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A New Family of Nonstoichiometric Layered Rare-Earth Tin Antimonides, RESnSh, (RE =
La, Ce, Pr, Nd, Sm): Crystal Structure of LaSny 75Sh,
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A new class of nonstoichiometric layered ternary rare-earth tin antimoriRiE=SnSh, (RE = La, Ce, Pr, Nd,

Sm), has been synthesized through reaction of the elements &€950 the lanthanum series LaS&, tin can

be incorporated from a maximum contentof 0.7 or 0.8 to as low ag ~ 0.10. The structure of lanthanum

tin diantimonide with the maximum tin content, LaSg5lp, has been determined by single-crystal X-ray diffraction
methods. It crystallizes in the orthorhombic space grDémecmwith a=4.2425(5) Ab = 23.121(2) Ac

= 4.5053(6) A, an@ = 4. The isostructural rare-earth analogues were characterized by powder X-ray diffraction.
The structure of LaSyysSh, comprises layers of composition “Lagbn which La atoms are coordinated by Sb
atoms in a square-antiprismatic geometry. Between these layers reside chains of Sn atoms distributed over three
crystallographically independent sites, each partially occupied at about 20%. The structure fzEbSran be
regarded as resulting from the excisionRE—Sb and Sb-Sb bonds in the related structures of binary rare-earth
diantimonidesRESk,, and then intercalation of Sn atoms between layers.

Introduction

Low-dimensionality is an important prerequisite for the
manifestation of unusual physical properties such as highly

anisotropic electrical conductivity (perhaps even superconduc-
tivity), charge density waves, or magnetic ordering phenomena

and for an extensive intercalation chemistry. In two-

In an effort to steer away from the heavily traversed areas of
oxides and chalcogenides, we have directed our search for suc
low-dimensional compounds among metal antimonides. In

particular, we have been investigating ternary rare-earth anti-

monidesRE/M/Sb in which the second componévitis a main-
group metal, in this case, Sn. Many binary as well as the few
known ternary antimonides already adopt low-dimensional
structures’ Moreover, we are propelled by the notion that if

even simple binary stannides or antimonides are endowed with

such useful physical properties such as superconductivity in
LaSrs or La;Sks®® or have such technologically important
applications such as GaSb or InSb in light-emitting diodes or
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photoconductive IR detectot3then ternary or higher multinary
antimonides will provide us with an even greater opportunity

for exerting fine steric and electronic control on structures and

properties.
We report here our initial results from investigating the La/
Sn/Sb system and describe the structure of kaSsh,, which

. . . . forms a member of a new family of nonstoichiometric layered
dimensional structures, for instance, the separation between

layers may be characterized by weak van der Waals bonding,
as in graphite or layered dichalcogenides, or by an alternation
of ionic and covalent bonding, as in the cuprate superconductors.

rare-earth tin antimonides. The ternary La/Sn/Sb system appears
to have been studied earlier, but not at all comprehensively.
Hulliger and Ott reported a ternary 43nSh compound in

which Sn atoms substitute in a disordered fashion in the parent

La,Shs structure, an antitype of the bcc 3/ structure’> Wang,
teinfink, and Raman studied the “LaSrLaSk sections and
reported a ternary compound that they tentatively identified as
“LaSnSBk".1* However, they did not pursue the crystal structure
determination of this compound and made no further mention
of it except to report its X-ray powder pattern and to suggest
its probable similarity to the Ndgestructurel2 As we will
show, the compound identified earlier as “LaSg9b in fact
a member of the nonstoichiometric LaSh, (x = ~0.1 to~0.8)
series that we fully characterize below. The structure of
LaSmn 75Sky, consisting of one-dimensional Sn chains and two-
dimensional Sb sheets, is actually more complicated than being
a mere variant of the NdEestructure, as was thought.
Attempting to describe the nature of the Sn atoms in this
structure poses challenging questions as to how bonding of
metalloid elements should be viewed and tests the limits on
how far the Zintl concept can be applied in systems containing
elements of intermediate electronegativity.

Experimental Section

Synthesis. The phaseRESnSh, was originally identified in our
laboratory as a side product in tin flux reactions intended for the growth
of single crystals oRENbSh;.®> The persistent presence of this phase
in yet other tin flux reactions led us to isolate the single crystals of
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LaSn7sShy ultimately used in the structure determination. These Table 1. Crystallographic Data for LagnsSh,
crystals were obtained from a reaction of a 0.5-g mixture of the elements f 17

. . . - ormula LaS g
La, Si, and Sb in a 2:2:5 ratio to which a large excess of Sn was added 0755k Day-Cmem(No. 63)

(La, 74 mg, 0.53 mmol, 99.9%, Aesar; Si, 15 mg, 0.53 mmol, 99.96%, ?:412235(5) & 1—; 0_220%3 A

Cerac; Sb, 161 mg, 1.33 mmol, 99.999%, Cerac; Sn, 321 mg, 2.70 = 23.121(2) & Pealc=7.084 g cnm

mmol, 99.8%, Cerac). The reactants were ground together and loaded ¢ — 4.5053(6) & u = 255.4 cnrt

into a quartz tube (8-cm length; 10-mm i.d.) that was then evacuated V =442.03(5) B R(F)for Fi2 > 20(F,2)? = 0.028
and sealed. The sample was heated at®&7fbr 1 day and at 950C Z=4 Ru(Fo?)¢ = 0.067

for 2 days and was then cooled to room temperature over 1 day. The

excess Sn was dissolved with concentrated HCI, and the product was,
found to contain silvery flat needle-shaped crystals. EDX analysis
(energy-dispersive X-ray analysis) on these crystals with a JEOL JSM-
6301FXV field-emission scanning electron microscope revealed the

prgse;iig‘ the ﬁ Ien:jer;.ts. La, Sn],‘ e;nd Sb dousi) iln thg apprccajxirr_lrite o; @absorption corrections were applied with the use of the program XPREP.
ratio 1:=1:2, W't. a deficiency of Sh consistently observed. €Sl Intensity statistics and satisfactory averagify:(= 0.034) favored
apparently remained unreacted, as revealed from _povydgr X-ray analysqhe centrosymmetric space gro@mcm Initial positions of the La
of the product. The crystal structure determinationd¢ infra) and Sb atoms were found by direct methods with the program XS.

ultimately established the stoichiometry, which was confirmed bY ¢ angjing difference Fourier syntheses persistently revealed additional
quantitative EDX analyses with a JEOL 8900 microprobe. Anal. Calcd electron density located between the layers of composition “¥'aSh

for LaSny7sShy: La, 29.5; Sn, 18.9; Sb, 51.6. Found (average of 10 | v quction of a site at 0, 0, 0 that was permitted to be partially

anal_yses): La, 30.8(3); Sn, 17.3(5); Sb, 49'1(4).' occupied by Sn atoms could account for this electron density, but this
_ Since the crystal structure suggested variable Sn occupancy,moqe| was deemed unsatisfactory because it resulted in a highly
investigations were carried out to determine the extent to which Sn o 5ngated thermal ellipsoid for this site that stretches alongcthe
can be incorporated into the structure, as well as to confirm if rational gjrection. Restriction of the displacement parameter of this site to a
syntheses of these compounds are possible. A series of 0.5-g sampleg,gre reasonable, isotropic value allowed two additional sites, t 0,
were prepared from mixtures of the elements according te-bén Y,and 0y, z to be resolved in the difference Fourier map. Together,
+ 2Sb (wherex = 0, 0.10, 0.20, ..., 1.00, 2.00). Here, Sn is NOW  eqe three closely-split sites were allowed to be partially occupied by

considered :‘IO servhe as anl actual rleagta(;l@ rather thanbmerelig ?S %n atoms, but their thermal motion was constrained to be isotropic.
nonreactive flux. The samples were loaded into quartz tubes as beforérperg s no justification for introducing anisotropy for the Sn atoms

and heated using the same temperature profile as indicated above. Thes&lven that values of the site occupation factors and displacement

reactions r_esulted in the formation of the deswed ternary phase (with parameters are expected to be highly correlated in the least-squares
the exception, of course, of the control sample with 0, which gave refinements

the expected LaSh as detected by X-ray powder patterns obtained 14 minimize artifacts that may be associated with such correlations,

on an Enraf-Nonius FRS52 Guinier camera (Cuuktadiation; Si refinements at this stage were performed very gradually and not

standard). The cell parameters were refined by least-squares fits ofj,gigcriminately. The displacement and then the site occupation factor
typically 2035 reflections in the powder patterns with the use of the ¢ 516 Sp site were allowed to refine while all parameters associated

3
program POLSQ? o _ with the other two Sn sites were fixed. This procedure was repeated
In a similar fashion, rare-earth substitutions were carried out by iy yrn for all the Sn sites. In the final stage, the site occupation and

@ Obtained from a refinement constrained so that § = y = 90°.
R(F) = X IIFol = IFell/3IFol. © Ru(Fo?) = [3(W(Fe® — A 3 WM
w1t = [0%(Fo?) + (0.0260)? + 8.620] wherep = [max(F.2,0) + 2F2/

preparing 0.5-g samples containing mixtures of the elemREtsSn, displacement parameters alf three Sn sites were left unconstrained
and Sb in the ratio 1:0.5:3 (wheRE = La, Ce, Pr, Nd, Sm, and Gd),  5nq allowed to refine freely. These converged in a well-behaved
which were then heated as before. In all cases excefREo~ Gd manner to reasonable values notwithstanding the relatively unencum-

(which gave only known binary phases), needle-shaped crystals with pereq stage of this refinement. We interpret this result as strong
metallic luster were obtained, which were verified by EDX analyses gyigence for the existence of three distinct, partially occupied interlayer
to be the desired ternary compounds. These compounds are stablgjjies as opposed to an ill-defined smearing of electron density. We
indefinitely in air. Subsequently, reactions with starting composition attempted to formulate models in which these Sn atoms fully occupied

RESnSh (RE=La, Ce, Pr, Nd, Sm) were carried out, which we assume ites in an ordered fashion in the lower symmetry space g
yield the ternary phase with the maximum Sn content; these products p it found no evidence to support these.

were characterized by powder X-ray diffraction as well. The possibility of disorder between Sn and Sb atoms was considered.
Structure Determination of LaSno.zsSb. Preliminary cell param-  Gijyen the similar scattering powers of Sn and Sb, however, it is not

eters were determined from Weissenberg photographs, which revealedsyprising that they cannot be distinguished with the available X-ray

Laue symmetrymmmand systematic extinction&iKl, h + k = 2n + data. Later, we will present chemical argumeagsinsta disordered

1; hal, I'= 2n + 1) consistent with the orthorhombic space groups gn/sp model. A refinement in which the occupanciesabfatoms

D3-Cmem C;-Cme,, and C;-C2cm - Final cell parameters were  ere unconstrained resulted in values of 100(3)% for La, 100(3)% for
determined from a least-squares analysis of the setting angles of 34gp(1), 99(3)% for Sh(2), 18.6(7)% for Sn(1), 18.1(8)% for Sn(2), and
reflections in the range 2 26(Mo Ka) < 28° centered on a Siemens 19.7(9)% for Sn(3). This results in the formula;logz ST, 75350093
P4RA diffractometer. Intensity data were collected-#0 °C with (the multiplicity of the Sn(1) site is twice that of the Sn(2) or Sn(3)
the 6—20 scan technique in the rangé 2 20(Mo Ka) < 70°. Three sites). We thus accept the formulation LagSh, which agrees well
standard reflections monitored at intervals of every 100 reflections ith the chemical analysis obtained independentiglé supra.
showed no significant change during the data collection. Crystal data  The final cycle of least-squares refinement @f of 23 variables
are given in Table 1, and further details are given in Table S1 of the (including anisotropic displacement parameters for the La and Sb atoms,
Supporting Information. site occupation factors for the Sn atoms, and an isotropic extinction
Calculations were carried out with the use of programs in the parameter) and 592 averaged reflections (including those hMQ
SHELXTL (Version 5.0) packag¥:*> Conventional atomic scattering < 0) converged to residuals &,(F.?) of 0.067 andR(F) (for F2 >
factors and anomalous dispersion corrections were tfsédtensity 20(F?) of 0.028. The final difference electron density map is
data were reduced and averaged, and face-indexed Gaussian-typgeaturelessfpmax= 1.8, Apmin = —3.6 e A3). The atomic positions
were standardized with the program STRUCTURE TIBY Final
(13) POLSQ: Program for least-squares unit cell refinement. Modified by values of the positional and displacement parameters are given in Table
D. Cahen and D. Keszler, Northwestern University, 1983. 2. Anisotropic displacement parameters are given in Table S2

(14) a:srll?rrrizkn'tse'Imsth/f;é(ilgnV(\al\rl?iofggﬁo; Siemens Analytical X-ray  (gypporting Information), and final structure amplitudes are available

(15) Sheldrick, G. MJ. Appl. Crystallogr, in press. from A.M.
(16) International Tables for X-ray CrystallographWilson, A. J. C., Ed.;
Kluwer: Dordrecht, The Netherlands 1992; Vol. C. (17) Gelato, L. M.; PartheE. J. Appl. Crystallogr.1987, 20, 139.




Rare-Earth Tin Antimonides Inorganic Chemistry, Vol. 35, No. 15, 199@507

Table 2. Atomic Coordinates, Occupancies, and Equivalent
Isotropic Displacement Parameters?(Aor LaSm 7Sk

Wyckoff
atom position X y z occ Ued
La 4c 0 0.86085(2) Y, 1 0.0062(1)
Sbh(1) 4c 0 0.24860(2) Y, 1 0.0071(2)
Sb(2) 4c 0 0.59076(2) Y4 1 0.0081(2)
Sn(1) 8f 0 0.0065(1) 0.1238(6) 0.186(4) 0.0114(8)
Sn(2) 4c 0 0.0089(1) Y4 0.181(6) 0.010(®)
Sn(3) 4a 00 0 0.197(6) 0.013f1)

@ Ueq is defined as one-third of the trace of the orthogonalizgd
tensor.” The Sn atoms were refined isotropically.

COOBPOH00C0IocO

Figure 2. View down thea axis of LaSi 7sSk, showing the wavelike
arrangement parallel to thedirection of the three Sn sites positioned
between the layers of composition LaSh must be stressed that these
sites are onlyartially occupied, each at about 20%. (See text for fuller
discussion.)

Table 3. Selected Interatomic Distances (A) and Angles (deg) for
LaSm.7sSh

La—Sb(2)  3.2905(4) (4) Sb(1)-Sb(1)  3.0952(3) (4)
La—Sb(1)  3.3523(6) (2) Sn(1}-Sb(2)  2.936(2) ()
La-Sb(1)  3.3879(5) ()  Sn(1)-Sb(2)  3.521(2) ()
La-Sn(3)  3.4087(5) () Sn(1}-Sn(3)  2.814(3)

Figure 1. View down thec axis of LaSRp 7Sk, with the unit cell La—Sn(1)  3.415(2) (%) Sn(1-Sn(2)  2.844(3)
outlined. The solid circles are La atoms, and the open circles are Sb La—Sn(2)  3.423(3) Sn(2)Sh(2)  2.843(2) (&)
atoms. The partly shaded circles, however, merely represstfor La=Sn(1)  3.499(2) (&) Sn(2)-Sh(2)  3.858(2) (%)
the Sn atoms and do not imply the actual presence of the atoms La—Sn(2)  3.761(3) (3) Sn(3)-Sh(2)  3.1897(4) (4)
themselves. The Sn sites are better seen in Figures 2 and 3. Sb(2)-La—Sh(2) 140.25(2) LaSh(2)-La 80.3(1)
, N, Sb(2)-La—Sb(2) 80.30(1) LaSb(2)-La 140.2(2)
Electrical Resistivity. Single crystals of LaSysShy (from the same Sh(2)-La—Sh(2) 86.41(1) LaSb(2)-La 86.4(1)

batch used in the structure determination) ranging in length from 0.8

. X . . . Sb(2)-La—Sb(1) 132.17(1) Sb(2)Sn(1y-Sb(2) 92.54(7)
to 1.4 mm were mounted with Ag_ paint on _A_u wires with graphite Sb(2)-La—Sh(1) 81.67(1) Sb(®Sn(1)-Sn(2) 83.74(8)
extensions. Four-probe ac electrical resistivity measurements were Sb(2)-La—Sb(1) 135.16(1) Sb(2)Sn(1-Sn(3) 103.22(7)

made down to 20 K, along the needle azi®f these crystals. The Sb(2)-La—Sb(1) 78.39(1) Sn(®Sn(1)-Sn(3) 169.8(1)
small cross-sectional dimensions of these crystals preclude measure-sh(1)-La—Sh(1) 78.53(2) Sbh(®)Sn(2-Sb(2)  96.5(1)
ments along the other directions. Sb(1)-La—Sb(1) 54.67(1) Sb(SN(2)-Sn(1) 94.78(5)
) ) Sb(1)-La—Sb(1) 83.35(2) Sn(H)Sn(2-Sn(1) 165.6(1)
Results and Discussion Sb(1)-Sb(1)-Sb(1) 177.60(4) Sb(2)Sn(3)-Sb(2) 83.4(1)

Description of the Structure. A view of the structure of gg&tgg&tgggg gg:iggg gg%gﬂg;gg% 128'6(1)

LaSn.7sSky down thec axis is given in Figure 1, which also | a—Sp(1)-La 78.53(2) Sn(1¥Sn(3}-Sn(l) 180
shows the labeling scheme. Selected interatomic distances and_a—Sb(1)-La 125.33(1)
angles are given in Table 3. The compound Lagsh, adopts La—Sb(1)-La 83.35(2)

a novel layered structure type that comprises layers of composi-(Figure 2). It must be strongly emphasized that these sites are
tion Z[LaShy] lying parallel to the (010) plane. These layers only partially occupied (each at20%), as adjacent sites are
are separated by an unusual arrangement of Sn atoms partiallysbviously too close €0.6 A) for them to be fully occupied
occupying sites aligned along tleaxis (Figure 2). The La  simultaneously. As shown in Figure 3, there are three distinct
atoms are coordinated by eight Sb atoms in a square-antipris-sites with Sn(1) in a position of twice the multiplicity as that
matic fashion, as shown in Figure 3. Four Sb(1) atoms at of Sn(2) or Sn(3), giving rise to an ordering of ...Sn{2)
distances of 3.3523(6) {2 and 3.3879(5) A (&) define one  Sn(1)-Sn(3)-Sn(1)... for the arrangement of these sites. The
square of Sbh atoms. Four Sb(2) atoms at distances ofdistances from these Sn sites to the La atom range from
3.2905(4) A (4) define a larger square twisted 4®lative to 3.4087(5) to 3.761(3) A.
the first square. The Sh(1) atoms are surrounded by four other [ ocated in the interlayer regions, the Sn atoms must be
symmetry-equivalent Sb(1) atoms forming a nearly flat square coordinated by the surrounding Sb(2) atoms. The Sn(1) site
sheet2[Sb], with Sb(1)-Sb(1)-Sb(1) angles of 177.60(4), has two Sh(2) atoms at 2.936(2) A on one side of it, subtending
86.55(1), and 93.40(1) and Sb(1}Sb(1) distances of an angle of 92.54(7)(Figure 4a). On the other side are two
3.0952(3) A (4). The La square antiprisms are then positioned more Sb(2) atoms considerably further away, at 3.521(2) A.
above and below this infinite Sb(1) square sheet in a checker- Similarly, the Sn(2) site has two Sb(2) atoms at a short distance,
board pattern to form thg[LaShy] layers. 2.843(2) A, subtending an angle of 96.5({fFigure 4b). The

A view of the structure down tha axis, perpendicular to  four next nearest Sh(2) atoms are far away at 3.858(2) A.
the previous view, shows the wavelike pattern of the Sn sites Finally, the Sn(3) site is surrounded by four Sb(2) atoms at
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Figure 3. Coordination of the La atom in LagnSh, with the square-
antiprismatic geometry of the Sb atoms shown and the $fa and
Sb—Sb bond lengths indicated. The capping Sn sites beneath the La
atom are labeled. In order from left to center, thedSm distances are
3.761(3) A to Sn(2), 3.499(2) A to Sn(1), 3.4087(5) A to Sn(3),
3.415(2) A to Sn(1), and 3.423(3) A to Sn(2).

(a)

Sb(2) Sb(2)
2.936(2)

Sn(3

Sn(2) 2.844(3) 2.814(3) nd)

sn(1) ..
3.521(2)"3;-‘_
Sb(2)
Sb(2)
(b) Sb(2) Sh(2)
2.843(3)
Sn(1) 2.844(3) Sn(1)

,;Z:§;858(2)
Sb(2)®8b(2)

(c)

Sb(2)®$b(2)

2.814(3)

sn(1) sn()

Figure 4. Coordination of the Sn atoms in LagiaShy: (a) Sn(1) site;

(b) Sn(2) site; (c) Sn(3) site. The Sn atoms at appropriate distances for
possible bonding interactions-2.8 A) are also shown. See text for
interpretation.

3.1897(4) A in a nearly square-planar fashion (Figure 4c). With
the Sn sites spaced at increments~di.5-0.6 A from each
other, all the generated St$n distances are unreasonable for
bonding except for those in the vicinity 2.8 A. In other

Ferguson et al.

Table 4. Cell Parameters for Ternary LagsSh-Type Compounds
Obtained from the Reactions La xSn+ 2Shb

loading compn  a(A) b (A) c(A) V(AY
LaSnaSh  4.276(1)  23.090(4) 4.459(1)  440.2(1)
LaSmazSh:  4.271(2)  23.100(9)  4.460(2)  440.1(2)
LaSmaSh  4.265(1) 23.128(5)  4.474(1)  441.4(1)
LaSnsSh  4.260(1) 23.119(6) 4.477(1)  440.9(1)
LaSnsSh ~ 4.259(1)  23.139(5) 4.485(1)  442.0(1)
LaSmeSh:  4.256(1) 23.120(5) 4.492(1)  442.0(1)
LaSn 7Sk 4.253(1) 23.140(3) 4.498(1) 442.7(1)
LaSreSh:  4.248(1)  23.128(6)  4.499(1)  442.1(1)
LaSr oSy 4.249(1) 23.130(4) 4.505(1) 442.7(1)
LaSnoSh  4.247(1)  23.139(6)  4.504(1)  442.6(1)
LaSm oSy 4.248(1) 23.135(5) 4.505(1) 442.7(1)

words, one possible model that can be invoked to interpret the
~20% occupancy oéachsite is to suggest that evefifth site
(or further) is fully occupied on a local level. Figure 4 shows
the nearly linear coordination of the Sn atoms by other Sn atoms
within this reasonable bonding range (2.814(3)844(3) A);
the subtended angles range from 165.6(1) to°180
Nonstoichiometry of Sn. Since the original synthesis
producing the crystals for the structure determination involved
a large excess of Sn, the amount of Sn actually incorporated
into the compound LaSnrsSh, must represent a maximum
limiting value. Is the Sn content variable? To determine the
degree of nonstoichiometry in this phase, a series of reactions,
La + xSn+ 2Sb & = 0—2.0), were performed. Not surpris-
ingly, the control experiment, La- 0Sn + 2Sb, resulted in
phase-pure LaSd® More remarkably, however, the ternary
phase could be formed as essentially the pure produ@b%6)
in all the other preparations, as observed in the X-ray powder
patterns, even down to as lowxass 0.1. Withx > 0.8, excess
Sn and other unidentified phases can begin to be detected as
minor impurities. The cell parameters refined from the powder
data are listed in Table 4.
The variation in the cell parameters as a functiox isfsmall
but is readily discernible in the case of theandc parameters,
as shown in Figure 5. ThHeparameter and the unit cell volume,
however, do not exhibit as much variation. A number of
important conclusions can be drawn from these data. Most
significantly, thea parameter decreases while th@arameter
increases steadily with increasing eventually reaching a
plateau at approximately/= 0.7 or 0.8. With greater quantities
of Sn loaded in the preparation, the cell parameters no longer
change. This implies that = 0.7 or 0.8 also corresponds to
the maximum Sn content. Note that this value agrees precisely
with the formula obtained independently from the crystal
structure, LaSgizs3Skp. The cell parameters refined from the
single-crystal data (Table 1) also agree reasonably well with
those from the powder data for Lag3k, or LaSn gSh, (Table
4). During the structure refinement, we pointed out the difficulty
in distinguishing between the Sn and Sb atoms. The observation
of limiting values for the cell parameters at a stoichiometry
consistent with the single-crystal formula argues strongly for
an ordered model. The X-ray powder pattern for the preparation
LaSn 7Sk, matches well with the predicted pattern calculated
from the structure determined from the single-crystal data (Table
5). Other related reactions that we have carried out in this
laboratory support this model. For instance, using now an
excess ofantimonyinstead of tin, the reaction L& 0.5Sn+
3Sb led to the formation of crystals that were shown by
guantitative microprobe analysis to contain the correct propor-
tion of Sn. Anal. Calcd for LaSnShy: La, 31.4; Sn, 13.4;
Sb, 55.1. Found (average of 10 analyses): La, 29.8(5); Sn,
12.6(1); Sb, 57.9(5).

(18) Wang, R.; Steinfink, Hlnorg. Chem.1967, 6, 1685.



Rare-Earth Tin Antimonides

Inorganic Chemistry, Vol. 35, No. 15, 199@509

.16 ' ‘, along thec direction (Figure 2). In contrast, thee parameter

21l . L. decreasesvith increasing Sn content, a rather surprising result.
] ot P - Jl This can be explained on steric grounds if we postulate that the
< [l Sn atoms enter the structure with an initial preference for specific
< 2104 IR sites that bind the surrounding Sb(2) atoms at a further distance

23,08+ than in the final arrangement of Lag#aShy. Alternatively, there

2306 are likely to be more subtle electronic reasons that are not

RIRUPUAPUR LI SIS AN S S
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obvious from a simple analysis. In any case, given that both

454

452 the contraction ira (—0.7%) and the expansion m(+0.9%)

' . are small on going from La%nSk, to LaSn Sk, these
= 49 it explanations should be accepted guardedly pending further
G sl Lt experiments.

44614 % Structural Relationships and Bonding. The compound

444 LaSn 7sSky bears important structural relationships with the

00 02 04 06 08 10 12 14 16 18 20

family of known rare-earth diantimonideRESh, (Figure 6).

:z All of these structures contain rare-earth atoms in square-
] antiprismatic coordination. These square antiprisms are con-
o 48 y densed to form infinite layers consisting of rare-earth atoms
© 4% ta. i, above and below a nearly square net of Sb atoms. These layers
424 fhe are then stitched together through the formation of interlayer
4 Sb—Sb bonds to form the three-dimensional frameworks of

or 0.8, most readily seen for tleeor a parameter, corresponding to the

maximum Sn content.

000204 06 08 10 12 14 16 18 20

xinla+x&n+25b

Figure 5. Plots of the cell parameters of the ternary LagBhy-type
compounds obtained as a function of amount of Sn uged) the
reaction Lat xSn+ 2Sb. Note the attainment of a plateawat 0.7

Table 5. X-ray Powder Diffraction Data for Starting Composition

RESh,. Formally, the structure of LagnsSh is derived from
those of the binarlRESh, compounds by (1) excision of these
interlayer Sb-Sb bonds and (2) intercalation of Sn atoms
between the separated layers.

It is instructive to review some of these structural features in
more detail, as they will help provide useful starting notions of
the bonding picture in LagnsSh,. The LaShk-type structure
is adopted by the early rare-earth diantimonig&sh, (RE=

LaSmn Sk La, Ce, Pr, Nd, Sm) (Figure 6&}1° Even though the actual

hkl dps(R) deac(B) M@ hK chos(R) deac(R)  1Ig? structure was determTed for SrT)ZSB we shall accept the
110 4180 4183 8 152 1827 > designation “LaSktype” because it is now firmly entrenched
060 3856 3857 4 241 }1.825 1824 7 in the_ literature. The layers in _Smgbre joined by short Sb
041 3.549 3551 20 082 } 1.775 6 Sbpairs (2.79(2) A), corresponding to strong two-electron single
150 3.130 3.132 19 0,121 Lrra 1.772 6  bonds in which an oxidation state of Slis attained. The Sb
111 3.064  3.063 2 261 1720 1.721 3 Sh distances in the nearly square net range from 3.03(2) to
823 %-gg g-ggg 22 igg i-%j i%ﬁ ié 3.09(2) A0 Such distances have been postulated to correspond

: : : : to one-electron bonds, of 0.5 bond order, leading to an

131 2.868 2.869 100 281 1.602 1.601 9 . 122 .
170 2609 2610 36 0141 1552 1551 5 assignment of Sb for these atom3d!?? The formulation
151 2569 2.570 41 202 } 1545 1545 14 REX*Sb-Sk?~ for the LaSh-type structure is thus consistent with
081 2.433  2.433 14 1,131~ 1.542 5  the usual Zintl concepts. A capping Sb atom 3.48(2) A away
002 2250 2249 20 1112 1445 1445 13 nthe adjacent layer completes the 9-fold monocapped square
022 2.208 2.208 3 262 1435 1.434 ° antiprismatic coordination of the Sm atoms, which are con-
200 2126 2127 27 2,120 1.428 1.429 5 d q her b | h ¢
042 2095 2096 2 133 1391 1391 15 ensed together between layers. The structures of Fargb
0,10,1 2.058 2.058 3 1,151 1.380 1.380 10 YbSk represent alternative ways of bond formation in response
191 1.977 1.977 6 282 }1 363 1.363 6 to the replacement of the trivalent rare-earth atom in the k-aSb
86122 0 11-%2?; 11%‘;% 65 215%321 ' iggg ? type structure by a divalent one. In EySthe rare-earth layers
1:11:0 1886 1886 6 331 1332 1332 13 slide relative to each other so as to form infinite zigzag-Sb

2The intensities were calculated from the crystal structure of

LaSn 7sShy with the use of the program LAZY-PULVERIX (Yvon,
K.; Jeitschko, W.; PartheE. J. Appl. Crystallogr.1977, 10, 73—74.)

chains instead of pairs to hold the layers together; the &b
distance increases to 2.931(3) A (Figure &bMoreover, the
square Sb net now becomes puckered and skewed so as to form
parallel zigzag SbSb chains: each two-connected Sb atom
forms Sb-Sb bonds of 2.924(3) A. If all the SkSb bonds in

Steric considerations would generally lead to the assumption EuSh are considered to be full two-electron single bonds, the

that an increase in the Sn content should be accompanied byresulting assignment is BISb-Sb. In YbShy, which adopts
an increase in unit cell volume, but this is not the case here. the ZrSh-type structure, the same type of zigzag-Stb chains
The b parameter exhibits little variation, and this may be pgids the rare-earth layers together, with-Sb distances of
rationalized by inspecting Figure 1. When even a small amount 2.97(1) A (Figure 6¢$* But the square Sb net contains four

of Sn is placed between the layers, it already fixes the interlayer g ally weak one-electron Stsb half-bonds, each of a distance
spacing by virtue of a “pillaring” action. Apparently it is
suff|C|e_nt for_a few initially placed Sn atoms to be located (19) Eatough, N. L. Hall, H. Tlnorg. Chem.1969 8, 1439.
strategically in such a way as to buttress the layers apart at 8(20) some of the bond lengths reported by Wang and Steinfink are
fixed spacing; further addition of Sn atoms then has little effect 1 incolrrlfct.18 The atgrllﬁic positions,fhowiver, are corrétt.

i i 21) Brylak, M.; Jeitschko, WZ. Naturforsch., BL994 49, 747.
pn theb parameter. The increase of _tkteparameter .Wlth (22) Garcia, E.; Corbett, J. 0. Solid State Chenl.988 73, 452.
increasing Sn content can be explained by arguing that >3) Huliger, F.; Schmelczer, Rl Solid State Cheml978§ 26, 389.
electrostatic repulsions are enhanced within the chains aligned(24) Wang, R.; Bodnar, R.; Steinfink, Hhorg. Chem.1966 5, 1468.
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(a) (b) (c) (d)
Lasz Equ2 YbSb2 LaSn0'7SSb2
(Cmeca) (P2y/m) (Cmcm) (Cmem)

Figure 6. Comparison of various rare-earth diantimonRIESk; structures and the LagaSh, structure. The solid circles aRE atoms, the open
circles are Sb atoms, and, in the case of L@a&t, the partly shaded circles are Sn atoms. Note the progressive breaking of interlayer bonds
(horizontal dotted line) in th&®ESh, structures followed by the insertion of Sn atoms to form the Las8, structure.

of 3.12(1) A. Here, too, the assignment is?¥Bb Sb™. At Table 6. Cell Parameters for Ternary LagsSh-Type Compounds
the extreme of this progression, LaSg5h, adopts a structure  Obtained from the ReactiorRE + Sn+ 2Sh

that is most directly related to that of YbShkthe bonds in the loading compn  a (A) b (A) cA) Vv (A
Sb—Sb zigzag chains are broken and the Sn atoms are put in

their place (Figure 6d). The stacking akiias been consider- I(‘:issr;]ss% i:ggg&g ggéggg% jzi%gg igg:gﬁg
ably expanded, from 16.63(1) A in Ybgko 23.121(2) A in PrsnSh 4.204(1) 22.700(7) 4.469(2) 426.5(2)
LaSmn.7s5Ske. The Shb-Sb distances in the square net, 3.095(1) NdSnSh 4.195(1) 22.606(5) 4.449(1)  422.0(1)
A, in LaSn7sSh, are close to those in Yb$b3.12(1) A. SmSnSh 4.174(1) 22.384(5) 4.416(1) 412.6(1)

Accepting the validity of a half-bond approximation, we assign

the Sb(1) atoms in the square net to be SBreaking the bonds  in the variation of the cell parameters (Table 4), but steric
in the Sb-Sb zigzag chain holding the layers together in YpSb considerations are of course intimately involved as well.
causes the Sb(2) atoms to revert back t6~Sh LaSn 75Shy. Moéssbauer or EXAFS data would greatly aid in unraveling the
We are then left with a puzzling predicament. What is the nature of the Sn and Sh atoms.

oxidation state of Sn if we accept, so far, the formulation  Another structural consequence induced by the presence of
(La3h)(SM)o.7(Sb(1))(Sb(2F)? Is SAS" plausible? The  the Sn atoms is that the La atoms are now coordinated by a
apparent breakdown of the Zintl concept here arises from our ninth atom, forming a monocapped square-antiprismatic geom-
insistence on assigning only integral oxidation states to the Sbetry. Depending on the occupation of the Sn sites, the capping
atoms?> which we believe are prone to participate in intermedi- Sn atom may be directly beneath the La atom, at 3.423(3) A,
ate Sb-Sb interactions. Moreover, the nature of the Sn atoms or it may be tilted progressively to one side, at a distance of
in LaSm 75Sky is not well-understood at this time. The distances 3.415(2) or 3.4087(5) A (Figure 3). The tilting of capping Sh
from the Sn atoms to the Sb atoms that sandwich them aboveatoms is seen in the Laghype structure as well (Figure 6&).

and below (2.936(2)3.190(1) A) (Figure 4) are similar to, if ~ The Sn atoms at 3.499(2) and 3.761(3) A in La&Bh, are
somewhat longer than, the SB8b distances found in N8nSh probably too distant and too tilted for there to be any bonding
(2.843(1) A)28 NasSnSh (2.805(1)-2.945(1) A)27 KeSnSh interactions. The shorter ksSn distances of3.4 A described
(2.898(1) A)2” and KSnSb (2.883(2) A§ (Cf. ~2.8 A for the above are comparable to that found in La%B.372 A)3!

sum of the covalent radii of Sn and Sb atéf)s Although we Moreover, the LaSgysShy structure is reminiscent of that of
describe the Sn atoms as occupying, on average, about 20% ofhe mercury intercalation compound HgTiS;,32 which also

all the available sites, we noted earlier that a local interpretation contains chains of Hg atoms that are best described as nearly
is possible in which Sn atoms occupying every fifth site are at neutral rather than cationic. The oxidation state assignment
a reasonable distance to participate in—Sm bonding formulated above, which assumes cationic Sn, may thus have
(2.814(3)-2.844(3) A); these distances are intermediate between to be modified although we are unsure precisely how.

those found in gray tin (2.80 A) and white tin (3:62.18 A)3° For the moment, we have attempted some simple chemical
An alternative explanation is to accept “Snas the most  substitutions to determine whether the LagSh, phase can
reasonable oxidation state for tin and postulate that the oxidationpe stabilized in other systems. Preparation of several rare-earth
states of the Sb atoms are adjusted accordingly in responseanalogues has been successful Rt = La, Ce, Pr, Nd, and
This model would then predict that the SB8b bond lengths ~ Sm. Al of these analogues can support nonstoichiometry of
are sensitive to the Sn content in LaShy. This is reflected  the Sn atoms. Table 6 lists the cell parameters of the compounds
prepared from the nominal stoichiomeRE + Sn+ 2Sb, and

(25) Alemany, P.; Alvarez, S.; Hoffmann, Rorg. Chem199Q 29, 3070. ; i

(26) Eisenmann. B.: Klein. 7. Naturforsch.. B1983 43, 69. should thus correspond to the maximum Sn content in these

(27) Eisenmann, B.; Klein, Z. Naturforsch., BL988 43, 1156.

(28) Eisenmann, B.; Klein, Z. Anorg. Allg. Chem1991, 598/599 93. (31) Borzone, G.; Borsese, A.; Ferro, R.Anorg. Allg. Chem1983 501,

(29) O'Keeffe, M.; Brese, NActa Crystallogr., Sect. B992 48, 152. 199.

(30) Wells, A. F. Structural Inorganic Chemistry5th ed.; Clarendon (32) Ganal, P.; Moreau, P.; Ouvrard, G.; Sidorov, M.; McKelvy, M,;
Press: Oxford, U.K., 1984. Glaunsinger, WChem. Mater1995 7, 1132.
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Figure 7. Plot of the unit cell volumes of LaSrsSh-type compounds ~ Figure 8. Plot of the electrical resistivity of LagrsSk, measured along
obtained from reactiorRE+ Sn+ 2Sb for various rare-earth elements.  the needle axis. The left scale refers to the absolute resistivity, and
the right scale refers to the resistivity relative to the room-temperature

phases. Figure 7 plots the unit cell volume as a function of the value.

rare-earth element. The monotonic decrease of the cell volume .
these needle-shaped crystals tend to grow alongatleis

is consistent with the expected lanthanide contraction, and the.
lack of deviation for any of these points implies that the instead, so the measurements made here correspond to conduc-

oxidation state of the rare earth RE" in all cases. The tion perpendicularto these Sn chains but parallel to the square
LaSry:Shy phase does not form witRE = Gd, sug g.estin g net of Sb(1) atoms. The layered character of the crystal structure
that there may be a link between this result land the curious portends high electrical anisotropy, and conductivity parallel

absence of an ambient presstRESh, phase with the late to the stacking axib is expected to be much weaker than in

- the other two directions.
trivalent rare-earth elemen®E = Gd—Tm.181% The LaSh- o . . .
type phase does form with Gd and Tb, but only at high Implications. The LaSp 755k structure is a highly versatile

pressured® It may be worthwhile, therefore, to attempt to structure type that can accommodate variable amounts of Sn in

prepare the LaS:Shy phase with the late rare-earth elements the interlayer sites. Clearly it is tempting to classify Lagn

: . - - Sk, as an intercalation compound, although formally the host
lying high pr I his m fficien vercom . ! . :
by applying high pressure, as this may be sufficient to overcome ructure LaSpitself does not exist with accessible van der

unfavorable electrostatic repulsive forces that are enhanced a%/\tlaals gaps, as in the layered dichalcogenides. In fact, the

the structure is contracted by replacement with a smaller rare- structure of LaShis strongly bonded in the stacking direction

earth atom. Substitution with a divalent rare-earth element SUChwith the layers held toge%ﬁler by SiSb bondd® Pe%haps an
Eu or Yb, ifi hould result in istorted varian . ; .

as Euor vb, if it succeeds, should result in a distorted variant alternative term that better describes the Lg@8hy, structure

of the LaSp 75Shy structure. ) L i .
Proceeding to the substitution of the second component, Sn,IS that of a symbiotic gueshost relat|onsh|p_between a ITaZSb
substructure and the Sn guest atoms. A simple experiment to

by its congener Ge, we have discovered a new ternary I'a/GG/t is to see if the reaction Lagh- Sn also results in the terna
Sb compound that idifferentfrom LaSn 7sSkp.32 In contrast, r% for this would show if the formation of L b i y
preliminary experiments in doping In for Sn have resulted in P "ﬁfe’ IO 1S |'03 bSF(') Ge ?[h 'a't'ol k? Eka.. &5 fSSb
guaternary compounds La(Bn)Sh, that appear to possess the g?) Ibg;?jsafsolllrg\?vcla% byyinégelrjtriin ’o :‘Ntlhelglr:aatormez Ing 0

33 i ianifi .
samestructure as that of LagpsSh,"* This has significant Given the common usage of Sn as a high-temperature flux

implications for exerting precise electronic control on the o promote crvstal arowth of solid-stat mpound rticularl
structure and properties of this system. Finally, substitution of 0 promote crystal growth of sofid-state compounds, particuiarly

Sb with As has resulted in a ternary La/Sn/As compound which prictidesi®t is surprising that this ternary compound has never
we have yet to characterize been properly characterized before. The compound identified

Electical Resisiviy. The compound LaSn:shyispoorly 2 TEet S B8 Latm e B e e e, avers
metallic or semimetallic with a room-temperature resistivity, ’ P y

measured along the needle a&isof pz93~ 1 x 1073 Q cm. of square-antiprismatic rare-earth atoms and square Te sheets.

Figure 8 shows a representative plot of the electrical resistivity ?\g\évr?i\cl)enr’o;gen Zlél)c;]iggtr?a(: _?s s’&r;eag;lSw%fe’r\:achstltrr:See:I;OrgutarcIjGZS A
as a function of temperature. Although the absolute values of ' 9

the resistivity are imprecise owing to the difficulty in measuring \a/\)/(('as ﬁ;vléatshrﬂ;i%oz:ﬁﬁ;{ (:Lne trs]t?ulcr:]tsuergl(z)rf] gwfi;hehigecgaﬁz.ch
the cross-sectional area of these crystals, the temperaturemore interesting than was originally postulated P
ndence of the relative resistivi Xpr ing the room- ! T .

dependence of the relative resistivity, expressed using the 0o The unusual feature of the Sn chains should be investigated

temperature value as the reference, is highly reproducible among. . The Sn sites probably represent discrete local ener
different specimens of LagnsSky. The temperature coefficient L P y repre: nergy
minima, and the potential energy barriers for a Sn atom to jump

for the linear portion extending through m f th rve i )
or the linear portion extending through most of the curve is from one site to another ought to be low. The structure thus

~4 x 107 Q cm KL At low temperaturespo ~ 1 x 1074 . e . .
Q cm, which may be taken to approach the residual resistivity appears to satisfy the cntena for high mobility of the Sn gtoms
through open channels. Since the Sn content can be varied over

arising from impurity scattering® The resistivity ratio is thus a wide range, we would like to find out whether Sn atoms can

p299p20 ~ 10. Lo
It would be informative to determine the conductivity along belr:es\ijer:]sr:}bg |nﬂs:,thEeSd osrt;esmsot\éﬁj' rovides a rare opportunit
the chains of Sn atoms, aligned along theis; unfortunately, Y, "k y prov PP y
to exert formidable electronic and steric control on an unusual
(33) Unpublished results. low-dimensional structure. Not only does it support a wide

(34) Ashcroft, N. W.; Mermin, N. D.Solid State Physi¢sSaunders:
Philadelphia, 1976. (35) von Schnering, H.-G.; Hde, W.Chem. Re. 1988 88, 243.
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