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ABSTRACT: The three new quaternary actinide chalcogenides Ba,TiUTe,, Ba,CrUTe,, and
Ba,CrThTe, have been synthesized. From single-crystal X-ray diffraction studies these
isostructural compounds are found to crystallize in a new structure type in space group Dy—
Pnma of the orthorhombic system. The structure features },[MAnTe,*"] strips (M = Cr or Tj;
An = Th or U) that propagate in the b-direction and are separated by Ba cations. An atoms are
coordinated to eight Te atoms in a bicapped trigonal-prismatic geometry while M atoms are
octahedrally coordinated to six Te atoms. Sharing of the AnTeg and MTe4 polyhedra forms
L [MAnTe,*"] strips. The presence of the infinite linear Te—Te—Te chains in these compounds
makes assignment of oxidation states arbitrary. Resistivity measurements and DFT calculations

provide further insight into the properties of these compounds.

B INTRODUCTION

Solid-state actinide chalcogenides often show intriguing
phenomena such as superconductivity,"> optical properties,”
charge density waves,® and magnetism®~> owing to the presence
of Sf-electrons. This class of compounds is also important in the
field of the nuclear fuel cycle as some metal chalcogenides have
potential for selective radioactive waste removal,”~'® including
removal of alkaline-earth metals.'® The ability of actinides,
especially U, to show variable oxidation states (+3, +4 (most
common), +5) and the tendency of chalcogens (Q), in particular
Te, to form Q—Q_interactions often result in unusual crystal
structures. Among these actinide chalcogenides, the crystal
structures of the tellurides are often more complex because of the
ability of Te to form higher order polyanions (as compared with
S or Se) such as infinite Te—Te—Te chains or square Te nets.
These feature intermediate Te:--Te interactions of lengths
greater than a Te—Te single bond (2.76 A) but shorter than a
van der Waals interaction (4.10 A).

The dimensionality of crystal structures of An,Te, compounds
can be tuned by controlling the An:Te ratio. For example, a-
AnTe; (An = Th,"' U") adopts a two-dimensional layered
crystal structure whereas that of UTe," is three-dimensional;
both structures have the bicapped trigonal AnTeg prism as a basic
building block. In ternary tellurides A,An, Te, (A = alkali-metal or
alkaline-earth metal), electropositive A cations strongly influence
dimensionality of the crystal structures. Examples of two-
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dimensional crystal structures include CsAn,Tes (An = Th'
and U'®), KTh,Te,"® and BaAnTe,"” with infinite Te—Te—Te
chains having a nonintegral average charge on each Te. Both
CsUTeg'® and BaUTe,'” of the 116-family have one-dimensional
crystal structures with U/Te chains separated by Cs'* and Ba®"
cations, respectively. The connectivity and geometry of actinide
polyhedra in these A An,Te_ compounds are similar to those in
the binary An,Te, compounds. In contrast, the structures of the
An,M,Te, compounds (M = transition metal) comprise the
sharing of actinide and transition-metal polyhedra. Examples
include Cu,An,Te, (An = Th'® and U*°) and MnThTe,*" that
comprise AnTeg bicapped trigonal prisms and CuTe, tetrahedra
or MnTeg octahedra.

The structures of the relatively few known quaternary actinide
tellurides are even more varied and range from the simple layered
ones of AAuUTe; (A = Rb, Cs)** to the complex three-
dimensional ones of ATiU;Te, (A = Rb, Cs).** To the best of our
knowledge there were no examples known of quaternary
compounds in the alkaline-earth metal system Ak/An/M/Te,
and hence we have carried out exploratory syntheses in this
system to discover new compounds. These syntheses have
afforded the three new quaternary compounds Ba,TiUTe,,

Received: February 11, 2015
Published: March 23, 2015

DOI: 10.1021/acs.inorgchem.5b00338
Inorg. Chem. 2015, 54, 3688—3694


pubs.acs.org/IC
http://dx.doi.org/10.1021/acs.inorgchem.5b00338

Inorganic Chemistry

Ba,CrUTe,, and Ba,CrThTe,. Here we present their syntheses,
crystal structures, resistivities, and electronic properties.

B EXPERIMENTAL METHODS

Syntheses. Caution! **Th and *3*U are a-emitting radioisotopes and
as such are considered a health risk. Their use requires appropriate
infrastructure and personnel trained in the handling of radioactive materials.

The following reactants were used as obtained: Ba (Johnson Matthey,
99.5%), Th (MP Biomedicals, 99.1%), Te (Aldrich, 99.8%), Ti (Alfa,
99.5%), and Cr (Alfa Aesar, 99.99%). Depleted U powder was obtained
by hydridization and decomposition of turnings (IBI Laboratories) in a
modification® of a previous literature method.”®

All the reactions were performed in sealed 6 mm carbon-coated fused-
silica tubes. Chemical manipulations were performed inside an Ar-filled
drybox. The reactants were weighed and transferred into tubes that were
then evacuated to 107* Torr, flame-sealed, and placed in a computer-
controlled furnace. The tubes were heated to 1173 K in 48 h, annealed
for 192 h, and then cooled to 973 K in 99 h followed by cooling to 573 K
in 99 h, and finally the furnace was turned off. Semiquantitative EDX
analyses of the products of the reactions were obtained with the use of a
Hitachi S-3400 SEM microscope.

Synthesis of Ba,TiUTe;. The reactants were Ba (34.61 mg, 0.252
mmol), U (10 mg, 0.042 mmol), Ti (4 mg, 0.08 mmol), and Te (85.8
mg, 0.672 mmol). The reaction product contained black needle-shaped
crystals of Ba,TiUTe, (Ba:Ti:U:Te ~ 2:1:1:7), block shaped crystals of
BaTe (Ba:Te ~ 1:1), TiTe (Ti:Te & 1:1), and black plates of UOTe*

Synthesis of Ba,CrUTe;. The reactants were Ba (34.61 mg, 0.252
mmol), U (10 mg, 0.042 mmol), Cr (4.4 mg, 0.084 mmol), and Te (85.8
mg, 0.672 mmol). The reaction product contained black needle-shaped
crystals of Ba,CrUTe, (Ba:Cr:U:Te & 2:1:1:7), block shaped crystals of
BaTe (Ba:Te ~ 1:1), CrTe (Cr:Te = 1:1), and black plates of UOTe.>®

Synthesis of Ba,CrThTe;. The reactants were Ba (35.50 mg, 0.259
mmol), Th (10 mg, 0.043 mmol), Cr (4.5 mg, 0.087 mmol), and Te
(88.0 mg, 0.690 mmol). The reaction product contained black needle-
shaped crystals of Ba,CrThTe; (Ba:Cr:Th:Te & 2:1:1:7), block shaped
crystals of BaTe (Ba:Te & 1:1), CrTe (Cr:Te = 1:1), and black plates of
ThOTe.”’

Structure Determinations. The crystal structures of all three
compounds were determined from single-crystal X-ray diffraction data
collected with the use of graphite-monochromatized Mo Ka radiation (4
=0.71073 A) at 100(2) K on a Bruker APEX2 diffractometer.*® The
algorithm COSMO implemented in the program APEX2 was used to
establish the data collection strategy with a series of 0.3° scans in @ and
@. The exposure time was 15 s/frame, and the crystal-to-detector
distance was 60 mm. The collection of intensity data as well as cell
refinement and data reduction were carried out with the use of the
program APEX2.*® Face-indexed absorption, incident beam, and decay
corrections were performed with the use of the program SADABS.”
Precession images of the data sets provided no evidence for modulation
or supercells. All structures were solved and refined in a straightforward
manner with the use of the SHELX14 programs.””** The program
STRUCTURE TIDY*' in PLATON* was used to standardize the
atomic positions. Further details are given in Table 1 and in the
Supporting Information.

Resistivity Studies. Four-probe resistivity data were collected
between 300 and 500 K using equipment and procedures described
previously.'”** The dc current was applied along an arbitrary direction
on each single crystal.

Theoretical Calculations. To perform our ab initio calculations, we
have used the Vienna ab Initio Simulation Package**** implementing
density functional theory (DFT)***” with the projector augmented
wave method.*® The Heyd—Scuseria—Ernzerhof (HSE) functional®~*!
was used as the exchange-correlation potential, and spin-polarization
was allowed. The geometries (atom positions and cell parameters) were
taken identical to the experimental values. For Ba,CrThTe, and
Ba,TiUTe;, the different magnetic orders possible in a crystallographic
cell were calculated, and the configuration with the lowest total energy
was retained as the ground state. A k-point mesh of 2 X 4 X 2 to sample
the Brillouin zone and the default cutoff for the plane-wave part of the
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Table 1. Crystallographic Data and Structure Refinement
Details for Three Members of the Ba,MAnTe, Family”

Ba,TiUTe, Ba,CrUTe, Ba,CrThTe,
a (A) 12.4970(2) 12.4711(3) 12.5766(2)
b (A) 6.1430(1) 6.1653(1) 6.2297(1)
c(A) 18.5883(1) 18.5645(4) 18.7183(4)
V(&%) 1426.99(4) 1427.39(5) 1466.55(5)
p (gcm™) 6.767 6.784 6.576
u (mm™) 31.277 31.470 29.730
R(F)® 0.019 0.019 0.016
R (FH)© 0.043 0.043 0.027

“For all structures, space group is Dy—Pnma, A = 0.71073 A, T =
100(2) K, Z = 4. *R(F) = ZIF| — IEI/ZIF,| for E? > 20(F2).
Ry(F,") = {Z[w(F, — F2)"]/ZwF "} For F)* < 0, w™" = 0*(E,");
for F2 > 0, w™' = 6*(F,?) + (qF,*)* where q = 0.0177 for Ba,TiUTe,,
0.0250 for Ba,CrUTe,, and 0.0070 for Ba,CrThTe,.

wave function were used. Calculations for Ba,CrUTe; were not
attempted because of the large number of possible magnetic
arrangements.

B RESULTS AND DISCUSSION

Syntheses. By the reaction of the elements at 1173 K the
compounds Ba,TiUTe,, Ba,CrUTe,, and Ba,CrThTe, were
obtained in yields of about 30, 30, and 20 wt %, respectively,
based on An. Byproducts were MTe (M = Cr, Ti), BaTe, and
AnOTe. The approximate amounts of the latter were 20—30 wt
%. The actinides are very oxyphilic. Even though the silica tubes
were carbon-coated, etching occurred leading to the formation of
these AnOTe compounds. Further attempts to improve the
yields of Ba,TiUTe, and Ba,CrUTe, by loading stoichiometric
amounts of elements with Nal flux failed. No attempt was made
to improve the yield for Ba,CrThTe,. The relatively small yields
of desired products coupled with our inability to remove diverse
magnetic byproducts precluded our performing magnetic
measurements on these materials.

Crystal Structures. The isostructural compounds
Ba,TiUTe,, Ba,CrUTe,, and Ba,CrThTe, crystallize in a new
structure type with four formula units in space group D33—Pnma
of the orthorhombic crystal system. Crystallographic details on
these compounds are presented in Table 1 and in Supporting
Information. The asymmetric unit of the structure comprises one
An atom (site symmetry .m.), two Ba atoms (.m.), one M atom
(1), and five Te atoms (Tel(1), Te2(1), Te3(.m.), Te4(.m.), and
TeS(.m.)). The unit cell of Ba,MAnTe; is shown in Figure 1.
Each An atom in this structure is coordinated to eight Te atoms
in a bicapped trigonal-prismatic fashion, and each M atom is
octahedrally coordinated to six Te atoms. Each AnTeg
polyhedron shares a Te$ atom with its two neighbors (Figure
2A), and each MTe, octahedron edge- and corner-shares with
AnTeg polyhedra (Figure 2B). The resultant structure comprises
isolated one-dimensional 5,[MAnTe,*"] strips that propagate in
the b-direction and are separated by Ba atoms. The thickness and
height of these strips in the three compounds are about 4.2—4.3
and 10.3—10.5 A, respectively. Figure 3 shows the various
similarities among the crystal structures of Ba,MAnTe,, a-
AnTey,'""? UTe,,"® and CsTiUTes.'® The structure of a-
AnTe,'"" contains Te—Te single bonds and is charged balanced
as An*"Te? Te,’". AnTeg bicapped trigonal prisms are the basic
building blocks for the a-AnTe; structure where they are
connected to each to other to form two-dimensional layers that
are separated by a van der Waals gap. When these AnTe; layers
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Figure 1. General view of the crystal structure of Ba,TiUTe,,
Ba,CrUTe,, and Ba,CrThTe, viewed along the b-axis. Here and in
succeeding figures An (Th or U), Ba, M (Cr or Ti), and Te atoms are
shown in black, blue, green, and orange, respectively.

combine with each other by sharing the Te atoms of Te—Te
units, the three-dimensional UTe, structure results with infinite
Te—Te—Te distances about 0.3 A longer than a Te—Te single
bond. Returning to a-AnTe;, we find that flipping upside down
one layer relative to the other creates the perfect octahedral
positions for M atoms to fill and creates the ;[ MAnTe,*"] strips
in Ba,MAnTe,. The fusion of these & [MAnTe,*"] strips
generates the 2,[TiUTe;'~] layer in CsTiUTe;."®

The U—Te interatomic distances (3.0818(4)—3.2839(1) A) in
Ba,TiUTe; and Ba,CrUTe, (Table 2) are in agreement with
those in known related uranium tellurides (Table 3). The Th—
Te distances in Ba,CrThTe, are longer than the U—Te distances

in Ba,TiUTe, and Ba,CrUTe; as a result of actinide contraction.
The Th—Te distances compare favorably with those in known
related thorium tellurides with eight coordinated thorium atoms
(Table 4). The Ti—Te distances (2.8040(4)—2.8221(4) A) in
Ba,TiUTe, can be compared with Ti**—Te distances in the
charge balanced Cs,Ti,U Te,s (2.787(1) A)** and TiTe
(2.730(1) A) compounds.43 However, Ti*'—Te distances in
TiTe, (2.770(1) A),* TizZrTe, (2.754(1)—2.759(1) A),*
Cu,TiTe, (2.647(1)—2.967(1) A),*® and TICuTiTe,
(2.678(4)—2.838(4) A)*" are close to these Ti**—Te distances
where the Ti atom is also octahedrally coordinated. The Ti**—Te
distances in CsTigTeg (2.7961(5)—2.8374(7) A)* and LiTiTe,
(2.804(1) A)* are also comparable. Thus, it is not possible to
assign an oxidation state to Ti in Ba,TiUTe, on the basis of
interatomic distances. The Cr—Te distances range from
2.7639(3) to 2.8191(3) A in Ba,CrAnTe, (An = Th, U) and
are comparable with Cr**—Te distances in CrTe, (2.700(1)—
2.755(1) A),*° Cr,Te, (2.698(1)—2.778(1) A),*' Cr,Si,Te,
(2.77(1)=2.80(1) A),>* Cr,Ge,Te, (2.769 (1)—2.819(3) A),>*
CrAuTe, (2.7243(7)—2.7518(4) A),>* TICrTe, (2.722(1) A),*®
and TICriTey (2.691(1)—2.765(1) A)** with the same Cr
coordination. Among Cr/Te compounds, Cr’" is very common
when compared with the one known example of Cr**, namely
CrTe where the Cr**—Te distance of 2.775(1) A% is comparable
with the Cr’*—Te distances. Thus, the assignment of the
oxidation state of Cr in Ba,CrUTe, and Ba,CrThTe, on the basis
of interatomic distances is not possible.

Both barium atoms in these structures are connected to 10 Te
atoms with Ba—Te interactions ranging from 3.4990(5) to
3.7508(5) A. Compare these distances with those in BaThTe,
(3.4545(7)—3.6315(7) A),"” BaUTe, (3.4334(7)—3.6136(11)
A),"” BaUTe, (3.4927(7)—3.8195(7) A),"” and BaU,Te;
(3.574(1)=3.641(1) A).**

It is interesting that Bond Valence Sum analysis,”’ as
implemented in PLATON,* provided the following valences:
Ba, 2.4—2.6; U, 3.1-3.2; Th, 4.0; Cr, 2.8—3.0; Ti, 3.4.The strictly
empirical method depends for success on a large body of metrical

(A)

Q

1D An/Te
@ | chain
1D An/Te

chain

1D [AnMTe,*]
strip

—

Figure 2. An and M network in the Ba,MAnTe, structure formed by filling M atoms in between one-dimensional An/Te chains.

3690

DOI: 10.1021/acs.inorgchem.5b00338
Inorg. Chem. 2015, 54, 3688—3694


http://dx.doi.org/10.1021/acs.inorgchem.5b00338

Inorganic Chemistry

b

Fusion of

2D layerin CsUTiTeg

Fusion of
AnTe, layers

4———

+

Fusion of
AnTeg

a-AnTe;
structure

Insertion
of M atoms

AnMTe, strips

Infinite [AnMTe,*] strip in Ba,AnMTe,

Figure 3. Relations among the Ba,MAnTe,, @-AnTe;,'"'> UTe,,"® and CsTiUTe;"® crystal structures.

Table 2. Selected Interatomic Lengths (A) in the Ba,MAnTe,
Family

compd Ba,TiUTe, Ba,CrUTe, Ba,CrThTe,
Anl-Tel 3.1002(4) x 2 3.1042(3) x 2 3.1482(3) x 2
Anl-Te2 3.1009(4) x 2 3.1026(3) x 2 3.1490(3) x 2
Anl-Te3 3.1045(5) x 1 3.0914(4) x 1 3.1777(4) x 1
Anl-Te4 3.0895(5) X 1 3.0818(4) x 1 3.1661(4) x 1
Anl-Tes 32727(1) x 2 3.2839(1) x 2 3.3366(1) x 2
Bal—Tel 3.5690(5) x 2 3.5636(4) x 2 3.5852(4) x 2
3.6354(5) x 2 3.6311(4) x 2 3.6291(4) x 2
Bal—Te2 3.5656(5) x 2 3.5674(4) x 2 3.5714(4) x 2
Bal—Te3 3.7337(6) x 1 3.7038(5) X 1 3.7286(5) X 1
Bal—Te4 3.5690(3) x 2 3.6125(3) x 2 3.6398(3) x 2
Bal—Te5 3.4998(6) x 1 3.4990(5) x 1 3.5173(5) x 1
Ba2—Tel 3.6195(5) x 2 3.6135(4) x 2 3.6218(4) x 2
Ba2—Te2 3.5250(5) x 2 3.5471(4) x 2 3.5510(4) x 2
3.5568(5) x 2 3.5274(4) x 2 3.5872(4) x 2
Ba2—Te3 3.5875(3) x 2 3.6292(3) x 2 3.6735(2) X 2
Ba2—Te4 3.7197(6) x 1 3.6962(5) x 1 3.7508(5) X 1
Ba2—Te5 3.5350(6) x 1 3.5321(5) x 1 3.5550(5) x 1
MI1-Te3 2.8085(4) x 2 2.7639(3) X 2 2.7961(3) x 2
MI1-Te4 2.8221(4) X 2 2.7716(3) X 2 2.8008(3) x 2
MI1-Te5 2.8040(4) x 2 2.7831(3) x 2 2.8191(3) x 2
Tel-Tel 3.0542(6) X 1 3.0597(6) x 1 3.1012(5) X 1
Tel--Tel 3.0888(6) x 1 3.1056(6) X 1 3.1285(5) x 1
Te2--Te2 3.0460(6) x 1 3.0513(6) x 1 3.0959(5) x 1
Te2---Te2 3.0969(6) x 1 3.1140(6) x 1 3.1338(5) x 1
MI-Ml 3.07147(5) X 2 3.083(1) X 2 3.115(1) X 2
Anl--Anl 6.143(1) 6.165(1) 6.230(1)

results. It does poorly here in the assignment of valences to the
Ba atoms, and probably to the other atoms as well, perhaps owing
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to the paucity of metrical data involving such combinations of
elements.

Oxidation States. Many actinide tellurides are notorious to
charge balance owing to their propensity to form infinite linear
Te—Te—Te chains. The present Ba,MAnTe, compounds are no
exception. These structures show intermediate Te—Te inter-
actions (3.0460(6)—3.1338(5) A) in the infinite Te—Te—Te
chains. These intermediate Te—Te interactions are common
among related actinide tellurides (Tables 3 and 4).

As noted above, the structural results in the present
compounds are consistent with Th* and U*". For Ba,TiUTe,
with Ba** and U*" consider the three most probable oxidation
states for Ti, namely (a) Ti**, (b) Ti**, and (c) Ti*". With (a) the
charges on the cations sum to 10; with (b) to 11; and with (c) to
12. Atoms Te3, Te4, and TeS5 are free of Te—Te interactions and
hence are each Te”". Thus, the charges on the remaining four Te
atoms belonging to Te—Te—Te infinite chains are either (a)
—1.0 (—4/4), (b) —1.25 (=5/4), or (c) —1.5 (—=6/4) e". For (a),
the Te—Te distance in the chains should be the single-bond
distance of 2.76 A, at least 0.3 A shorter than observed. This
leaves the possibility of Ti** or Ti*". The assumption of Ti** state
in Ba,TiUTe, would imply the presence of the Cr*" state in
isostructural Ba,CrAnTe, (An = Th and U) which is rare in
tellurides. On this basis Ti** seems more likely in Ba, TiUTe,, and
this leads to an average charge of —1.25 e on each Te atom of
the linear Te chain. In fact there are known Ti tellurides
containing Ti*', for example CsTisTeg*® and LiTiTe, By
implication Ba,CrAnTe, (An = Th and U) would contain
Cr*, which is the commonly occurring oxidation state in
chromium tellurides, examples being CrTe;>° Cr,Te;,”"
Cr,Ge,Tey,™ CrAuTe,,>* TICrTe,>® and TICriTes.>> Many
actinide telluride structures are known that have infinite Te—
Te—Te chains in which the Te—Te distances are of intermediate

DOI: 10.1021/acs.inorgchem.5b00338
Inorg. Chem. 2015, 54, 3688—3694


http://dx.doi.org/10.1021/acs.inorgchem.5b00338

Inorganic Chemistry

Table 3. U-Te and Te—Te Interactions in Some Related Compounds”

compound structure U-—Te distances” (&) Te—Te (A) ref
Ba,TiUTe, 1-dimensional 3.0895(5)—3.2727(1) 3.0460(6)—3.0969(6) this work
Ba,CrUTe, 1-dimensional 3.0818(4)—3.2839(1) 3.0513(6)—3.1140(6) this work
BaU,Te, layered 3.063(1)-3.219(1) 33
UTe, 3-dimensional 3.076(1)—3.201(1) 3.057(1)—3.076(1) 13
CsZrUTes layered 3.096(1)—3.360(1) 3.096(1)—3.112(1) 59
CsTiUTe, layered 3.059(1)-3.262(1) 3.065(1) 18
CsU,Te, layered 3.089(1)—3.203(1) 2.989(1)—3.049(1) 15
Tly5cUTe, layered 3.093(2)—3.225(1) 3.037(1)—3.054(1) 60
CugsU,Teg 3-dimensional 3.100(1)-3.236(1) 3.029(1)—3.072(1) 20
ROTiU;Te, 3-dimensional 3.000(1)—3.216(1) 3.048(1)—=3.051(1) 23
CsTiU;Te, 3-dimensional 2.966(3)—3.276(3) 3.051(1)—3.064(1) 23

“The U atom is coordinated to eight Te atoms in all of these structures. bSome entries have been rounded off to facilitate comparisons.

Table 4. Th—Te and Te—Te Interactions in Known Thorium Tellurides”

compound structure Th—Te (&) Te—Te (A) ref
Ba,CrThTe, 1-dimensional 3.1482(3)—3.3366(1) 3.0959(5)—3.1338(5) this work
a-ThTe, layered 3.171(1)=3.250(1) 2.763(1) 11
Th,Te,, 3-dimensional 3.137(2)—-3.483(1) 61
CuTh,Te4 3-dimensional 3.165(1)—3.273(1) 3.058(1)—3.113(1) 19
KTh,Te, layered 3.166(2)—3.264(1) 3.057(3)—3.085(3) 16
CsTh,Teg layered 3.164(2)—3.264(2) 3.052(3)—3.088(3) 14
MnThTe, 3-dimensional 3.160(1)—3.374(1) 21
MgThTe, 3-dimensional 3.157(1)—3.374(1) 21
BaThTe, layered 3.199(1)—3.350(1) 2.766(1)—3.194(1) 17

“Some entries have been rounded off to facilitate comparisons.

length. Usually, noninteger charges on the Te atoms forming the
infinite Te chains have been proposed as a somewhat arbitrary
means of achieving charge balance. These include BaAnTe, (An
= Th and U),"” CsAn,Tes (An = Th'* and U"), KTh,Te,"®
Cu,UTe,,*® and ATiU,Te, (A = Rb and Cs).>

Resistivity Studies. The high temperature-dependent
resistivities for Ba,TiUTe,;, Ba,CrUTe,, and Ba,CrThTe, are
shown in Figure 4. The resistivity of Ba,CrUTe, decreases from

140 ‘ ‘ ‘ 6
120 | ™ rrrryy. Ba,CrUTe, 5 Ea=00103)eV |
g 100 M‘w i
S 20 4
i .
S 15, Es3
2 ol  BaCrThTe, 5
q’ A, e
“ - 11 -
Ba,TiUTe, St & Ea=012(1)ev

24 28 32 36 40

1/KT (eV™)

%30 350 400 450 500 20
Temperature (K)

Figure 4. Resistivities and their corresponding Arrhenius plots for single
crystals of Ba,TiUTe,, Ba,CrUTe,, and Ba,CrThTe,.

around 122 Q cm at 300 K to about 100 Q cm at 500 K, and
resistivity for Ba,CrThTe, decreases from around 10 € cm at 300
K to about 9 Q cm at 500 K. These nearly temperature-
independent resistivities are consistent with very narrow
semiconducting behaviors with activation energies of 10(3)
meV and 2(1) meV for Ba,CrUTe, and Ba,CrThTe,,
respectively. Ba,TiUTe, shows a much stronger temperature
dependence with a decreasing resistivity of around 17 € cm at
300 K to 2 © cm at 500 K. The activation energy for
semiconducting Ba, TiUTe, was calculated to be 0.12(1) eV from
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the corresponding Arrhenius plot. For Ba,TiUTe,, the region
between 460 and 500 K shows a different linear trend from that
between 300 and 460 K. This may indicate a change in the
mechanism of carrier activation.

DFT Calculations. The computed total and partial density of
states for Ba,TiUTe, and Ba,CrUTe; are presented in Figures S
and 6, respectively. As seen from the total density of states (upper
plots), both compounds have vanishing density of states at the
Fermi level. Therefore, they are either poor metals or
semiconductors with a very small gap. Concerning Ba,CrThTe,,
we found it to be an antiferromagnet (as seen from its totally
symmetric total density of states), with most of the spin
polarization carried by the Cr atoms while the Th atoms carry a
negligible magnetic moment. The magnetic moment of the Cr
atoms induces a small magnetic polarization on the other atoms,
as best seen from the partial density of states of atoms Te3, Te4,
and TeS. Also, the states around the Fermi level mainly comprise
Cr-d and Th-f orbitals. Ba,TiUTe; is found to be a ferromagnet
with a magnetic moment carried by the U atoms, with a weaker
magnetic moment on the Ti atoms. As for Ba,CrThTe,, a small
spin polarization is induced on the other atoms, and the states
around the Fermi level correspond to U-f states.

B CONCLUSIONS

Three new quaternary actinide tellurides Ba,TiUTe,, Ba,Cr-
UTe,, and Ba,CrThTe, were obtained by reaction of elements at
1173 K. Single-crystal X-ray diffraction studies show that these
three compounds are isostructural and crystallize in a new
structure type in the orthorhombic system in space group D5—
Pnma with four formula units per cell. The asymmetric unit of
these structures is composed of one An atom (site symmetry
.m.), two Ba atoms (.m.), one M atom (1), and five Te atoms
(Tel(1), Te2(1) Te3(.m.), Te4(.m.), and TeS(.m.)). Each An

DOI: 10.1021/acs.inorgchem.5b00338
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Figure 6. Total (upper plot) and partial density of states (lower plots) of Ba,CrThTe,.

atom in this structure is coordinated to eight Te atoms in a
bicapped trigonal-prismatic arrangement and each M atom is
octahedrally coordinated to six Te atoms. Sharing of the AnTe,
and MTe, polyhedra results in formation of 1{MAnTe,*"] strips
that also feature infinite linear Te—Te—Te chains with
intermediate Te—Te interactions. These 1[MAnTe,*"] strips
propagate along the b-axis and are separated by Ba cations.
Assignment of formal charges in these compounds is arbitrary
owing to the presence of these infinite Te—Te—Te chains. High
temperature-dependent resistivity measurements indicate that
these compounds are narrow band gap semiconductors. At 300 K
the resistivities are 17, 122, and 10 Q cm for Ba,TiUTe,,
Ba,CrUTe,, and Ba,CrThTe,, respectively. Poor metallic or
semiconducting behavior (with narrow band gaps) for
Ba,TiUTe, and Ba,CrThTe, is predicted by DFT calculations
corroborating the resistivity measurements. The theoretical
calculations also predict that Ba,TiUTe, is ferromagnetic and
Ba,CrThTe; is antiferromagnetic.

B ASSOCIATED CONTENT

© Supporting Information
Crystallographic file in cif format for Ba,TiUTe,, Ba,CrUTe,,
and Ba,CrThTe,. This material is available free of charge via the
Internet at http://pubs.acs.org
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