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The quaternary KySng—2Bi,+xSeg and KSnsBisSe;; were discovered from reactions involving K;Se, Bi,Ses, Sn, and
Se. The single crystal structures reveal that KySns—»Biz+Seq is isostructural to the mineral heyrovskyite, PbgBizSs,
crystallizing in the space group Cmem with a = 4.2096(4) A, b = 14.006(1) A, and ¢ = 32.451(3) A while KSns-
BisSey; adopts a novel monoclinic structure type (C2/m, a = 13.879(4) A, b = 4.205(1) A, ¢ = 23.363(6) A, p =
99.012(4)°). These compounds formally belong to the lillianite homologous series XPhS-Bi,S;, whose characteristic
is derivation of the structure by tropochemical cell-twinning on the (311) plane of the NaCl-type lattice with a mirror
as twin operation. The structures of KySns—2Bir~Seg and KSnsBisSeys differ in the width of the NaCl-type slabs
that form the three-dimensional arrangement. While cell-twinning of 7 octahedra wide slabs results in the heyrovskyite
structure, 4 and 5 octahedra wide slabs alternate in the structure of KSnsBisSess. In both structures, the Bi and Sn
atoms are extensively disordered over the metal sites. Some physicochemical properties of KSns—«Bio+xSeg and
KSnsBisSeys are reported.

Introduction ternary bismuth chalcogenides with a derivatizedTBi-

type framework through the incorporation of alkali metals.
The examples of CsBles® and —K,BigSa £’ show that
these exploratory investigations can lead to novel thermo-
electric materials with promising properties. Therefore, we
expanded our investigations to quaternary systems to further
explore the effects of structural complexity and mass
fluctuation on the physical properties. In this context, we
recently described the quaternary selenides, M3«
Bi111xS€0° A1-xMa-xBi11xS€1,° Ki-xSn-Bii1+Se2

There is a strong interest in developing new physicochem-
ical concepts in designing materials with superior thermo-
electric properti€s® Our approach, which has been outlined
in detail elsewheré,s focused on complex quaternary and
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New Quaternary Bismuth Selenides

tropochemical twinning plane

A1:xM32Bi71, S48 KixSnu-2Bi7Seas !t and A,Smn-«
Bi11+xSee? with A = K, Rb, Cs and M= Sn, Pb. They all
belong to the homologous series M 1+1Se+]2m[M 214n-
Se3+n] With | = 213 The term homologous series charac-
terizes a chemical series of phases that are expressed b
general formulas and built on common structural principles.
Besides oxide$! homologous series are also known among
sulfosalts, as for example the lillianite homologous s€fié%,
xPbSB}S;, which is found for minerals in the Pb®Bi,S;16
and AgS—PbS-Bi,S;1¢17 system. Its members are gener-
ated by tropochemical cell-twinnif%!® of galena slabs
(NaCl-type) cut perpendicular to the (311) direction with a
mirror as twinning operation. Tropochemical cell twinning
is a twinning on the cell scale which is reported for minerals.
This phenomenon is found for structural changes ac-
companied by a change in chemical composition. Also, it
can be seen as a stress-relieving mechanism to accommodai
impurities in the crystal. Figure 1 depicts this tropochemical Figure 1. Tropochemical twinning on (311) of NaCl-type blocks with
cell-twinning on (311) of a NaCl-type block where the mirror as twin operation. Light gray indicates the continuation of the original
. . L AR . galena lattice.
continuation of the original galena lattice is indicated by light

gray (_jrawing._The different homologues of the lillianite sgries mvalues) of the quaternary system K/Sn/Bi/Se which led to
vary in the th|qkne§§ of the NaCl-type blocks. The various o new quaternary phases that turned out to belong to a
members are identified by the number of metal octahedra yitterent series, namely the extended lillianite family. We

along the (111) direction of the galena slabs. Therefore, the
mineral lillianite, PBBI,Ss,'°is also addressed as L 4,4, which
indicates that two identical, 4 octahedra wide blocks undergo
the cell-twinning. Structures composed of two distinct blocks
are also known, as for example vikingf#eAgsPhioBi12Ss0,

with 4 and 7 metal octahedra wide slabs. In contrast to those

homologl_es, the M 1_+|Sez+|]2m[M Z'T”Sez+3'+”] Seres IS nitrogen atmosphere in a Vacuum Atmospheres Dri-Lab glovebox.
characterized by three independent integems andn which The starting material BSe; was obtained by reaction of stoichio-
cause structural evolution in three different dimensions. The metric amounts of the elements (99.999% purity) in evacuated
series has predictive character, and charge-balanced, hypoguartz glass ampules at 800 for 3 days. The KSe was prepared
thetical members can be easily generated according to theby stoichiometric reaction of potassium metal and selenium in liquid
general formula. In the process of exploring the limits of ammonia.

report the crystal structure and physicochemical properties
of KySns-2BixSe and KSnBisSes;, and we discuss their
relationship to the known members of the lillianite series.

Experimental Section

Synthesis. All manipulations were carried out under a dry

this grand series, we investigated also the Sn rich area (large KxSne-2Bi21xS&. A mixture of K;Se (1 mmol), Sn (8 mmol),
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38, 2802.
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Se (8 mmol), and BBe; (3 mmol) was loaded in a carbon-coated
quartz tube (9 mm diameter) and sealed at a residual presssre of
10~* Torr. The starting materials were heated within 24 h to 800
°C and kept there for 24 h, followed by slow cooling to 8D at

a rate of 0.5°C/min. A silver-gray polycrystalline ingot of
KxSns—Bi»1xSe was obtained. A quantitative microprobe analysis
with a SEM/EDS system performed on different crystals gave the
following average composition &Sy 3Bi» Se.

KSnsBisSas. A mixture of K;Se (1 mmol), Sn (10 mmol), Se
(10 mmol), and BiSe; (5 mmol) was loaded in a quartz tube (9
mm diameter) and sealed at a residual pressurel®f“ Torr. To
prevent an explosion of the tube during the following procedure,
the length of the tube was longer than usual. The tube was carefully
placed under the flame of a natural gas-oxygen torch until the
mixture melted, and then, the tube was reew from the flame
and let to solidify. The so-callédlame reactiofi has to be carried
out by a cautious and experienced operator using protection shields
and helmetA silver-gray ingot of KSgBisSe; was obtained. A
quantitative microprobe analysis with a SEM/EDS system per-
formed on different crystals gave the following average composition
Ko7Sh Bis7Sas A reaction procedure analogous tgis»BizSe
yields in a different phase with similar composition, kSr—Bi1 1+
See,2a member of the homologous seriegM 1+1S&-]2m[M 2141
S&-31+n]-
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Physical Measurements. Electron MicroscopyQuantitative Table 1. Summary of Crystallographic Data and Structural Analysis

microprobe analyses of the compounds were performed with a ¢;.1\ia KosS ; ;
; ; 585M.9Bi2 5556 K1SnsBisSe
JEOL JSM-35C SEM equipped with a Tracer Northern EDS  space group Cmscm e é/m o
detector. Data were acquired using an accelerating voltage of 25 a, A 4.2096(4) 13.879(4)
kV and a 60 s accumulation time. The quantitative microprobe 0 14.006(1) 4.205(1)
o c, A 32.451(3) 23.363(6)
analyses have a standard deviation of abotb%. 4. deg 20 99.012(4)
Differential Thermal Analysis. Differential thermal analysis ZV, A3 4;1913.2(3) 2,1346.6(6)
(DTA) was performed with a computer-controlled Shimadzu DTA-  Deaica g/cnT® 6.428 6.668
50 thermal analyzer as described eadfeFhe samples were heated TK 298 298
o o~ . ; A(Mo Ka), A 0.71073 0.71073
to 800 °C at 10°C/min, and isothermed for 5 min followed by (Mo Ko)lem 49.942 54.808
cooling at—10 °C/min to 50°C. final RUWRZ (I > 20), % 3.51/6.73 7.52/14.27
Infrared Spectroscopy. Diffuse reflectance spectra were re- aR1= |Fo| — IFell/3 Fol, WR2 = { S[W(Fo2 — FAZ/S [W(FoAZ} V2

corded in the region 6060400 cnt! with the use of a Nicolet
MAGNA-IR 750 spectrometer equipped with a collector diffuse

reflectance accessory from Spectra-Tech, Inc. Band gaps wereTable 2. Fractional Atomic Coordinates and Equivalent Atomic
obtained as described elsewhére. Displacement Parameteddy) Values in 103 A2 for KosSmu eBi2 5556

with Estimated Standard Deviations in Parentheses
Charge Transport Measurements.Room temperature conduc-

tivity measurements were performed in the usual four-probe X y z sof Ued®
geometry. The Seebeck coefficient was measured between 300 andgiégng 8 5 831%8)) 8352;((3 8-2;?1(%%581 11?"1((11))
H I n —0. —0. . . .
:./IOI\(/I)RKTZ}(/:hUnS(;rI]c?giaesS?r;(]:-OO Seebeck effect measurement system, BiIISN3 05 0.2302(1) 0.4424(1) 0.102(8)0.898 12(1)
» INC. Bi4/Sn4 0 0 0.5 0.36(1)/0.64 14(1)

Powder X-ray Diffraction. Powder patterns of all starting Sn1/K1  —05 0.4019(4) 0.2584(1) 0.231(8)/0.269 54(2)
materials and products were obtained using a CPS 120 INEL X-ray Sel —0.5  0.0486(1) 0.3079(1) 1 12(1)
powder diffractometer equipped with a position-sensitive detector gzg _095 _OC_)'1039723CE(11)) 0921713771((11)) 11 1103%)
and graphite monochromatized CwxKadiation. The purity and Se4 -05  0.3262(1) 0.3580(1) 1 17(2)
homogeneity was confirmed by comparing the X-ray powder Se5 0 0.2578(1) 0.25 1 15(1)
diffraction pattern to that calculated from single crystal data using

@ Ueqis defined as one-third of the trace of the orthogonalidgdensor.
the CERIUS software?* b Maximum occupation 50%.

Single Crystal X-ray Crystallography. Single crystals of s+ _ _ ) ) )
Shy.oBi»5:56 and KSrBisSe s were mounted on the tip of a glass Table 3. Fractional Atomic Coordln_ates and Equivalent ‘Atomlc_
- . . . Displacement Parameteddy) Values in 103 A2 for K;SnsBisSe 3 with
fiber. The |nten§|ty data Were.collecte(.j on a Slemens.SMART Estimated Standard Deviations in Parentheses
Platform CCD diffractometer with graphite monochromatized Mo

Ko radiation and the SMART softwaffor data acquisition. The X y z sof Ued®
extraction and reduction of the data were performed with the Bil/Snl ~ 0.9974(1) 0.5  0.1603(1)  0.46(1)/0.54  19(1)
program SAINT23 The systematic absences observed fgrBn, or Bi2/Sn2  0.7544(1) 0 0.0829(1)  0.69(1)/0.31  21(1)

: . . i Bi3/Sn3  0.0545(1) 0.5 0.3777(1) 0.37(1)/0.63  17(1)
Bi,5.Se led to the space groupmcmwhile KSnsBisSe s crystal Bi4/Snd  0.8501(1) 0 04557(1) 048(1)052  14(1)

lizes in C2/m. An analytical absorption correction was performed Bi5/K5' 0.2587(3) 0 0.2653(3) 0.50(1)/0.50 80(1)

in each case followed by a semiempirical absorption correction Sn1 0 0 0 1 24(1)
based on symmetrically equivalent reflections with the program Sel 0.8759(2) 05 0.0392(1) 1 17(1)
SADABS. The crystal structures were solved with direct methods Se2 0.6312(2) 05 01217¢2) 1 37(1)
X . Se3 0.8728(2) 0O 0.1918(1) 1 21(1)
(SHELXS-97) and refined using the SHELXTL package of crystal-  gg4 01171(2) 05 02692(1) 1 28(1)
lographic programs. Se5 0.9148(2) 0  03473(1) 1 23(1)
KosSm.eBizsSe. Eleven crystallographically independent 2:3 8-7117(2) 09-55 09-54173(1) 11 13?1()1)

positions (Bit-4, Snl, and Se16) were found situated on mirror
planes x = 0 and'/,). The structure refinement revealed unusually aUeqis defined as one-third of the trace of the orthogonalidgdensor.
high thermal displacement parameters for the-BlIsites and the
Sn1 site introducing a disorder model with mixed Bi/Sn occupancies The results of the structure refinements and other crystallographic
and Sn/K occupancies, respectively, in the same crystallographic yata are given in Tables 1, 2, 4, and 6.
site. The refinement resulted in 58% Sn in the Bil site, 31% Snin  kgpBj.Se,, Thirteen crystallographically independent positions
the Bi2 site, 90% Sn in the Bi3 site, 64% Sn in the Bi4 site. The (Bi1—5, Sn1, and Se17) were found situated on mirror planas (
Snisite is occupied by 23% Sn and 27% K the space g@mupm  — g andY,). The structure refinement revealed unusually high
creates an equivalent position only 0.5 A apart from Snl setting thermal displacement parameters for the-BSlsites introducing a
the+ma?<3|£num occupancy of the Sn1 site to 50%. Assuming K gisorder model with mixed Bi/Sn occupancies in the same crystal-
Sret, Bi®", and Sé, the refinement led to the charged balanced |ographic site. The refinement resulted in 54% Sn in the Bil site,
formula KcSrs->Bi2Se which was then used to constrain the 3194 s in the Bi2 site, 63% Sn in the BI3 site, 52% in the Bi4
occupancies of the disordered sites. After anisotropic refinement, site, and 82% Sn in the BI5 site. A release of the occupancy of the
the R1 and wR2 values dropped to 3.5% and 6.7%, respectively. g1 site led to full occupancy by Sn within standard derivation. In
contrast, the EDS analyses of the bulk material (composition
(21) (E:ERI’IUf, 1\gzriion 1.6; Molecular Simulations, Inc.: Cambridge, determined by EDS: K;Sn, 3BisSes3) and the very same crystal
ngland, . it ; . i in
(22) SMART Siemens Analytical X-ray Systems Inc.: Madison, WI, 1996. (CompOSItlon determined by ED.S' .O‘Iﬁm'OBIS'SSQE') whose in .
(23) SAINT V-4 Siemens Analytical X-ray Systems Inc.: Madison Wi, ~€nsity data had been collectgd indicate that the crystal contains a
1994-196. significant amount of potassium. According to our experience,

7202 Inorganic Chemistry, Vol. 42, No. 22, 2003



New Quaternary Bismuth Selenides

Table 4. Anisotropic Displacement Parameters (12 for

Ko.54850.9Bi2 556 with Estimated Standard Deviations in Parenth&ses

Table 7. Selected Distances in A for K§BisSe 3

Bil —Se3 2.804(3) Bi2—Se4 2.813(3) Bi3—Selx 4 2.953(2)
Ung Uz Usz U2z Uiz U2 *geixg gg‘;g(g) *gegxg gggg(g) —Se2x 2 3.128(3)

Bil/Snl  12(1) 13(1)  16(2) 1(1) 0 0 —szlX 3.13()((3,)) —521X 3..058((3))
Bi2/Sn2  12(1) 12(1)  14(1) 1(1) 0 0 Bi4 —Se4 2.805(3) Bi5—Sedx 2 2.889(4) Sn1l—Se2x 4 2.9756(9)
Bi3/Sn3 10(2) 11(1) 15(1) —1() 0 0 —Se5x 2 2.872(2) —Se3x 2 3.274(5) —Selx 2 2.9826(9)
Bi4/Sn4  13(1) 14(1) 141 -1() 0 0 —Sebx 2 3.067(2)  —Se5x 2 3.389(5)
Sn1/KT 16(2)  113(4)  34(4) 41(3) 0 0 —Se7  3.068(2) —Se2  3.538(8)
Sel 10(1) 13(1)  13(1) 1(1) 0 0 —Se6  3.711(8)
Se2 11(1) 12(1) 9(1) —1(1) 0 0 _ _ _
Se3 10(1) 9(1) 12(1)  —1(1) 0 0 aBecause of the mixed Bi/Sn occupancy on several metal sites, these
Se4 10(1) 13(1) 29(1) 8(1) 0 0 distances represent only average values.
Se5 21(1) 16(1) 9(1) 0 0 0

7.5% and 14.3%, respectively. The results of the structure refine-

ments and other crystallographic data are given in Tables 1, 3, 5,
and 7.

aThe anisotropic displacement factor exponent takes the form
—an[hza*zun + kzb*ZUZZ + |2C*2U33 + 2k|b*C*U23 + 2h|a*c*U13 +
2hkab*U12).

Results and Discussion
Structure Description. The quaternary bismuth selenide

Table 5. Anisotropic Displacement Parameters {1&2) for
K1SrsBisSe s with Estimated Standard Deviations in Parenth&ses

Ui Uz Uiz Uzs Uis Uz KSrsBisSes crystallizes in a new structure type, while
Bil/Snl  17(1)  14(1) 25(1) 0 4(1) 0 KxShns—2Bix+xSe adopts the structure type of the mineral
g!ggzg ig(? ﬂ(i) g(i) 8 g(i) 8 heyrovskyite, PEBi,So.2416cBoth fit the structural evolution
Bia/ond 118 ggl)) 22((1; 0 3((1; 0 of the extended lillianite serie§>bSBi.S;, and are the first
Bi5/K5' 57(1) 21(1) 174(3) 0 55(2) 0 quaternary selenides belonging to this homologous series.
Snl 22(1) 221 30(1) 0 6(1) 0 In general, the arrangement of two identical slabs of the
Sel 16(1)  17(1) 19(1) 0 4(1) 0 X . .
Se2 39(1)  14(0) 66(2) 0 37(1) 0 galena (or NaCl-type) lattices, as in®ts-2Bi2+Se, results
Se3 22(1)  20(1) 21(1) 0 1(1) 0 in the higher symmetry space groupmcm while the
Se4 271y 36(2)  20(1) O s 0 monoclinic space grou2/m is found for structures as-
222 f;‘ﬁ; %EB iggg 8 _2(%1) 0 0 sembled by slabs differing in their size, as ilHsBisSes.
Se7 17(1)  18(2) 21(2) 0 -2 0 Figures 2 and 3 show a (001) projection of the structures

aThe anisotropic displacement factor exponent takes the form thatare both derived by tropochemical cell-twinning of NaCl-
—277[hPa*2Uy; + k2b*2Uz, + 12c*2Uss + 2kIb*c*Ugs + 2hlatc*Uss + type blocks. In each case, slabs cut out of the galena lattice
2hka b*Us2]. parallel to the (311) plane are juxtaposed in such a way that
adjacent slabs are related by operations of mirrors parallel
to (010), compare to Figure 1. The slabs are characterized
by the number of edge-sharing octahedra running along the

Table 6. Selected Distances in A for ¢6.Sm o:Bi» 55582

Bil —Se5  2.768(1) Bi2—Se5
—Sedx 2 2.8995(7)

2.7264(7) Bi3—Se2x 2 2.9754(7)
—Selx 2 2.8447(7)  —Se3x 2 2.9847(7)

—gegx 2 350241351(17) —gegx 2 35112719(18) —gez g-gé?(i) (017) direction of the galena lattice. Figure 4 represents the
—o€e . —o€ . —o€: . . . .
Bid —Se3x 4 2‘975&3) Sni-Sni o.54e§5)) @ close structural relationship of,&ns—2Bi>+xS& and KSi-

—Se2x 2 2.9826(9)  —Se5x 2 2.930(3)

BisSe 3 by tropochemical cell-twinning. As shown in Figure
—Selx 2 3.350(3)

4, members of the extended lillianite series are also described

—-Se4  3.401(3
7s§1X 2 3,644((3)) by the symbol Ln, i where L indicates a member of the
—Se4  3.924(3)

lillianite series andh andn' correspond to the number of
aBecause of the mixed Bi/Sn occupancy on several metal sites, theseOCtahedra in each of the two slabs involved in tropochemical
distances represent only average values. cell-twinning. According to this nomenclature, we will also
disorder of alkali metal and a heavy metal are not unusual in the "€fer to the heyrovskyite analogue,3ts-28i2xSe, as L
systems A/Bi/Se and A/M/Bi/Se (& K, Rb, Cs; M= Sn, Pb). 7, 7 and to KSnsBisSes as L 4, 5.
Dealing with a quaternary system, we cannot exclude the possibility ~As seen in Figures 2 and 4, the building unit spans 7
of a triple disorder of K, Sn, and Bi on the same crystallographic octahedra parallel to the (OLdirection of the NaCl-type
site, which is impossible to refine reliably with our X-ray data. In  |attice (indicated by an arrow in Figure 4) and three octahedra
the known crystal structures of the A/Bi/Se and A/M/Bi/Se systems, wide perpendicular to this direction in the crystal structure
the alkali metals prefer tricapped trigonal prismatic sites over of K, Shs_Bi»S&. While Bi3 and Bi4 in the middle of
octahedral sites. Therefore, we modeled the electron density of thethe octahedra chain show nearly ideal octahedral coordination

A 0 o @i . _ .
B.'5 site (initially 82% .Sn ano.' 18% Bi), the On!y no.r‘OCtahedral by selenium atoms, the lone pairs of*Biand SA" are
site in the structure, with a mixed occupancy Bi/K disorder and a

Sn/K disorder as well. The latter could not adequately represent expressed at _the periphery Of, the chain na distorted
the electron density found in this site, and the difference Fourier Oc.:tahedral environment for _the B':_L 65'1 coordlngtlon) and
synthesis revealed a peak close to the Bi5 site. Consequently, weBi2 (3 + 3 coordination) sites with interatomic distances
applied a mixed occupancy model with Bi and K on the Bi5 site ranging from 2.72to 3.21 A. All metal sites within the NaCl-
which resulted in a 50/50 occupancy. According to this result and type slabs are mixed occupied by Bi and Sn, where Sn prefers

the charge-balanced formula KsgisSe; (with K*, Sr#*, Bist, the center sites and Bi is accumulated at the surface of these
and Sé-), we constrained the occupancies of the disordered sites.

After anisotropic refinement, the R1 and wR2 values dropped to (24) Takeuchi, Y.; Takagi, Proc. Jpn. Acad1974 50, 76—79.
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Figure 3. Projection of KSgBisSe 3 along theb axis with atom labeling.

building units near the twin boundaries, see Table 2,

especially in position Bi2. A similar cation contribution with
Bi preferring the M2 site was also found for heyrovskyite
according to valence bond calaculatithrthat agree well with
the crystal structure of a Ag-bearing Bi-rich variety of
heyrovskyite?®

The process of tropochemical cell-twinning of the NaCl-
type slabs to the three-dimensional structure QBm§ o«

Bi,+«Se generates trigonal-prismatic sites in the mirror plane

Mrotzek and Kanatzidis

atom Se4 lies too far (3.92) from Snl to be considered
bonding. In comparison to heyrovskyite and its Ag bearing
analogue, the coordination of the Sn1 site is more distorted
due to the fact that the Sn1 site is not fixedzat /4 as in
previously published structure solutions for this structure
type. In addition, the mixed occupancy Sn/K will influence
the coordination polyhedron of this site in comparison to an
occupation by Pb and/or Bi.

In contrast to KSrs-»Bi»+Se&, the structure of KSns-

that are occupied. by Sn a_nd K. The m_etal is shifted toward gj.Sq, depicted in Figure 3 is assembled by two different
the edge of the prism that lies on the twin plane, as the strongpyilding units, spanning 4 and 5 octahedra parallel to the

interaction to Se5d = 2.93 A) indicates, while the other
edges are more remote with-Mse distances of 3.35 (Sel)
and 3.64 (Sel) A, respectively. If the Se4 atain=( 3.40

(012) direction of the NaCl-type lattice (indicated by an
arrow in Figure 4), respectively. Similar to8ns—2Bi>xSe,
the center position (Snl) of the larger blocks is preferred by

A) is counted, the gctual co_ordination polyhedrpn for Snl_ IS g (fully occupied by Sn), whereas Bi is accumulated on
an monocapped trigonal prism. Another potentially capping {he Bi2 site at the periphery of this building unit. The

(25) Brown, I. D.; Altermatt, D Acta Crystallogr 1985 B41, 244-247.
(26) Makovicky, E.; Mumme, W. G.; Hoskins, BCan. Mineral. 1991,
29, 553-559.
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4-octahedra wide block resembles a slab found in the lillianite
structuré® (L 4,4) where two identical building units are
present. Lacking a central atomic plane, the distribution of



New Quaternary Bismuth Selenides

L7, 7 tropochemical tropochemical L4, 5
twinning planes twinning planes

KxSne-2xBiz+xSeg KSnsBisSe13

Figure 4. Comparison of I§54Sm.9Bi2 556 and KSeBisSe s (in polyhedral representation) to highlight close relationship. The structures are shown as
packing of metat-selenium octahedra, those at the lower level are gray, the ones at the higher level are white. The direction of octahedra chains determining
L n, n are indicated by arrows.

the metal atoms in this slab is more uniform with 37% Bi in contrast to the reported intergrowtlof the twinned phases
the Bi3 site and 48% Bi in the Bi4 site, respectively. A in the AgS—PbS-Bi,S; system, we were able to prepare
similar cation distribution based on valence bond calculations single crystals in the K/Sn/Bi/Se system. This particular
was reportet® for lillianite, Pb;Bi,Ss, with 46% Bi in the system may provide many missing members of the extended
site corresponding to Bi3 and 54% Bi in the other site. lillianite series, as for example T, 8and L8, 8. In general,
Besides Snl with an nearly ideal octahedral coordination, these phases may have potential for thermoelectric applica-
the Bil—4 sites exhibit distorted octahedral coordination with tions. We expect a low thermal conductivity due to the fish-
distances to Se atoms ranging from 2.8 to 3.13 A. The bone-like arrangement of the slabs of the NaCl-type lattice,
bicapped trigonal-prismatic sites in the mirror plane of the which may be tunable by varying the thickness of the slabs.
tropoghemical cell-twinning accommodate K and Bi in a 50/ Charge Transport Properties. Preliminary charge trans-
50 ratio. port measurements of these phases were carried out. The
Perspective and Classification of the New Quaternary  electrical conductivity of the quaternary selenides described
Selenides. The numerous compounds discovered in the here was measured on polycrystalline ingots and found to
system K/Sn/Bi/Se strongly suggest that the A/M/Bi/Se pe strongly influenced by the ingot preparation conditions.
system may beinfinitely adaptivé .>” In other words, small At room temperature, we observed high electrical conductiv-
variations of the ratio of the starting materials result in new ity of 1200 S/cm for KSeBisSes and 1000 S/cm for
compounds with gradually evolving structural features. The k gp, , Bi,.,Se, both quenched samples, while a slowly
mechanism of tropochemical cell-twinning is one possibility -5gjed sample of KSns_»Bi»Se showed lower electrical
for the system to de_aI with small chan.ges in the composition. conductivity of 650 S/cm. The high conductivity of quenched
The system A/M/Bi/Se seems to adjust to a new structure gympjes is attributed to the generation of a large number of
type each time the composition changes rather than formgefects in the structure, whose exact nature is not known

varying mixtures of two or more phases or form solid |t can pe speculated to be M/Se antisite defects or Se
solutions. In the Bi rich region, we find the members of the | ;.o cies.

homologous Super-Series M .+ Se]zMznSea.] while The thermopower was measured between 300 and 400 K

we obtain SnSe and an unknown molecular compound from on polycrystaliine aggregates of Bir.,Se and KSh
; i3 ; P ; B 2Bizx -
Sn rich ratios? If the ratio of Sn and Bi is approximately 1, BisSes. With rising temperature from 300 to 400 K. the

the system produces phases where tropochemical cell- ) - .
L : negative Seebeck coefficient increases frem8 to —65
twinning occurs. The phase K&BisSe s represents a new .
9 b $BlsSas rep uVIK for K,Sns—2BixSe (slowly cooled) and-16 to —

structure type of the extended lillianite series. According to . ;
yp g 27 uVIK for KSnsBisSe s, respectively. Such low values are

electron microscopy studié®, L 4, 5 L 7,8 and L8, 8 ) . ; . -
phases have been positively identified in the,3gPbS- consistent with the high electrical conductivity of these
samples. The negative values indicate n-type behavior with

Bi,S; system, but no bulk material had been obtained. . .
. . . . . electrons as the dominant charge carriers.
It would be interesting to investigate if further members

of this series can be prepared in the K/Sn/Bi/Se system. In ENergy Gaps and Thermal Properties. The infrared
absorption spectra of Sns-»Bi»Se and KSaBisSe s were

(27) (a) Anderson, J..SJ. Chem. Soc., Dalton Tran&973 10, 1107 recorded at room temperature in the range-Q. eV, but
1115, (2b32 s(w)innea, J. S.; Steinfink, Bl Solid State Chen19;32 41,G the band gaps could not be determined reliably. This could
114-123. (c) Mercurio, D.; Parry, B. H.; Frit, B.; Harburn, G.; : :

Williams, R. P.; Tilley, R. J. DJ. Solid State Chen1991, 92, 449 be due to a great number of mid-gap states derived from
459, various defects in the lattice (deriving mostly from the mixed
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50 The phases Sns—2Bi2+xSe and KSaBisSe s reveal a new
g 40 3 understanding for how the quaternary system K/Sn/Bi/Se
i - Melting (672°C) adjusts to small changes in the composition. The crystal
% 30 ] structures of both compounds showing similar structural
£ 20f features are derived from NaCl-type blocks by tropochemical
g 10 _ Heating—»- cell-twinning of slabs cut out perpendicular to the (311)
< . < Cooling direction. The quaternary selenides belong to the extended
o OF lillianite series and are characterized by the number of metal
g -10 _ Recrystallizing (653°C) octahedra running parallel to the (Qirection of the NaCl-
S Lok type lattice. While in KSns—»Bi»+«Se (L 7, 7), two identical
¢ i building units form the three-dimensional structure, KSn
B T e a0 e00. 800 7000 BisSes (L 4, 5 features two distinct slabs. The selenides
Temperature (°C) are n-type narrow band gap degenerate semiconductors with
Figure 5. Differential thermogram of K&BisSe s showing melting and high electrical conductivity and low thermopower. The

recrystallization events. Heating/cooling rate was*©omin. pursuit of new members of the extended lillianite series in

occupation of many crystallographic sites by alio-valent the K/Sn/Bi/Se system is currently under way.
elements, e.g., K/Bi, Sn/Bi, or K/Stf)and is consistent with
the observed charge transport behavior already described

According to DTA experiments, Sns—»BiSe and
KSnsBisSe; melt and recrystallize without structural change
at 660 and 672C, respectively. A typical DTA diagram is
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Supporting Information Available: X-ray crystallographic data

The investigations in the system K/Sn/Bi/Se reported here for K, s,Sn, oBi»s:Se and KSnBisSes in CIF format. This
and elsewhefe®® suggest that it is “infinitely adaptive”.  material is available free of charge via the Internet at
http://pubs.acs.org.
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