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Abstract

Lanthanum gallium manganese antimonide La;;Ga; sMngsSbys s is the first quaternary rare-earth antimonide containing a
p-block metal and a transition metal. It has been synthesized by reaction of the elements and its structure has been determined
by single-crystal X-ray diffraction methods (orthorhombic, space group D%z —Immm, Z =2, a =4.3534(11) A, b= 19.814(5) A,
¢ =26.977(7) A). La;,Gaj sMng 5sSbys 5 is a stuffed variant of the RE|,Ga,Sbos-type structure: isolated GaSbs trigonal planes are
located within groupings of Lag trigonal prisms that are surrounded by five- and six-atom wide Sb ribbons, which are connected by
Ga, pairs, GaSbg octahedra, or MnSby tetrahedra. The electrical resistivity along @ is 3.0 x 107> Qecm at room temperature and

shows little temperature dependence.
© 2003 Elsevier Science (USA). All rights reserved.
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1. Introduction

Ternary rare-earth antimonides RE,M,Sb. present
interesting possibilities for bonding when M is a p-block
metal of similar electronegativity to Sb [1]. Their
structures show features characteristic of intermetallic
compounds, such as high coordination numbers and
disorder, but may also contain recognizable molecular
entities such as Gag rings in La;3GagSb,;, Ga, pairs in
RE|,Ga,Sbys, or GaSb; trigonal planes in both [2]. A
wide variety of anionic Sb substructures are also present
in these compounds. In the complicated RE;,Ga,Sbys
structure, there exists an essentially empty site that
corresponds to the location of a Mn atom in the
REsMnSb;s structure [3], which is related to RE;,
Ga,Sb,; through what appears to be a homologous
serics. We thus considered the possibility that RE;,
GaySbss could serve as a host for an interstitial structure
in which guest atoms such as Mn could be stuffed into
these vacant sites. Such a target compound would have a
composition RE;»Gas;Mn,Sb,; if all the sites were fully
occupied. However, since the RE;,GasSb,; structure
contains Ga, pairs whereas the RE;MnSbs structure
contains Sb, pairs, it is not obvious whether introduc-
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tion of interstitial Mn atoms would also entail disorder
of these atom pairs.

To test our predictions, we investigated the mixed
La,,Ga,Mn,Sb,; system to see if a quaternary com-
pound could be prepared. We describe here the synthesis
and structure of La;»GaszsMngsSbyss. Although Mn
can indeed be stuffed into La;»Ga4Sb,3, doing so causes
unforeseen distortions in the rest of the host structure.
Quaternary rare-earth antimonides containing two
different p-block metals have recently been reported
[1,4]; to our knowledge, La;»Gaj; sMng sSbys 5 is the first
quaternary rare-earth antimonide containing a p-block
and a transition metal.

2. Experimental
2.1. Synthesis

A 0.25-g mixture of La powder (99.9%, Cerac),
crushed Ga granules (99.99%, Alfa-Aesar), Mn powder
(99.95%, Cerac), and Sb powder (99.995%, Aldrich) in
the ratio 12:4:2:23 was loaded into an evacuated fused-
silica tube (5-cm length; 10-mm i.d.). The sample was
heated at 1000°C for 3 days, cooled to 600°C over 1 day,
heated at 600°C for 3 days, and then cooled to 20°C over
12 h. Grey needle-shaped crystals were obtained with an
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elemental composition (mol%) of 28(1) La, 8(1) Ga, 2(1)
Mn, and 62(1) Ga (average of 2 analyses), determined by
energy-dispersive X-ray (EDX) analysis on a JEOL
JSM-6301FXYV scanning electron microscope.

2.2. Structure determination

X-ray diffraction data were collected on a Bruker
Platform/SMART 1000 CCD diffractometer at 22°C
with a combination of ¢ rotations (0.3°) and w scans
(0.3°) in the range 2°<20(MoKa)<65°. Final cell
parameters were refined from least-squares analysis of
912 reflections. Crystal data and further details of the
data collection are given in Table 1. All calculations
were carried out using the SHELXTL (Version 5.1)
package [5]. Conventional atomic scattering factors and
anomalous dispersion corrections were used [6]. Inten-
sity data were processed, and face-indexed numerical
absorption corrections were applied in XPREP.

The Laue symmetry mmm and the systematic extinc-
tions (hkl : h+k + [ =2n+ 1) suggested orthorhombic
space groups Immm, Imm?2, 1222, and 12,2,2,. On the
basis of the similarity of their intensity patterns, the
centrosymmetric space group Immm was chosen and
initial positions for the La and Sb atoms in Laj,

Table 1
Crystallographic data for La;,Gaz sMng sSba; s

Formula LalzGa3,5Mn0.SSb23,5

Formula mass (amu) 4799.54

Space group D3 — Immm (No. 71)

a (A 4.3534(11)

b (Ay 19.814(5)

¢ (A 26.977(7)

v (A% 2327.0(10)

z 2

Pealed (gCIIf}) 6.850

Crystal dimensions (mm) 0.234 % 0.010 x 0.010

Radiation Graphite monochromated
MoKa, 4 = 0.71073 A

#(MoKa) (cm™) 262.12

Transmission factors 0.368-0.785

20 limits 2.56°<20 (MoKo)<64.52°

Data collected —6<h<6, —29<k<24, —
39</<40

No. of data collected 12243

No. of unique data, including 2369

F2<0

No. of unique data, with 1100

F2>20(F?)

No. of variables 76

R(F) for F>>2a(F2)° 0.071

Ry (F2)° 0.173

Goodness of fit 0.934

(AP) maxs (AP)min (A 6.98, -2.92

lObtauned from a refinement constrained so that o« = ff =y = 90°.
(F) = Y||Fo| - |Fe H/;w ol

LR (F2) = [ [w(F2- /ZMF4 wo
where p = [max(F2, 0) + 2F7]/3

1= [62(F2)+(0.0702p)]

Ga3A5Mn0_5Sb23_5 were taken from the PI'12G34Sb23
structure (2). The remaining atoms were located in
difference electron density maps. The Ga(l) site,
coordinated in a trigonal planar fashion by Sb atoms,
was initially refined at 0, 0, ~0.19 but displayed a
thermal ellipsoid highly elongated along the a-direction.
This site was thus shifted off the mirror plane into two
half-occupied split sites, resulting in more reasonable
atomic displacement parameters. Attempts to refine the
structure in /2mm did not support an ordered structure
in which the pyramidal distortion of the GaSb; trigonal
planes occurs exclusively in one direction. As predicted,
additional electron density was revealed at the tetra-
hedral site at 0, ~0.18, 1 2> which was assigned as Mn.
Occupation of Ga(3) site at 0, ~0.43, 0 gives rise to Ga,
pairs. However, two additional sites were inferred by the
presence of electron density along 0, y, 0 that are too
close to the Ga(3) site for all of them to be fully occupied
simultaneously. Taking into account the EDX analyses
indicating a much higher proportion of Ga to Mn and
armed with a knowledge of reasonable bond lengths and
geometries from literature precedent, we considered
various models involving disorder of Ga, Mn, and Sb
atoms. Refinement of occupancies resulted in values of
47(3)% for Ga(3) on one hand, and 29(2)% for Ga(2),
32(2)% for Sb(9), and 19(2)% for Mn on the other
hand, although caution has to be exercised in accepting
these values because of their high correlation with the
displacement parameters. The most chemically sensible
interpretation suggests that there are Ga, pairs on one
hand (50%), and a combined unit connecting a GaSbg
octahedron with a MnSb, tetrahedron, oriented in
opposite directions along b, on the other hand (each
25%). The formula for this model is “La;»Gass
Mn 5Sbss 5, corresponding to a composition (30% La,
9% Ga, 1% Mn, 59% Sb) in good agreement with the
elemental analysis given earlier.

Ga(2), Ga(3), and Sb(9) were refined with isotropic
displacement parameters only. For all other atoms, the
final refinement led to reasonable anisotropic displacement
parameters. The largest residuals in the difference electron
density map (Appa = 6.98; Apyy, = —2.92 eA®) are
located less than 0.5A away from the Ga(2) site. Final
values of the positional and displacement parameters are
given in Table 2. Interatomic distances are listed in Table
3. Further data, in the form of a CIF, have been sent to
Fachinformationszentrum Karlsruhe, Abt. PROKA,
76344 Eggenstein-Leopoldshafen, Germany, as supple-
mentary material No. CSD—-412762 and can be obtained
by contacting FIZ (quoting the article details and the
corresponding CSD numbers).

2.3. Electrical resistivity

Several crystals confirmed to be La;,Gaz sMng 5Sbss 5
by EDX analyses were mounted in a four-probe
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Table 2

Positional and equivalent isotropic displacement parameters for La;;Gaz sMng sSbas s

Ueq Or Usgo (A?)?

Atom Wyckoff position Occupancy x y z

La(1) 8/ 1 0 0.27770(7) 0.40555(6) 0.0119(3)
La(2) 8/ 1 0 0.38876(8) 0.26283(5) 0.0110(3)
La(3) 4j 1 . 0 0.09345(8) 0.0110(4)
La(4) 4j 1 1 0 0.37901(8) 0.0154(5)
Ga(l) 8m 0.50 0.045(5) 0 0.18918(19) 0.018(4)
Ga(2) 4g 0.25 0 0.3791(10) 0 0.025(4)
Ga(3) 4g 0.50 0 0.4318(5) 0 0.0195(19)
Mn 4h 0.25 0 0.1789(14) 1 0.027(6)
Sb(1) 8/ 1 0 0.10970(10) 0.42924(9) 0.0255(5)
Sb(2) 8/ 1 0 0.11450(10) 0.14083(6) 0.0126(4)
Sb(3) 8/ 1 0 0.22264(9) 0.28595(7) 0.0136(4)
Sb(4) 8/ 1 0 0.33342(9) 0.14459(6) 0.0140(4)
Sb(5) 4i 1 0 0 0.28741(9) 0.0136(5)
Sb(6) 4h 1 0 0.38526(14) 1 0.0209(6)
Sb(7) 4g 1 0 0.23047(14) 0 0.0169(6)
Sb(8) 2a 1 0 0 0 0.0124(7)
Sb(9) 4g 0.25 0 0.4686(7) 0 0.027(3)

# Uqq is defined as one-third of the trace of the orthogonalized Uy tensor. The closely spaced, partially occupied sites Ga(2), Ga(3), and Sb(9)

were refined with isotropic displacement parameters only.

Table 3
Selected interatomic distances (A) in La;,Gaz sMng sSbas s

La(1)-Mn 3.214(17) La()-Ga(3)  3.533(5) (x2)
La(1)-Sb(2)  3.296(2) ( x 2) La(4)-Sb(5) 3.293(2) (% 2)
La(1)-Sb(6)  3.322(2) La(4)-Sb(9) 3.323(3) (x2)

La(1)-Sb(7)
La(1)-Sb(4)
La(1)-Sb(1)
La(1)-Sb(3)
La(2)-Ga(1)
La(2)-Ga(1)

3.355(1) (x 2)
3.379(2) (% 2)
3.389(3)
3.406(2)
3.234(15) (x 2)
3.487(16) (x 2)

La(4)-Sb(1)
La(4)-Sb(4)
Ga(1)-Sb(2)
Ga(1)-Sb(5)  2.657(6)
Ga(2)-Sb(1)  2.904(2) (x 4)
Ga(2)-Sb(7)  2.95(2)

3.361(2) (x 4)
3.362(2) (x2)
2.624(4) (x2)

La@2)-Sb(3)  3.350(2) Ga(2)-Sb(9)  3.02(2)
La@2)-Sb(3)  3.368(2) (x 2) Ga(3)-Ga(3)  2.702)
La(2)-Sb(d)  3.373(2) Ga(3)-Sb(1)  3.010(3) (x4)

La(2)-Sb(5)
La(2)-Sb(2)
La(3)-Ga(l)
La(3)-Ga(l)
La(3)-Sb(8)
La(3)-Sb(2)
La(3)-Sb(6)

3.381(2) (x2)
3.391(2) (x 2)
3.255(15) (x 2)
3.506(16) ( x 2)
3.331(2) (x2)
3.394(2) (x 4)
3.395(3) (% 2)

Mn-Sb(1)
Mn-Sb(7)

Sb(1)-Sb(4)
Sb(1)-Sb(9)
Sb(3)-Sb(4)
Sb(3)-Sb(3)
Sb(6)-Sb(8)
Sb(6)-Sb(7)

2.350(16) (% 2)
2.822(18) (x 2)
3.158(2) (% 2)
3.285(7) (% 2)
3.079(2) (x2)
3.1113) (x2)
3.148(2) (% 2)
3.162(3) (x 2)

configuration for AC resistivity measurements along the
needle axis a between 2 and 300 K on a Quantum Design
PPMS system equipped with an AC-transport controller
(Model 7100). The crystals averaged 0.6 mm in length
and 0.001 mm? in cross-sectional area. A current of
0.1 mA and a frequency of 16 Hz were used.

3. Results and discussion

The structure of La;»GazsMngsSboys, the first
quaternary antimonide containing both a p-block metal
and a transition metal, is shown viewed down the short

a-axis in Fig. 1. In common with the growing number of
ternary rare-earth main-group antimonides, it contains a
variety of anionic substructures involving homoatomic
bonding of the main-group components (1). The Sb
atoms are arranged in five-atom-wide (Sb(7)-Sb(6)—
Sb(8)-Sb(6)-Sb(7)) and six-atom-wide (Sb(1)-Sb(4)-
Sb(3)-Sb(3)-Sb(4)-Sb(1)) ribbons that extend down
the a-axis. These ribbons outline large channels contain-
ing trigonal prisms of the La atoms, which are
connected to form a larger four-prism assembly and
share their trigonal faces to form columns running along
the a-axis. Centred within these trigonal prisms are
additional Ga and Sb atoms, which are bonded to give
slightly pyramidally distorted GaSb; units. The most
complicated part of the structure involves the linking of
the Sb ribbons. The terminal atoms at the borders of
these ribbons are Sb(1) and Sb(7). As shown in Fig. 2,
there are three scenarios. Occupation of the Ga(3) sites
results in Ga,-pairs that link together the six-atom-wide
Sb ribbons, leaving the five-atom-wide ribbons isolated
(Fig. 2(a)). The coordination of a Ga(3) atom is thus
square pyramidal, with Sb(1) atoms at the base and
another Ga(3) atom at the apex. Alternatively, the Ga(2)
and Sb(9) sites could be occupied, giving rise to an
octahedral coordination around Ga. Simultaneously,
there are tetrahedral sites occupied by Mn atoms.
Disorder is entailed by the two possible orientations of
the combined octahedral GaSbg/tetrahedral MnSby unit
(Fig. 2(b) and (c)), as well as between these units and the
Ga,-pairs (Fig. 2(a)).

The Sb—Sb distances within the Sb ribbons range from
3.079(2) to 3.162(3) A, consistent with similar distances
found in ribbons and square sheets in other antimonides
(1). If bond valences are calculated from the formula
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Fig. 1. View of La;,Gas sMng sSb,; 5 down the a-axis showing the unit cell outline and the labelling scheme. The large lightly shaded circles are
La atoms, the medium solid circles are Ga atoms, the small solid circles are Mn atoms, and the medium open circles are Sb atoms. The dashed
lines outline the assemblies of Lag trigonal prisms. One possible local ordering of the Ga, pairs and the octahedral GaSbg/tetrahedral MnSby

units is portrayed.

vij = exp[(2.80—d;;)/0.37], where 2.80 A is chosen as the
bond valence parameter for an Sb—Sb single bond [7,8],
then the distances above correspond to valences ranging
from 0.47 to 0.38. These values bear out the usual
interpretation that these are approximately one-electron
bonds, and are supported by more rigorous calculation
of overlap populations from band structure determina-
tions [9,10]. The 3.285(7) A distance between Sb(9) and
Sb(1) is long, but its bond valence of 0.27 still implies
considerable strength. After all, it is still shorter than the
interlayer Sb—Sb distance found in elemental Sb of
3.355A [11], which has been demonstrated to be
significant.

It is interesting that the GaSb; units are distorted
from planarity, the Ga(1) atoms lying 0.20(2) A above or
below the plane of the three Sb atoms. In La;3GagSb,;,
a distortion of similar magnitude is also observed [1]. In
other compounds, the GaSb; units are rigorously
planar, as in CsgGaSb; [12], but even in the more
closely related structure of Pr;,GaysSb,s, the tendency to
pyramidalize is manifested by an elongated thermal
ellipsoid [2]. There is evidence that the Ga—Sb bonds in
these units contain a significant = contribution involving
back-donation from Sb orbitals into an empty p orbital

on Ga [13]; indeed, the 2.624(4)72.657(6)1& distances in
La;,Gas sMng sSbas s are shorter than those (2.709(2)-
2.752(5)A) in the GaSb, tetrahedra found in Na;Srj
GaSb, [14], for which only ¢ bonding can be operative.
However, the distortion from planarity indicates a
buildup of electron density on the Ga atom. The degree
of distortion observed suggests that the Ga(l) atom in
La;»Gasz sMng sSb,s 5 is somewhat more reduced than it
is in the related Pri,Ga4Sb,; structure. The remaining
Ga atoms reside in sites of higher CN and the Ga—Sb
distances are even longer. The Ga(2) atom is surrounded
octahedrally by Sb atoms at distances of 2.904(2)—
3.02(2) A. It resembles a Ge site in LagGes . Sby; 4+ that
is strongly displaced so that the four equatorial Ge-Sb
distances are 2.9320(8)A but the axial distances are
2.743(2) and 3.595(3)A [15]. The Ga(3) atom is
3.010(3)1& away from four Sb atoms and 2.70(2)1&
from another Ga(3) atom. These long Ga-Sb and
Ga—Ga distances correspond to relatively weak bonds,
which may be a matrix effect arising from the need to
satisfy ionic interactions with the La atoms in the
structure. The coordination geometries of the rare-
earth atoms are bicapped square antiprisms, similar to
that in Pr;,Ga4Sb,s, with La—Sb distances of 3.293(2)
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(b) 25%

(c) 25%
Sh(1)
Sh(1)
Sh(7 Ga(2
2.95(2)
Sh(l
Sh(1)

Fig. 2. Occupation of sites linking the five- and six-atom-wide Sb
ribbons in LalzGa3_5Mn0_5Sb23_5.

73.406(2)10% and La-Ga distances of 3.234(15)-
3.533(5)A, similar to those found in LaSb, (3.183-
3.432 A) [16] and LaGa, (3.335A) [17].

Fig. 3 shows the close relationship between the
orthorhombic structures of LagMnSbs (3), Pr;,GasSbos
(2), and La;,GassMngsSbyss. All contain assemblies
of filled rare-earth trigonal prisms, a common motif in
the structures of intermetallic compounds, surrounded
by Sb ribbons. LagMnSb;s contains single-prism col-
umns whereas Pri,GasSb,; and La;;Gaz sMngsSbos s
contain four-prism columns. The Sb ribbons in
LagMnSb; 5 are connected through Sb, pairs and MnSby,
tetrahedra. In contrast, the Sb ribbons in Pr;,Ga4Sb,;
are connected by Ga, pairs and the tetrahedral sites
remain essentially vacant. In La;»Gaz sMng sSbys s, the
Sb ribbons are connected by a combination of Ga,
pairs, MnSb, tetrahedra, and GaSbg octahedra. The
appearance of the GaSbg octahedra is equivalent to
linking the Sb ribbons by GaSb pairs. Disorder of
the Ga and Sb atoms linking these ribbons is under-
standable given what is observed in the structures
of LagMnSb;s and Pri,Ga,Sb,;, and is analogous to
the disorder of Ge and Sb atoms in RE;Ges Sbyj,
[15] and some quaternary stuffed iron germanium

(a) LaGMnSbls

(c) La;2GagsMnosShas s

o © R P
©--0-0-0-0-0--0--0_ »-0-0-0-0-0-<

A

\
/

Fig. 3. Comparison of the structures of (a) LagMnSbys, (b)
PI'12G3.4Sb23, and (C) L312G83,5MH0‘5Sb23_5 shown in projection down
the shortest axis. The large lightly shaded circles are rare-earth atoms,
the medium solid circles are Ga atoms, the small solid circles are Mn
atoms, and the medium open circles are Sb atoms. Circles with thicker
rims are atoms residing in planes displaced by % the short axis
parameter.
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Fig. 4. Temperature dependence of the resistivity of Laj,
Gaj3 sMng sSbys s.

antimonides [18]. In LagMnSb;s, the Mn coordination
can also be described as distorted bicapped tetrahedral
if, in addition to two short (2.451(2) A) and two long
(2.843(1) A) Mn-Sb bonds, the next two slightly longer
(2.941(1)A) distances are included. In Lap,
Gas sMng sSbss s, the distortion of the Mn coordination
is even more severe so that the two longest Mn-Sb
distances (3.64(2) A) can be neglected, the remaining
four Mn-Sb bonds (2.35(2), 2.82(2) A) rendering the
coordination geometry as a distorted tetrahedron. The
recently described (Ug sHoq 5);Sb; also resembles these
structures, but here the Sb ribbons are connected by
single Sb atoms [19].

Although there are recognizable entities such as
[GaSbs]® trigonal planes, isoelectronic with boron
trihalides, and one-dimensional “non-classical”” [Sbs]”~
ribbons, for which electron-counting rules have now
been devised [9,10], the disorder between the Ga, pairs,
GaSb pairs, and MnSb, tetrahedra makes it extremely
difficult to formulate an overall charge distribution for
such a complicated structure. Simple electron counting
schemes are problematic to apply when the deviation
from planarity of the GaSb; units suggests partial
reduction of the Ga centre, and when Sb—-Sb bonds
within the Sb ribbons can vary over a wide range to
accommodate non-integral numbers of electrons [13].

Fig. 4 shows a typical plot for the resistivity of
La;>,Gas sMn sSb,; s, which increases only slightly with
decreasing temperature (300 = 3.0 x 1073 Qcm;
p, = 3.3 x 1073 Qcm). Characteristic of disordered in-
termetallic compounds, the resistivity ratio is quite
small, p3p0/p, =0.91. A band structure calculation
performed for La;»Ga,Sb,; suggests that metallic
behaviour should still be retained by small changes in

electron count [13]. However, the severe disorder in
La;>,Gas sMng sSby; s may well introduce many loca-
lized states that will destroy metallic conduction.

The planned preparation of Laj>Gas;sMngsSboss
illustrates that RE|,GasSb,; can indeed serve as a host
structure to accommodate interstitial atoms. It is
worthwhile attempting to fill the distorted tetrahedral
sites by other transition metal atoms such as Cu and Zn,
which can substitute for Mn in the LagMnSb 5 structure
[3]. The similarity of RE¢Ges_Sbi;+, to these com-
pounds also suggests the substitution of Ge for Ga to
form other quaternary rare-earth transition metal main-
group antimonides.
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