Available online at www.sciencedirect.com

. . JOURNAL OF

ScienceDirect SOLID STATE

R\ CHEMISTRY
LSEVIER Journal of Solid State Chemistry 180 (2007) 2216-2224

www.elsevier.com/locate/jssc

Ternary rare-earth titanium antimonides: Phase equilibria in the
RE-Ti-Sb (RE = La, Er) systems and crystal structures of RE,Ti1,Sb;,
(RE = La, Ce, Pr, Nd) and RET15(Sn,Sb;_,)s (RE = Nd, Sm)

Haiying Bie®, S.H. Devon Moore”, Davin G. Piercey®, Andriy V. Tkachuk®,
Oksana Ya. Zelinska®™®, Arthur Mar®*

ADepartment of Chemistry, University of Alberta, Edmonton, Alta., Canada T6G 2G2
°Department of Inorganic Chemistry, Ivan Franko National University of Lviv, 79005 Lviv, Ukraine

Received 1 April 2007; accepted 31 May 2007
Available online 6 June 2007

Abstract

Investigations on phase relationships and crystal structures have been conducted on several ternary rare-earth titanium antimonide
systems. The isothermal cross-sections of the ternary RE-Ti—Sb systems containing a representative early (RE = La) and late rare-earth
element (RE = Er) have been constructed at 800 °C. In the La—Ti—Sb system, the previously known compound La;TiSbs was confirmed
and the new compound La,Ti;Sby, (own type, Cmmm, Z = 2, a = 10.5446(10) A, b = 20.768(2) A, and ¢ = 4.4344(4) A) was discovered.
In the Er-Ti-Sb system, no ternary compounds were found. The structure of La,Ti;Sb;, consists of a complex arrangement of TiSbg
octahedra and disordered fragments of homoatomic Sb assemblies, generating a three-dimensional framework in which La atoms reside.
Other early rare-earth elements (RE = Ce, Pr, Nd) can be substituted in this structure type. Attempts to prepare crystals in these systems
through use of a tin flux resulted in the discovery of a new Sn-containing pseudoternary phase RETi3(Sn,Sb;_,)4 for RE = Nd, Sm (own
type, Fmmm, Z=38; a=>57806(4)A, b=10.0846(7)A, and c¢=24.2260(16)A for NdTis(Sng;Sboo)s; a=5.7590(4)A,
b = 10.0686(6) /D\, and ¢ = 24.1167(14)A for SmTi3(Sng ;Sby)s). Its structure consists of double-layer slabs of Ti-centred octahedra
stacked alternately with nets of the RE atoms; the Ti atoms are arranged in kagome nets.
© 2007 Elsevier Inc. All rights reserved.
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1. Introduction feature of the structures, in the form of one-dimensional

chains in RE;MSbs or two-dimensional nets in REMSbs.

Ternary rare-earth  transition-metal antimonides
RE-M-Sb represent a rich and varied class of materials
exhibiting diverse structures and physical properties [1].
Systems containing a late transition metal have been the
focus of most previous studies, whereas those containing
an early transition metal remain poorly investigated. When
M is a group 4, 5, or 6 element, the only compounds known
so far are RE;MSbs (M = Ti, Zr, Hf, Nb) [2-5], REMSb;
(M =YV, Cr) [4-22], and REZrSb [23-26]. In the Sb-rich
phases, homoatomic Sb bonding networks are a recurring
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Given the absence of phase diagram information except for
Dy—Zr-Sb (800 °C) [24], it is not clear if other compounds
exist in these systems.

Systematic investigations on RE-Ti-Sb systems are
presented here. The complete phase diagrams for a
representative early (RE = La) and late rare earth (RE = Er)
have been established at 800°C. A new ternary phase,
RE>Ti;Sb» (RE = La, Ce, Pr, Nd) has been identified and
its structure determined. In addition, a pseudoternary phase,
RETi3(Sn,Sb;_,)s (RE=Nd, Sm) was discovered in the
course of crystal growth experiments. Both of these phases
adopt new structure types in which Ti-centred octahedra and
homoatomic Ti—Ti or Sb—Sb bonding figure prominently.
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2. Experimental
2.1. Synthesis

The phase diagrams of the La-Ti-Sb and Er-Ti-Sb
systems were investigated by arc melting of 80 and 50
alloys, respectively, which were prepared in an Edmund
Bithler MAM-1 compact arc melter on a water-cooled
copper block under an argon atmosphere gettered with Ti.
Starting materials were pieces of the rare-earth elements
(La, 99.9%, Hefa; Er, 99.9%, Cerac), Ti sponge (99.9%,
Fisher), and Sb pieces (99.999%, Alfa-Aesar). The alloys
were melted twice to ensure homogeneity. The final
compositions of the alloys were determined with the
assumption that the weight losses observed during arc
melting (up to 5%) were attributed to volatilization of Sb
alone. The alloys were then sealed in evacuated fused-silica
tubes and annealed at 800 °C for 1 (Er—Ti—Sb) or 2 weeks
(La—Ti-Sb). After the heat treatment, the tubes were
quenched in cold water. Products were characterized by
powder X-ray diffraction patterns collected on an Inel
powder diffractometer equipped with a CPS 120 detector.
Polished samples embedded in resin were examined by
metallographic analyses. Approximate elemental composi-
tions of phases were determined by energy-dispersive X-ray
(EDX) analysis on a Hitachi S-2700 scanning electron
microscope.

A new ternary phase found in the La—Ti—Sb system was
initially believed to be the antimonide end-member
analogue of the RETi;(Sn,Sb;_,)4 phase described below.
To obtain crystals of this phase (subsequently identified as
La,Ti;Sby,), mixtures of La pieces (99.9%, Hefa), Ti
powder (99.98%, Cerac), and Sb powder (99.995%, Cerac)
in the molar ratio 1:3:4 were placed in an alumina crucible
jacketed by an outer fused-silica tube. Under the optimum
conditions for crystal growth, the evacuated tubes were
heated to 650 °C over 1d, heated to 1050 °C over 1d, kept
at that temperature for 2d, slowly cooled to 800 °C over
4d, kept at that temperature for 12d, and then slowly
cooled to 20°C over 4d. The major phase from these
reactions was LasTiSbs [2], which was difficult to
distinguish from La,Ti;Sb;, as all crystals obtained were
small. Decreasing the reaction time or quenching from
800 °C tended to disfavour the formation of La,Ti;Sb;,
crystals.

Isostructural compounds RE,Ti;Sby, with RE = Ce, Pr,
Nd were obtained (in combination with RE;TiSbs) by arc
melting at the stoichiometric ratio of 2:7:12 and annealing
at 900°C over a relatively long time of 20d. Use of
different compositions near the target composition did not
improve the phase purity substantially. Cell parameters are
listed in Table 1.

The pseudoternary phase RETi5(Sn,Sb;_,)s (RE = Nd,
Sm) was first identified as a byproduct from a Sn-flux
reaction intended to prepare crystals of RE;TiSbs for
physical property measurements [3]. A 0.25-g mixture of
the elemental powders (Nd or Sm, 99.9%, Alfa-Aesar; Ti,

Table 1

Cell parameters for RE,Ti;Sby, (RE = La, Ce, Pr, Nd)*

Compound a(A) b (A) cA) V(A%
La,Ti;Sby, 10.5332(5) 20.733(1) 4.4338(2) 968.26(8)
Ce,Ti;Sby» 10.497(1) 20.692(2) 4.4160(5) 959.1(2)
Pr,Ti;Sb;, 10.474(2) 20.689(4) 4.3896(9) 951.2(3)
Nd,Ti;Sby, 10.427(2) 20.697(3) 4.3812(7) 945.5(3)

#Obtained from powder X-ray diffraction data.

99.98%, Cerac; Sb, 99.998%, Aldrich) in the presence of a
10-fold weight excess of Sn (99.8%, Cerac) was placed in
evacuated fused-silica tubes. Although crystals of the
desired RE;TiSbs phases were obtained from these reac-
tions, EDX analyses revealed that some crystals consis-
tently contained a small amount of Sn, with an Sn:Sb ratio
of 1:9. Crystals of NdTi3(Sng 1Sbg )4 were isolated from a
reaction heated at 570°C for 1d and 950°C for 2d,
followed by centrifuging to remove the Sn flux. Crystals of
SmTi;(Sng ;Sbg 9)4 Were isolated from a reaction heated at
700 °C for 2d, followed by centrifuging. Synthetic experi-
ments in which different temperatures and different
amounts of Sn were used did not improve the yields,
although formation of the phase seems to be favoured at
higher temperatures (>700°C). Given that
NdTi3(Sn0_ISb0.9)4 and SmTi3(Sn0_ISbO.9)4 were obtained
in the presence of excess Sn, these formulas represent the
upper limit of Sn solubility. The lower limit of Sn solubility
in RETi3(Sn,Sb;_,); was not determined, but in light of
our inability to prepare “RETi3Sb,” as described above, it
is likely that this limit does not extend to x = 0. Further
experiments to understand these synthetic difficulties are
ongoing. For example, results from arc melting reactions
with different loading compositions “SmTi;(Sn,Sb;_,)4”
(0<x<11n 0.1 increments) confirmed that this phase does
not form beyond x>0.2.

2.2. Structure determination

Single-crystal X-ray diffraction data were collected on a
Bruker Platform/SMART 1000 CCD diffractometer at
22°C using w scans. Structure solution and refinement
were carried out with use of the SHELXTL (version 6.12)
program package [27]. Face-indexed numerical absorption
corrections were applied. Crystal data and further details
of the data collection are given in Table 2.

For La,Ti;Sby,, the intensity pattern indicated Laue
symmetry and systematic extinctions consistent with the
orthorhombic space groups Cmmm, Cmm2, and C222.
Intensity statistics (mean |E*—1| = 0.946) favoured the
centrosymmetric space group Cmmm. Initial atomic posi-
tions for the La, Ti, and most of the Sb atoms in the
structure were found by direct methods. The Sb2 and Sb3
sites exhibited elevated displacement parameters, suggest-
ing partial occupancy. Two additional prominent peaks
remaining in the difference electron density map were
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Table 2

Crystallographic data for La,Ti;Sby, and RETi3(Sn,Sb;_,)4 (RE = Nd, Sm)
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Formula
Formula mass (amu)
Space group

LazTi7Sb 12
2074.12
Cmmm (No. 65)

a(A) 10.5446(10)
b (A) 20.768(2)

¢ (A) 4.4344(4)
V(A% 971.1Q2)

z 2

Pcaled (g Cm73) 7.093

Crystal dimensions (mm)

0.08 x 0.05 x 0.04

Radiation
u (MoKa) (cm™") 233.26
Transmission factors 0.176-0.454

26 limits
Data collected

3.92°<20 (MoKa) <66.32°
-15<h<15, 31<k< 31, -6<I<6

NdTi3(Sng.1Sbo.o)4 SmTi3(Sng.1Sbo.o)4

773.72 779.83

Fmmm (No. 69) Fmmm (No. 69)
5.7806(4) 5.7590(4)
10.0846(7) 10.0686(6)
24.2260(16) 24.1167(14)
1412.3(2) 1398.4(2)

8 8

7.278 7.408

0.23 % 0.20 x 0.10 0.19 x 0.06 x 0.03

Graphite monochromated MoKo, 1 = 0.71073 A

252.40 264.62

0.027-0.130 0.114-0.460

3.36° <20 (MoKa)<65.16° 6.76° <20 (MoKu)<65.10°
—-8<h<8, —15<k<15, -36</<36 —8<h<8, -15<k<14,

-33<I<36
No. of data collected 6703 3499 3531
No. of unique data, including F2 <0 1083 (R = 0.058) 742 (Rine = 0.033) 732 (Rin, = 0.030)
No. of unique data, with 889 742 712
F2>20(F?%)
No. of variables 52 29 29
R(F) for F?>2g(F%) 0.040 0.021 0.025
R(F2)° 0.100 0.049 0.060
Goodness-of-fit 1.064 1.341 1.281
(AD)maxs (AP)min (€ A7) 3.01, -3.21 1.75, -2.98 2.01, -2.60
a [1Fol=IFcll
R(F) = %
2 Z[W(F%*F%)z] 12 _ 2 max(F2,0)+2F2
PRu(F2) = > {W} ; Wl = 6%(F2) + (Ap)” + Bp, where p = "X D20e,

assigned as partially occupied Sb5 and Sb6 sites. When
allowed to refine freely, the occupancies of these sites
converged to 0.50(1) for Sb2, 0.50(1) for Sb3, 0.21(1) for
Sbs, and 0.19(1) for Sb6. The occupancies of these sites
(Sb2/Sb6 and Sb3/Sb5) are correlated because of chemi-
cally impossible short distances between them and sym-
metry-equivalent positions, and are limited to a maximum
of 0.50 for Sb2 and Sb3, and 0.25 for Sb5 and Sb6. All
other sites were essentially fully occupied (0.97(1)-1.06(1)),
except for Ti3, whose occupancy converged to 0.85(2). The
Sbl site exhibits an elongated displacement parameter,
which could be resolved into two very closely separated
split sites (< 0.4 A), each half-occupied. If all these partial
occupancies are taken at face value, the resulting formula is
“La,TiggSby; 5. Other orthorhombic space groups in
which one or more mirror planes are removed (Cmm?2,
C222, and their permutations) as well as lower-symmetry
monoclinic space groups (C2/m, Cm) were considered,
including the possibility for twinning, but these failed to
lead to ordered structural models. To arrive at a simple
model for a local interpretation of the disorder implied by
the partially occupied Sb sites, we have retained the
structure in Cmmm but with the occupancies fixed at 0.50
for Sb2 and Sb3, 0.25 for Sb5 and Sb6, and 1.00 for all
remaining atoms, and with the Sb1 site unsplit. This model
thus neglects the slight substoichiometry inherent in the
Sb5, Sb6, and Ti3 sites. The formula corresponding to this

’

simplified structural model is “La,Ti;Sb;,” and will be
referred to as such in the remaining discussion.

For RETi;(Sn,Sb;_,)4 (RE=Nd, Sm), preliminary
Weissenberg photography gave initial cell parameters,
and revealed Laue symmetry and systematic extinctions
consistent with the orthorhombic space groups Fmmm,
Fmm?2, and F222. Intensity statistics (mean |E°—1| = 0.940,
0.944 for RE = Nd, Sm, respectively) favoured the
centrosymmetric space group Fmmm. Initial positions for
all atoms in the structure were readily found by direct
methods. Refinements proceeded in a straightforward
manner with reasonable displacement parameters and full
occupancies found for all sites. Because Sn and Sb cannot
be distinguished on the basis of their similar scattering
factors, they were assumed to be distributed randomly over
each of the three sites found, with occupancies fixed to
reflect the ratio determined from EDX analysis (0.1 Sn/0.9
Sb). The formula thus corresponds to RETi3(Sng ;Sbg ¢)4.

Atomic positions were standardized with the program
STRUCTURE TIDY [28]. Final values of the positional
and displacement parameters are given in Table 3. Selected
interatomic distances are listed in Tables 4 and 5. Further
data, in CIF format, have been sent to Fachinformations-
zentrum Karlsruhe, Abt. PROKA, 76344 Eggenstein-
Leopoldshafen, Germany, as supplementary material No.
CSD-418173 (LazTi7Sb|2), 418174 (NdTi3(SHO'|Sb0'9)4),
and 418175 (SmTi3(Sng ;Sbyo)s), and can be obtained by
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Table 3

Atomic coordinates and equivalent isotropic displacement parameters for La,Ti;Sb;, and RETi;(Sn,Sb;_,)4 (RE = Nd, Sm)

Atom Wyckoff position Occupancy x y z Uyq (AY?

LazTi7Sb]2
La 4i 1 0 0.38857(4) 0 0.0087(2)
Til 8p 1 0.1451(2) 0.11989(9) 0 0.0136(4)
Ti2 4e 1 1/4 1/4 0 0.0103(4)
Ti3 2a 1 0 0 0 0.0167(7)
Sbl 8q 1 0.29146(9) 0.16415(5) 12 0.025(2)
Sb2 80 0.50 0.2596(1) 0 0.1173(3) 0.0135(3)
Sb3 8n 0.50 0 0.22999(6) 0.1373(3) 0.0080(2)
Sb4 4j 1 0 0.08027(5) 12 0.0150(2)
Sbs 4j 0.25 0 0.2208(3) 12 0.033(1)
Sbo 4h 0.25 0.2328(6) 0 12 0.037(1)
Sb7 2c 1 12 0 12 0.013(3)

NdTi3(Sno.1Sbg.0)s
Nd 8i 1 0 0 0.30482(2) 0.0051(1)
Til 16j 1 1/4 1/4 0.09540(3) 0.0041(2)
Ti2 8i 1 0 0 0.09205(5) 0.0048(2)
Snl1/Sbl 16m 0.1/0.9 0 0.16045(3) 0.18773(1) 0.0050(1)
Sn2/Sb2 8i 0.1/0.9 0 0 0.43425(2) 0.0052(1)
Sn3/Sb3 8h 0.1/0.9 0 0.17078(4) 0 0.0060(1)

SmTi3(Sno.1Sbo.g)s
Sm 8i 1 0 0 0.30473(2) 0.0073(1)
Til 16/ 1 1/4 1/4 0.09597(4) 0.0058(2)
Ti2 8i 1 0 0 0.09236(6) 0.0065(3)
Sn1/Sbl 16m 0.1/0.9 0 0.15981(3) 0.18876(2) 0.0069(1)
Sn2/Sb2 8i 0.1/0.9 0 0 0.43362(2) 0.0071(1)
Sn3/Sb3 8h 0.1/0.9 0 0.17097(5) 0 0.0078(1)

#Ugq is defined as one-third of the trace of the orthogonalized Uy tensor.

Table 5

Selected interatomic distances (A) in RETi3(Sn,Sb,_,)4 (RE = Nd, Sm)*

Table 4

Selected interatomic distances (A) in La,Ti;Sb;,

La-Sb7 (x2) 3.2050(6) Sb1-Sb5 3.247(5)
La-Sbl (x 4) 3.3091(7) Sb1-Sb5 3.291(2)
La-Sb3 3.349(1) Sb1-Sb6 3.465(3)
La-Sb2 (x 2) 3.471(1) Sb2-Sb6 2.752(2)
Til-Sb2 2.816(2) Sb2-Sb7 3.050(1)
Til-Sb4 (x 2) 2.816(1) Sb2-Sb2 3.394(3)
Til-Sb3 2.818(2) Sb2-Sb7 3.731(3)
Til-Sbl (x 2) 2.854(1) Sb3-Sb5 2.833(1)
Ti2—-Sb3 (x 2) 2.7373(4) Sb3-Sb3 3.216(3)
Ti2-Sb1 (x 4) 2.8785(6) Sb4-Sb5s 2.918(6)
Ti3-Sb4 (x 4) 2.7740(6) Sb4-Sb6 2.968(5)
Ti3-Sb2 (x 2) 2.787(1) Sb4-Sb4 3.334(3)
Til-Ti2 2.920(2) Sb6-Sb7 2.817(6)
Til-Ti3 2.922(2)

Til-Til 3.059(4)

contacting FIZ (quoting the article details and the
corresponding CSD numbers).

3. Results and discussion
3.1. Phase diagrams
Apart from the existence of RE;TiSbs (RE = La, Ce, Pr,

Nd, Sm) phases, which were first discovered in Sn-flux
reactions [2], little else is known about the ternary

NdTi3(Sng 1Sbg.o)a

SmTi3(Sno.1Sbo.g)s

RE-X2
RE-X1 (x2)
RE-X1 (x 4)
RE-X1 (x2)
Til-X1 (x2)
Til-X3 (x2)
Til-X2 (x2)
Ti2-X3 (x2)
Ti2-X1 (x2)
Ti2-X2 (x2)
Til-Til
Til-Ti2
X1-X1
X1-X1
X1-X1
X2-X2
X3-X3
X3-X3

3.1357(6)
3.2656(5)
3.3173(2)
3.4290(4)
2.8118(7)
2.8405(7)
2.9934(3)
2.8176(10)
2.8268(11)
2.9597(3)
2.8903(2)
2.9071(2)
3.2361(6)
3.4082(4)
3.5165(7)
3.1857(9)
3.3025(5)
3.4445(9)

3.1084(7)
3.2266(6)
3.3023(2)
3.4288(4)
2.8115(8)
2.8396(8)
2.9863(3)
2.8151(12)
2.8272(13)
2.9469(4)
2.8795(2)
2.9011(2)
3.2181(7)
3.4044(4)
3.4676(8)
3.2019(11)
3.2901(5)
3.4428(10)

#X represents the disordered sites containing 0.1 Sn and 0.9 Sb.

RE-Ti-Sb systems. The termination of the RE;TiSbs series
at RE = Sm suggests that the phase behaviour will differ
for early vs. late RE elements. For this reason, a
representative early and late RE member was chosen for
more comprehensive phase diagram investigations. Fig. 1
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1: LagTiSbs
2: La,Ti;Sby,

Er Ti

Fig. 1. Isothermal sections at 800°C of the (a) La-Ti-Sb and (b)
Er-Ti-Sb phase diagrams.

shows the isothermal sections at 800 °C of the La-Ti-Sb
and Er-Ti—Sb systems. At this temperature, previous
information suggests that liquid forms in the region above
95at% Sb [29], so highly antimony-rich compositions
(>70at% Sb) in the ternary phase diagrams were not
examined.

In the RE-Sb sections of both systems, all previously
known binary phases were observed except for ErsSb; [30]
and the high-pressure phase ErSb, [31]. In the Ti-Sb
sections of both systems, the existence of six binary phases
was confirmed: cubic Ti3Sb [32], Ti,Sb [33], TisSb; [34,35],
Ti;;Sbg [36], TiSb [32], and TiSb, [37]. The solubility of the
RE component in these binary Ti—Sb phases was estab-
lished to be less than 1at%. The phases Ti,Sb and Ti;;Sbg
were reported recently [33,36]. Other phases (TisSb,
Ti, sSb, and TigSbs) reported in earlier investigations were
not observed under the conditions used here. Tiy,Sb was

initially formulated as ““Tis(Tig-,Sbgg)” [38] but later
attempts to reproduce its synthesis by arc melting failed
[32], so perhaps it is a metastable phase. Ti,sSb was
originally prepared in carbon crucibles and heated in a
high-pressure furnace or an induction furnace [39], but
neither arc melting nor heating at 1400—1600 °C yielded this
phase [32]. The existence of Ti, 5Sb can also be discounted,
on the basis of the stability of Ti,Sb with respect to
disproportionation to Ti3Sb and TisSbs [33]. TigSbs was
originally prepared by arc melting but its structure was
unknown [32]; it is probably the phase now identified as
Ti;;Sbg [36], given the similarity of their cell constants and
powder X-ray diffraction patterns. Within the Er—Ti—Sb
phase diagram, formation of the phase TisSbg [40] was
sometimes observed in combination with TiSb and TiSb, at
800 °C in the 50-67at% Sb region. When the annealing
temperature was raised to 1000 °C, the expected equili-
brium mixture of TisSbg with one of TiSb or TiSb, was
formed. TisSbg has been indicated previously to be stable
with respect to disproportionation (to TiSb and TiSb,)
between 900 and 1100°C [40]. The non-equilibrium
formation of TisSbg suggests that the annealing time of 1
week in the Er-Ti-Sb phase investigation may not have
been sufficiently long. Although the structures of several
mixed-metal representatives (M’,Ti)sSbg (M’ = Zr, Hf, Nb,
Mo) are known [41], crystallographic details for the end-
member TisSbg itself have not been reported previously
[40]. Cell parameters obtained here from a single-crystal
X-ray structure determination on tetragonal TisSbg are
a=6.492(4) A, ¢=26.514(15)A, and V' =1117.3(18)A*
[42].

In the Er-Ti-Sb system, no ternary compounds were
found at 800 °C. In the La—Ti—Sb system, in addition to the
previously known phase Las;TiSbs [2], the new compound
La,Ti,Sby, was discovered, as revealed by EDX analyses of
polished samples and by a hitherto unidentified powder
X-ray diffraction pattern of ground samples.

3.2. Structure of RE>Ti,Sh;>

The compounds RE,Ti;Sby, (RE = La, Ce, Pr, Nd)
adopt a new structure type. The structure of La,Ti;Sby,
projected down the ¢ direction is shown in Fig. 2. It
consists of a complex three-dimensional framework of
linked TiSbg octahedra. The Sb2 and Sb3 sites each have an
occupancy of 0.50, but to clarify the presence of these
TiSbg octahedra, the figure portrays one possible idealized
model in which half of these sites are occupied in an
ordered fashion and the other half are not shown. Three
types of Ti-centred octahedra are then evident, each
forming infinite chains through edge-sharing with their
symmetry equivalents along the ¢ direction. They differ in
their connectivity along the a direction: The Til-centred
octahedra are connected in pairs by sharing a common face
(Sb4-Sb4-Sb3), the Ti2-centred octahedra are connected to
form zigzag chains through corner-sharing of frans Sb3
atoms, and the Ti3-centred octahedra remain isolated.
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Lastly, the Til-, Ti2-, and Ti3-centred octahedra are
connected by face-sharing along the [110] and [110]
directions. The Ti-Sb distances range from 2.7373(4) to
2.8785(6) A, the shortest being similar to the sum of the
Pauling radii (rrj+rgp, = 1.324+1.391 = 2.715&) [43] and
the longest being similar to those found in TiSbg octahedra
in TiSb (2.846 A) [32] and La;TiSbs (2.859(1) A) [2]. The
occurrence of face-sharing octahedra brings the Ti centres
in close contact with each other, at distances
(2.920(2)-3.059(4) A) that may be indicative of weak
metal-metal bonding.

The network of TiSbe octahedra outlines channels that
are occupied by the La and Sb7 atoms. The coordination
geometry of Sb atoms around the La centres is approxi-
mately tricapped trigonal prismatic, corresponding to CN9

b
Sb4

i ! Sb3

(4 Sbl, 2 Sb7, 0.50 x4 Sb2, 0.50 x 2 Sb3), with La—Sb
distances of 3.2050(6)73.471(1)1&. Surrounding Sb7 in a
distorted planar environment are four Sb2 atoms (with the
half occupancy of the Sb2 sites taken into account), two
that are within weak Sb—Sb bonding distances (3.050(1) A)
and two that are too far to be bonding (3.731(3) A), on
average.

Close to the half-occupied Sb2 and Sb3 sites are two
other sites, Sb5 and Sbé6, each having an occupancy of 0.25.
These partially occupied Sb sites correspond to a compli-
cated disorder. Fig. 3 shows one possible local interpreta-
tion for this disorder within a chain of edge-sharing Til-
centred octahedra extending along the ¢ direction. Full
occupation of these sites is clearly precluded by the
impossibly short Sb-Sb distances that would result.

s

Ti2

% Ti
Sb2

Sb1

&Sb?

®

®
®

O

>
®
@)

Fig. 2. Structure of La,Ti,;Sby, viewed down the ¢ direction. The large lightly shaded circles are La atoms, the small solid circles are Ti atoms, and the

medium open circles are Sb atoms.

2833(1)

3.216(3)

Fig. 3. One possible local ordering of the partially occupied Sb sites (0.50 for Sb2 and Sb3; 0.25 for Sb5 and Sb6) within an edge-sharing chain of Til-

centred octahedra extended along the ¢ direction in La,Ti;Sby,.



2222 H. Bie et al. | Journal of Solid State Chemistry 180 (2007) 2216-2224

Ny C (OBTIRN

o
o

o
N\

A

&

Fig. 4. Structure of NdTi3(Sng1Sbg.9)4 or SmTi3(Sng ;Sbg9)4 viewed down
the a direction. The large lightly shaded circles are RE = Nd or Sm atoms,
the small solid circles are Ti atoms, and the medium open circles are
X = Sn or Sb atoms.

However, the level of partial occupancy is understandable
on the basis that a minimum Sb-Sb distance cannot be less
than ~2.7 A. Distances of 2.8-2.9 A are indicative of Sb-Sb
single bonds, whereas longer distances of ~3.0-3.2A
typically suggest hypervalent Sb-Sb bonds, although
longer values have been implicated as non-innocent [44].
Within this edge-sharing octahedral chain, the apices are
formed by the Sb2 and Sb3 sites; fixing their occupancy at
0.50 maintains CN6 around the Til centres. An Sb5 atom
must then lie between a pair of Sb3 atoms, and an Sb6
atom between a pair of Sb2 atoms, forming linear trimers
containing rather short Sb-Sb contacts (Sb3-Sb5,
2.833(1)A; Sb2-Sb6, 2.752(2)A). These short distances
are likely a result of matrix effects, analogous to the
situation in Ti;;Sby where similar Sb-Sb distances of
2.759(2)A are found in linear Sb chains [36]. Even if long-
range ordering of these trimers ensues within an individual
edge-sharing octahedral chain, this ordering need not be in
registry between different chains, leading to the observed
average disordered structure.

2.8903(2)—|

2.9071(2) —

Fig. 5. Structure of NdTis(SngSbgo)s in terms of nets: (a) 6° net of X3
atoms, (b) 3636 (kagome) net of Ti atoms with hexagons centred by X2
atoms, and (c) 6° net of X1 atoms with hexagons centred by Nd atoms.

3.3. Structure of RETi(Sn,Sb;_.)4

The structures adopted by the pseudoternary com-
pounds RETi3(Sng Sbgg)s (RE = Nd, Sm) are also new.
To facilitate discussion, we focus on the Nd member and
introduce the label X to denote the disordered Sn/Sb sites.
The structure of NdTi3(Sng1Sbgg)s projected down the a
direction is shown in Fig. 4. It consists of two-dimensional
slabs of linked TiSbg octahedra, stacked alternately with
two-layer nets of Nd atoms along the c¢ direction.
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Extending along the a direction are two types of infinite
chains, one formed by face sharing of Til-centred
octahedra and one formed by corner sharing of Ti2-
centred octahedra. Alternate chains are connected along
the b direction through face sharing to form infinite layers
parallel to the ab plane. Two such layers are then connected
by edge sharing of octahedra along the ¢ direction to form
the slabs. The Ti—X distances of 2.8118(7)-2.9934(3) A here
are slightly longer than the Ti—Sb distances in La,Ti;Sb,.
Surrounding each Nd centre are six coplanar X atoms, plus
one above and two below, resulting in a nine-coordinate
geometry with Nd—X distances of 3.1357(6)-3.4290(4) A.
The shortest distance between X atoms is the X2-X2
contact of 3.1857(9)A, corresponding to a dumbbell
oriented along the ¢ direction within the two-layer slab.

The structures of many intermetallic compounds can
also be often conveniently described in terms of a stacking
of nets [45], and NdTi3(Sng ;Sbg )4 is no exception. Each
slab can be constructed from a stacking of five nets. The
nets are of three types, as shown in Fig. 5. The central net is
a simple hexagonal arrangement of X3 atoms, called a 6°
net in Schlafli notation [45]. Above it is a kagome, or 6363
net, built up of Til and Ti2 atoms, with the hexagons
centred by X2 atoms. On top is a 6 net of X1 atoms with
the hexagons centred by Nd atoms. The central net of X3
atoms lies on a mirror plane, across which reflection
generates symmetry equivalents of the two other nets and
thus the five-net-thick slab. The slabs alternate in disposi-
tion in an AB sequence as they are stacked along the ¢
direction. Within the kagome net of Ti atoms, extensive Ti—
Ti bonding is suggested by the 2.8903(2)-2.9071(2) A
distances.

3.4. Structural relationships and bonding

Although not evident at first inspection, the structures of
La,Ti;Sby, and NdTi3(Sn,Sb;_,), show interesting rela-
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tionships to each other. We focus on sectioned layers
consisting of linked Ti-centred octahedra. In
NdTi3(Sn,Sb;_,)4, such a layer consists of alternating,
perfectly linear chains of corner-sharing and of face-
sharing octahedra, extended along the « direction
(Fig. 6a). Proceeding to La,Ti;Sb;,, the layer is derived
by removing every second Ti centre from half of the chains
of corner-sharing octahedra and every third and fourth one
from all the chains of face-sharing octahedra (Fig. 6b).
Thus, the layer in La,Ti;Sby, may be regarded as a defect
variant of that in NdTi3(Sn,Sb;_,)s. The corner-sharing
octahedral chains are no longer perfectly linear but adopt a
zigzag configuration. Moreover, the cavity that is formed
by removal of some of the corner-sharing octahedra is
occupied by new Sb atoms. The shortest Ti—Ti interactions
in these structures are associated with occurrence of the
face-sharing octahedra, when Ti centres can approach each
other most closely, by geometrical arguments. An alter-
native possibility of a defect structure is to remove all the
corner-sharing octahedra, which results in isolated chains
of only face-sharing octahedra, as occurs in the hexagonal
structure of LasTiSbs (Fig. 6¢).

Bonding in these complex disordered structures is not
easy to rationalize. For NdTi5(Sn,Sb;_,)4, we can consider
the hypothetical antimonide end-member “NdTi;Sb,”. If
Sb-Sb interactions are assumed to be absent (because the
contacts of 3.2A or greater are rather long) and Nd is
assumed to be trivalent, then charge balance requires that
the Ti atoms will have a partly filled d configuration,
(Nd* *)(Ti* ")3(Sb*7)a, consistent with the occurrence of
Ti-Ti distances (~2.9 A) that may indicate metal-metal
bonding. Introduction of a small amount of Sn into the Sb
sites does not change this conclusion. For La,Ti;Sby,, the
situation is even more complicated, since both Ti-—Ti
(2.9-3.0A) and Sb-Sb bonding (2.8-3.2A) are probably
operative. If no Ti—Ti bonding is assumed, then compliance
with a charge-balanced formula (La®*),(Ti*"),(Sb>*7),,

Fig. 6. Comparison of the structures of (a) NdTi3(Sn,Sb;_.)4, (b) La,Ti;Sby,, and (c) La;TiSbs. Face-sharing Ti-centred octahedra are shown as ball-and-
stick representations, and corner-sharing (or isolated) octahedra as polyhedral representations.
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leads to the conclusion that some Sb—Sb bonding must be
present. Conversely, if no Sb—Sb bonding is assumed, then
the impossible formula (La’®*),(Ti*?*),(Sb*>);» leads by
reductio ad absurdum to the same conclusion.

The present work has revealed new phases among the
RE-Ti-Sb systems adopting complex crystal structures.
The range of RE substitution is limited to the early RE
elements in RE,Ti;Sb;, (RE=La, Ce, Pr, Nd) and
RETi5(Sn,Sb_,)4 (RE = Nd, Sm). Although the Er—Ti-Sb
system was found to contain no ternary phases, it may be
worthwhile investigating systems containing other late RE
elements, such as Yb, whose propensity for divalency may
lead to different phase behaviour.
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