.61]52.10 T
[(Pb320Sbo.75AS0.03) 53965 4.02][AUo.63 T€1.30]52.02 T Simon et al. (1994)
[(Pb3.25Sb0.75)54.00S 4.00] [AUo.50 T€1 50] 5 2.00 T Stanley et al. (1994)

Cioflica et al. (1993)
Johan et al. (1994)
Simon et al. (1994)
Simon et al. (1994)
Simon et al. (1994)

* Ag, Cu, and Fe are arbitrarily grouped with Pb and Sb.
T Samples from the type locality Nagyag.

t Samples from Cripple Creek, Colorado.

§ Samples from Schellgaden, Austria.

complex scattering functions (Wilson 1992), programs SHELX-76,
SHELXS-97, and SHELXL-97 (Sheldrick 1976, 1997a, 1997b). w = 1/
{0%(F%) + [0.037*P]? + 10.50*P}; P = ([max(0,F3)] + 2*F2)/3]. Formula from
electron-microprobe analysis is [(Pb1.5sSPo.42)51.98S2.00][AUo.18 T€0.84] 51.02-
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TABLE 4. Structural parameters (e.s.d.’s in parentheses) for synthetic nagyagite

atom X y z Un U,, Uss Uis Ueq

Mel 0.16212(19) 1/4 0.80260(5) 0.0351(5) 0.0325(5) 0.0371(5) 0.0026(3) 0.0350(4)
Me2 0.3578(3) 1/4 0.40183(7) 0.0443(7) 0.0274(6) 0.0326(7) 0.0087(4) 0.0344(5)
X 0.7364(4) 1/4 -0.00056(8) 0.0518(10) 0.0357(9) 0.0286(8) 0.0050(5) 0.0386(6)
S1 0.3484(11) 1/4 0.2323(3) 0.025(2) 0.021(2) 0.037(3) 0.0080(17) 0.0277(10)
S2 0.0744(13) 1/4 0.6111(3) 0.035(3) 0.060(4) 0.026(2) 0.0077(19) 0.0398(13)

Notes: The anisotropic displacement parameters are defined as: exp[-212 3., Y3.; U;a* a* h h], B, according to Fischer and Tillmanns (1988). The
occupation factors were refined from scattering power by least-squares methods: Mel is occupied by Pb atoms; the ratio Sh:Pb is 0.524(13):0.476(13)
for the position Me2, the ratio Te:Au is 0.867(16):0.133(16) for the position X. U;, = U,; = 0 for all atoms.

of the synthetic crystal are given in Table 4, the interatomicultiple problems and different observations described by the
bond distances and bond angles are given in Table 5; the @lismer authors. Attempts to refine atomic arrangements from
cussion is based on these results. The list of structure factordata sets with any “larger” unit cell failed to date. It is likely that
given in Table & pervasive twinning and stacking variants as well as partial or-
In search of a crystal suitable for structure refinementdering at the Me2 = (Pb,Sb) and X = (Au,Te) positions of the
doubled and tripled cell parametarandb as well, as a doubled average structure are responsible for the different behavior of
cell parametec going along with a variable intensity distribu-the X-ray diffraction patterns. From crystal chemical consider-
tion were commonly observed for distinct natural and synthetitions, mutual substitutions are expected between the elements
crystals. Occasionally, different multiples of the lattice paran®b and Sb; for Te and Au distinct ordering is assumed. Addi-
eters were found for samples obtained from the same nagyatdeal reflections expected for a multiplication of the unit cell
crystal. The intensities of reflections responsible for the muwelume were absent in the single-crystal X-ray patterns of the
tiple cell parametersandb are lower than those responsible fotwo crystals used for structure investigation.
double lengttt. For some cells and in casesof 2¢ the angle
B was found to be close to9and the intensity distribution sug- RESULTS AND DISCUSSION
gests orthorhombic symmetry; the extremely broad reflections The monoclinic crystal structure of nagyagite, a pronounced
just allowed crude estimation. These results correspond to tager structure composed of two types of layers with tetrago-

Table 5. Interatomic bond distances (A) and bond angles (°) for synthetic nagyagite

Me1-S2 2.884(5) S2-Me1-S12 78.60(12) 2x
Me1-S12 3.011(3) 2x S2-Mel-S1° 81.37(13) 2x
Me1-S1° 3.018(3) 2x S12-Mel1-S1° 87.82(13)
Me1-X 3.619(2) S12-Me1-S1° 88.85(4) 2x 159.96(19) 2x
Me1-X 3.641(1) 2x S1>-Me1-S1° 87.55(12)
Me1-X 3.656(1)
Me2-S1 2.561(5) S1-Me2-S2 88.94(13) 2x
Me2-S22 2.767(4) 2x S1-Me2-S2° 83.08(12) 2x
Me2-S2b 3.198(4) 2x S1-Me2-S2° 159.15(14)
Me2-S2° 3.487(5) S22-Me2-S2° 97.98(18)
S22-Me2-S2° 89.75(3) 2x 168.80(17) 2x
S22-Me2-S2° 77.51(13) 2x
S2>-Me2-S2° 81.51(13)
S2°-Me2-S2° 112.25(10) 2x
X-Xa 2.889(2) 2x X2-X-X2 92.56(9) 2x
X-Xb 3.050(2) 2x Xa-X-XP 90.52(2) 2x 176.85(8) 2x
X-Me1 3.619(2) X-X-X? 86.40(8)
X-Mel 3.641(1) 2x
X-Mel 3.656(2)
X-S1 4.020(5)
X-S1 4.065(4) 2x
X-S1 4.164(5)
S1-Me2 2.561(5) Me2-S1-Mel? 96.80(12) 2x
S1-Mel? 3.011(3) 2x Me2-S1-Mel 103.22(13) 2x
S1-Me1® 3.018(3) 2x Me12-S1-Me1? 87.82(13)
Me12-S1-Mel® 88.85(4) 2x 159.96(19) 2x
Me1b-S1-Mel® 87.55(12)
S2-Me22 2.767(4) 2x Me22-S2-Me2° 97.98(18)
S2-Mel 2.884(5) 2x Me22-S2-Mel 95.29(13) 2x
S2-Me2b 3.198(4) 2x Me22-S2-Me2° 89.75(3) 2x 168.80(17) 2x
S2-Me2° 3.487(5) Me22-S2-Me2° 102.49(13) 2x
Me1-S2-Me2" 92.03(13) 2x
Me1-S2-Me2° 152.68(2)
Me2b-S2-Me2" 81.51(13)

Me2°-S2-Me2° 67.75(10) 2x
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as compared to that of Mel (amplitudes 0.038, 0.035, and 0.033
A?) corresponds with that assumption. The maximum ampli-
tudes of the anisotropic displacement parameters of the S2 po-
sition (0.060, 0.037, and 0.02®)Aare in [010], those of S1
(0.039, 0.023, and 0.02124in [001] i.e., both in the direction

of the shortest Me2-S bonds.

The first coordination spheres of both the cation positions
Mel and Me2 are one-sided, which is characteristic for ele-
ments with lone-pair electrons, and they compare well with
those of other sulfides. Further interactions are evident from
the Mel positions to two or three Te atoms as well as from the
Me2 position to three S2 atoms. In complex lead sulfides, a
coordination number of 5 for Pb atoms is often found; those
coordinations agree with theRb-S> bond distance of 2.969
A'in nagyagite. Also mixed (Pb,Sb) positions were found, e.g.,
in robinsonite, P{ShS,;, boulangerite, P$h,S;; or PhShS;

FIGURE 2. The average crystal-structure of nagyagite formed b@kowron and Brown 1990a, 1990b, 1990c). In galena (PbS)

SnS-archetype layers Pb(Pb,Sks&parated by a planar pseudosquarg” octahedral coordination with six Pb-S pond distapces of
net of gold and tellurium atoms (program ATOMS, Dowty 1997). 2.966 A (Noda et al. 1987) occurs. Pb-Te is shorter in PbTe

(3.219 A, Noda et al. 1987) than in nagyagit8.619 A). In

nal pseudosymmetry, agrees with the macroscopic behaviosbnite (SbS;), [3+3] and [3+4] coordinated Sb atoms (Bayliss
this mineral. Double layers with formula [Pb(Pb,Sh)®rm and Nowacki 1972) feature close relations to the Me2 position
a two slabs thick SnS-archetype (Makovicky 1993) parallel td nagyagite.
(001). The square net of Au and Te atoms is sandwiched be-The Me2$pyramids are corner-connected among each other
tween these double layers. During the present investigatié form rows in [010], and are linked in (001) by the longer
the average structure of nagyagite was solved and some ord#§2-S bonds to a formally two-dimensional arrangement with
ing schemes were derived; details on ordering, intergrowttigfmula Me2S. The frequently observed doubled cell param-
twinning or stacking variants have to be subject of further worRterb (or a) indicates an ordering at the Me2 position: a total
Within the average cell all atoms have site symmetrfhe molar ratio Pb:Sb = 3:1 would enable an alternate occupation
type structure is shown in Figure 2. by Sb and Pb atoms. The MeI®lyhedra are linked via the
Within the [Pb(Pb,Sb)$, double-layer package, two four S1-S1 edges of the equatorial plane to an approximate
stereochemically different cation positions occur. Me1 has fiy@tragonal arrangement. They share the four edges between the
S atoms within the first coordination sphere: four S1 atoms apé atoms within the equatorial plane and the vertex S2 with the
in an approximate plane, the fifth S2 atom is slightly nearer,
the Mel cation is shifted out of the plane defined by the S1
atoms towards the gold-tellurium layer. Thus, a one-sided co-
ordination figure is formed. From scattering power and from
stereochemistry an occupation solely by Pb atoms has to be
assumed. The other cation position Me2 is pyramidally sur-
rounded by three S atoms in an [1+2] coordination. Three ad-
ditional S atoms complete the coordination figure to a strongly
distorted octahedron. This pronounced threefold coordination
and refinements of the scattering power suggest that Sb is con-
centrated at the Me2 position; also an analogous accumulation
of As within the arsenic nagyagites (Simon et al. 1994) or of Bi
in nagyagite associated with buckhornite (Johan et al. 1994) is
probable. In accord with the chemical analyses of natural and w
synthetic nagyagite that gave an excess of Pb as compared to
Sb+As+Bi, local disorder might adopt the Me2 position for
both the stereochemical requirements of the Pb and Sb atoms:
the larger anisotropy of the displacement parameters observed
for the Me2 position (amplitudes 0.046, 0.030, and 0.037 A

Me(2) = (Pb,St)

!For a copy of Table 6, document item AM-99-007, contact the

Business Office of the Mineralogical Society of America (See FiGuRE 3. The connection between the SnS-archetype layers and
inside front cover of recent issue) for price information. Dehe gold-tellurium layers in the average crystal-structure of nagyagite:
posit items may also be available on the American Mineralte eight weak bonds are shown for one X = (Au,Te) atom only
gist web site at http://www.minsocam.org. (program ATOMS, Dowty 1997).
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coordination polyhedron of a Me2 atom. This connection typerted toward an elongated tetragonal bipyramidal) or square
gives a~9.15 A thick layer package of two SnS-archetype slapgnar configuration of tellurium around Kwatoms is most
the layer sequence is MelS-Me2S-Me2S-MelS. Analogdiilely. The 3 valence state was assigned to planar fourfold-
layers were found in some chalcogenides with composite tBordinated Au atoms in AuZ@l and AuTegl (Haendler et al.
commensurate structures (so-called “misfits”). Among them at874), AuTel (Fenner and Mootz 1978); Au-Te bond lengths
the minerals franckeite and lengenbachite, recently investigae 2.64 to 2.69 A. Within these compounds and also within
tions on the synthetic compounds ~[(Pb ;SH)NbS,] and tellurides of other cations, [Jledumbbells have often been
[(PbygShy 46)2.263, 2 [NbS;] were performed by Lafond et al. found, in krennerite a triple group [Javith a bond angle Te-
(1996, 1997); surveys are given by Makovicky and Hyde (1992¢-Te of 96.3 occurs. Native tellurium (Adenis et al. 1989)
and by Wiegers and Meerschaut (1992). Slices or rods of #mnsists of infinite helices with Te-Te = 2.835 AJ2nd Te-
PbS or SnS-archetype are marked structural features of maeyTe = 103.1% additional bonds are 3.491 Ax¢
complex sulfosalts. Often they are recombined to adapt differ- In the average structure of nagyagite, the Au and Te atoms
ent coordination polyhedra according to the stereochemieak located at one crystallographic position. An order based on
behavior of the individual cations. For compilations the readsquare planar Au (coordinated by four Te atoms) is assumed;
is referred to Makovicky (1989, 1993), Mumme (1990)for tellurium a contact to two Te atoms (in a cis-arrangement)
Makovicky et al. (1991, 1992), and to references therein. and bonds to two Au atoms are most likely. The average Au-Te

Although solid solution between gold and tellurium is ndtond distance of ~2.7 A found for the nearest neighbor envi-
likely, these two atoms paradoxically have to be assignedrtmment in gold tellurides and the ~2.8 A bond distance asso-
one atomic position in the average structure of nagyagite. Thegted with a covalent Te-Te bond are much shorter, unbonded
form a square-planar net; weak interactions towards the M&d-Te contacts are longer than the average atom-atom distance
and S1 atoms are evident (Fig. 3). Structural data on gold telfi-2.97 A within the gold-tellurium net in nagyagite. A local
rides are rare. Approximately one dozen of naturally occurrisift of the atoms caused by adaption of suitable coordinations
tellurides with an essential content of gold have been describsglems to be responsible for the anisotropy of the displacement
for some of them and for a few synthetic compounds structupgrameters. The largest values are in (001), the amplitudes of
data are available. Extensive structural investigations wehe displacement parameters for the X-position are 0.052, 0.036,
performed on sylvanite, calaverite, and krennerite by Vamd 0.028 A The large displacement seems to be responsible
Tendeloo et al. (1983, 1984), Pertlik (1984a, 1984b), affiar the obviously too small Au:Te ratio determined by the least-
Reithmayer et al. (1993), and Modssbauer measurementsshyares refinement of the scattering functions (Tables 1 and
Wagner et al. (1994, 1995) and Stanek (1995). The atomic 4)y- The Te and Au atoms are centered above the “squares”
rangement in petzite is discussed by Shapur Chamid etfarmed by the Mel and S1 atoms of the neighboring PbS-ar-
(1978), that of kostovite by Van Tendeloo and Amelinckghetype layer (Fig. 3). A shift of the Au and Te atoms within
(1986), for montbrayite a structural proposal was given H{901) should favor shorter distances for Au-Te and for Te-Te in
Bachechi (1971). From these investigations, an octahedral (diase of covalently dominated bonds; for Au-Au distances and

unbonded Te-Te contacts an increase of the interatomic dis-
tances is expected. Considering the often observed tripled cell

b parametea (orb) and an ideal Au:Te ratio of 1:2, a theoretical
model for an ordered arrangement can be derived (Fig. 4a).
The postulated chains of Au (in square planar coordination with
4 Te) connected by trans-arranged edges are a new structural
unit. This model might be verified for tesselated blocks within
the nagyagite crystals. The ratio of covalent Te-Te bonds and
unbonded Te-Te contacts might serve for formal charge bal-
ance. The fact that the Au:Te ratio is variable and that it can be
diminished down to ~1:3 (Table 2) gives evidence for intense
faults. These results are in accordance with the Mdssbauer in-
vestigations of nagyagite (Ududm et al. 1993; Johan et al.
‘t_, 1994), indicating a trivalent valence state for both Sb and Au
p— atoms and one atomic site for the Au atoms. On the other hand
] ) o it cannot safely be excluded from structural data that in parts

FIGURE 4. (a) A theoretical ordering scheme within the gold-omajly monovalent Au atoms with the typical linear coordi-
te”ur.'um. layer for nagyagite baS.Ed on the ratio Au:Te = 1:2 tion might be accommodated by the local displacement within
considering the often observed tripled cell parameter a. The average .

ﬂ%e planar gold-tellurium layers.

cell of the structure model with Te and Au at one position used duri : .
the present Work (gyagie@Nd Ragyagid is indicated. Assuming structural Nagyagite crystals with a doubled cell paramete com-

analogies between nagyagite and buckhornite, the cell parameters gV} ”! thgse cases broad reflectif)n profilgs did not allow the
by Francis et al. (1992) for buckhornite, ot and Bumond  d€tErMination of the cell metrics with certainty but the afigle

correspond to those of a theoretical and ordered gold-tellurium layggratters around 90This behavior might be explained by mul-
in nagyagite(b) Multiple twinning on (001) results in an orthorhombictiple twinning on the plane (001) resulting in a zigzag arrange-
symmetry for nagyagite with doubled cell parameter c. ment of the average nagyagite cell in [001]; consequently orthor-

a(ragyogie) 2/
& (buckhornite) /
Ly V4

30,104

€ {nagyagite)
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hombic symmetry is obtained (Fig. 4b). The extremely weak ﬂourga;(f)f Sﬂd”&ate C*Eefaiggsg)# 367736?- oo disol actor Act
: Ischer, R.X. anad lilimanns, E. € equivalent isotropic aisplacement factor. Acta
bonds between the SnS-archetype and the tellurium-gold lgy'Crystallographica, Cca4, 775-776.

ers and the fact that ~ b in the average cell, might enableFrancis, C.A., Criddle, A.J., Stanley, C.J., Lange, D.E., Show Shieh, and Francis, J.G.

succeeding layers in [001] to be twisted fof @@ainst each (1992) Buckhornite, AuRBITe,S;, a new mineral species from Boulder County,
. R . Colorado, and new data for aikinite, tetradymite and calaverite. The Canadian Min-
other, resulting in a local tetragonal symmetry (and a multi- eraiogist, 30, 1039-1047.

plied cell parameter). These assumptions are in accordandgssner, B. (1935) Uber Kristallform und molekulare Einheit von Nagyagit. Zentralblatt
; : : fir Mineralogie, Geologie und Paldontologie, 321-327.
with the macroscopic symmetry observations of the formﬁglendler, H.M., Mootz, D., Rabenau, A., and Rosenstein, G. (1974) The crystal struc-
authors. tures of AuTeCl and AuTel. Journal of Solid State Chemistry, 10, 175-181.
A remark on the crystal structure of buckhornite and on itigidinger, W. (1845) Handish zum Bestimmen von Mineralen. Braumdiller und

. . L Seidel. Wien.
probable structural relationship to nagyagite is relevant. Mamﬁtze, C. (1904) Handbuch der Mineralogie. Vol. 1, Veit and Comp., Leipzig.

similarities of morphology and physical properties exist. Francishan, z., Dédony, I., Moravek, P., ands®ea, J. (1994) La buckhornite,

et al. (1992) determined orthorhombic symmetry and cell pa- PRAUBITe;S, du gisement d'or de Jilové, République tchéque. Comptes Rendus
( ) _ A Y y_ P de 'Academie des Sciences, Paris, Série II, 318(9), 1225-1231.

rameters OBpucknomie= 4-092(2) A ~Bnagyagite Boucknomie= 12.245 Lafond, A., Meerschaut, A., Moélo, Y., and Rouxel, J. (1996) Premier composite
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; ; _ ; Comptes Rendus de I'Académie des Sciences, Paris, Série Il b, 322, 165-173.
ence Inc corresponds to twice the Pb-S bond distance. Thgfond,A., Nader, A., Moélo, Y., Meerschaut, A., Briggs, A., Perrin, S., Monceau,
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(Pb,Sb)S layers form the corresponding slice with a thickness Ag-Bi-bearing heyrovskyite. The Canadian Mineralogist, 29, 553-559.

iy . . . Makovicky, E., Mumme, W.G., and Madsen, I.C. (1992) The crystal structure of
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