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ABSTRACT: The compounds Ba3FeUS6 and Ba3AgUS6 have been
synthesized by the reactions of BaS, U, S, and M (= Fe or Ag) at
1223 K. These two isostructural compounds crystallize in the
K4CdCl6 structure type in the trigonal system in space group D3d

6 −
R3 ̅c. Both structures feature infinite ∞

1 [MUS6
6−] chains along c that

are separated by Ba atoms. The ∞
1 [FeUS6

6−] chains are formed by
the face-sharing of US6 trigonal prisms with FeS6 octahedra; in
contrast, the ∞

1 [AgUS6
6−] chains are formed by the face-sharing of

US6 octahedra with AgS6 trigonal prisms. The Ba3FeUS6 compound
charge balances with 3 Ba2+, 1 Fe2+, 1 U4+, and 6 S2−, whereas
Ba3AgUS6 charge balances with 3 Ba2+, 1 Ag1+, 1 U5+, and 6 S2−.
This structure offers a remarkable flexibility in terms of the oxidation
state of the incorporated uranium depending on the oxidation state
of the d-block metal. DFT calculations performed with the HSE functional have led to band gaps of 2.3 and 2.2 eV for Ba3FeUS6
and Ba3AgUS6, respectively. From resistivity measurements, the Arrhenius activation energies are 0.12(1) and 0.43(1) eV for
Ba3FeUS6 and Ba3AgUS6, respectively.

■ INTRODUCTION

The crystal chemistry of solid-state actinide chalcogenide
compounds An/Q (An = Th, U, Np; Q = S, Se, Te) displays
varied structural, electronic, magnetic, and optical proper-
ties.1−3 Indeed, the 5f elements can adopt different formal
oxidation states ranging from An3+ to An6+ that lead to the
formation of new compounds. Among the An/Q compounds,
An = U has been the most studied. These include U2S3,

4

PdU2S4,
5 ScUS3,

5 and ScU3S6
6 [U3+]; AU2Q6, AMAnQ3, and

MUQ3 [U4+];1 and Rb4U4P4Se26,
7,8 Tl3Cu4USe6,

9 and K2-
Cu3US5

10 [U5+]. Insofar as we know, there are no examples of
purely U6+ in An/Q compounds. However, there are some
mixed-valence compounds: Ba3.69US6,

11 Ba8Hg3U3S18,
12

[U4+,5+]; and A6Cu12U2S15
13[U5+,6+] (A = alkali metal; M =

d-block element).
In the actinide chalcogenides Ak/An/Q (Ak = alkaline-earth

metal), besides the Ba3.69US6
11 and Ba8Hg3U3S18

12 compounds
mentioned above, the other reported structures Ba2AnS6,

14

AkAn2Q5,
11,15−17 BaUS3,

11,18,19 Ba2Cu2AnS5,
20,21 and Ba4-

Cr2US9
22 contain only An4+. In our continued exploration of

the crystal chemistry of the Ak/U/S compounds, particular
attention has been paid to the Ba3.69US6 structure, which
crystallizes in the K4CdCl4

23 structure type. This structure is
characterized by the presence of two crystallographic sites
(symmetries 32 and 3 ̅), where U and the d-block metal may
reside. These two sites provide an interesting flexibility that

allows the tuning of the formal oxidation state of U. Here, we
provide such an example in the new compounds Ba3FeUS6 and
Ba3AgUS6, both of which crystallize in the K4CdCl4

23 structure
type. We present their syntheses, structures, resistivities, and
electronic structures.

■ EXPERIMENTAL METHODS
Caution! Depleted U is an α-emitting radioisotope and, as such, is
considered a health risk. Its use requires appropriate inf rastructure and
personnel trained in the handling of radioactive materials.

Syntheses. The following reactants were used as obtained: BaS
(Alfa, 99.7%), Ag (Aldrich, 99.99%), Fe (Aesar, 99.99%), Sb (Aldrich,
99.5%), and S (Mallinckrodt, 99.6%). U powder was obtained by the
hybridization of depleted turnings (Oak Ridge National Laboratory)
and decomposition of the resulting hydride in a modification24 of a
previous literature method.25 Sb2S3, used as a flux, was obtained from
the stoichiometric reaction of Sb and S at 1273 K for 24 h.

Reactions to synthesize Ba3FeUS6 and Ba3AgUS6 were performed in
sealed carbon-coated fused-silica tubes (6 mm). The starting mixtures
were loaded into tubes in a glovebox under an Ar atmosphere. The
tubes were then removed from the drybox, evacuated to 10−4 Torr,
flame-sealed, and placed in a computer-controlled furnace.

Synthesis of Ba3FeUS6. Black blocks of Ba3FeUS6 were obtained
by direct combination of U (20 mg, 0.08 mmol), Fe (22 mg, 0.39
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mmol), BaS (80 mg, 0.47 mmol), and S (22.5, 0.70 mmol). The
reaction mixture was heated to 1223 K in 48 h, held at this
temperature for 8 days, then cooled to 473 K at the rate of 3 K/h, and
then the furnace was turned off. Black blocks were obtained in high
yield. A few crystals were selected and analyzed with an EDX-equipped
Hitachi S-3400 SEM. Two new quaternaries containing Ba:Fe:U:S
were detected, one of which had the approximate molar ratio of
3:1:1:6. It was obtained in approximately 50 wt % yield, with the other
products being the uncharacterized Ba/Fe/U/S quaternary and UOS.
Synthesis of Ba3AgUS6. This compound was synthesized by

mixing U (30 mg, 0.13 mmol), Ag (13.5 mg, 0.13 mmol), BaS (63 mg,
0.37 mmol), S (12 mg, 0.37 mmol), and Sb2S3 (30 mg, 0.09 mmol)
used as a flux. The reaction mixture was heated to 1223 K in 48 h, held
there for 8 days, cooled to 673 K at the rate of 3 K/h, and then cooled
to 293 K at the rate of 50 K/h. In addition to black columnar crystals
of Sb2S3, black blocks of Ba3AgUS6 were obtained in low yield. The
same reaction was repeated without Sb2S3 and led to the formation of
smaller black blocks of Ba3AgUS6 in approximately 80 wt % yield. EDX
analyses showed the presence of Ba:Ag:U:S in a ratio of 3:1:1:6.
Byproducts were UOS and BaS.
Structure Determinations. Single-crystal X-ray diffraction data

for Ba3FeUS6 and Ba3AgUS6 were collected with the use of graphite-
monochromatized Mo Kα radiation (λ = 0.71073 Å) at 100(2) K on a
Bruker APEX2 difractometer. The data collection strategy consisting
of a series of 0.3° scans in ω and φ was optimized through the
algorithm COSMO in the program APEX2.26 The crystal-to-detector
distance was 6 cm. The exposure times of 5 and 10 s/frame were used
for Ba3FeUS6 and Ba3AgUS6, respectively. Data collection, cell
refinement, and data reduction were carried out with the use of the
program APEX2.26 Face-indexed absorption, incident beam, and decay
corrections were performed by the mean of the program SADABS.27

Both structures were solved and refined with the shelx-13 algorithms
of the SHELXTL package.27,28 The refinement of the Ba3AgUS6
structure was straightforward, whereas that of Ba3FeUS6 involved the
refinement of an obverse/reverse twin (twin component 0.104(2)).
Crystal structure and refinement details are given in Table 1 and in the
Supporting Information.

Resistivity Measurements. Two-probe temperature-dependent
resistivity data were collected with a homemade resistivity apparatus
equipped with a Keithley 617 electrometer and a high-temperature
vacuum chamber controlled by a K-20 MMR system. Data acquisition
was controlled by custom-written software. Graphite paint (PELCO
isopropanol-based graphite paint) was used to secure electrical
contacts on the sample with copper wire of 0.025 mm in thickness
(Omega). The direct current was applied along an arbitrary direction.
Measurements were made on single crystals with dimensions of 0.095
× 0.097 × 0.015 mm for Ba3FeUS6 and 0.534 × 0.762 × 0.251 mm for
Ba3AgUS6.

Ab Initio Calculations. The ab initio calculations were performed
with density functional theory.29 The Vienna Ab initio Simulation
Package (VASP),30,31 implementing the projector-augmented wave
method,32 was used with the default cutoff for the plane-wave part of
the wave function and a 4 × 4 × 4 mesh to integrate over the Brillouin
zone. Structural relaxations were performed with the generalized
gradient approximation33 (GGA) for the exchange-correlation
potential, while the Heyd, Scuseria, and Ernzerhof (HSE06)34−36

functional was used to obtain realistic values of the band gaps. The
experimental geometries, converted to the VASP format with the
CIF2Cell software,37 served as the starting point for the relaxation
process using the GGA functional. However, for the HSE calculations,
the structural parameters were kept at their experimental values. Spin
polarization was allowed in all calculations. The ground-state magnetic
order was found by exploring all the possible magnetic orders in the
crystallographic cell, the one with the lowest total energy being the
ground state.

■ RESULTS
Syntheses. Black blocks of Ba3FeUS6 were obtained by

direct combination of BaS, U, Fe, and S at 1223 K. The
approximate yield was 50 wt % based on U content. Byproducts
were another Ba/Fe/U/S quaternary and UOS. The compound
Ba3AgUS6 was obtained first in low yield at 1123 K with Sb2S3
as a flux and then in high yield (≈80 wt %) by direct
combination at 1223 K.

Structures. The compounds Ba3FeUS6 and Ba3AgUS6 are
isostructural and crystallize in the K4CdCl6

23 structure type.
They each contain six formula units in the trigonal space group
D3d

6 −R3̅c, with a = 12.0314(4) Å, c = 13.3812(5) Å for
Ba3FeUS6 and a = 12.1630(3) Å, c = 13.9400(4) Å for
Ba3AgUS6. Selected interatomic distances are given in Table 2.

Ba3FeUS6. The asymmetric unit contains one U atom (site
symmetry 32), one Fe atom (3̅.), one Ba atom (.2), and one S
atom (1). A general view of the structure along the [110]
direction is shown in Figure 1. Each U atom is at the center of a
trigonal prism of six S atoms (U−S = 2.712(1) Å). Each Fe
atom is octahedrally coordinated by six S atoms (Fe−S =
2.554(1) Å). In the structure, US6 trigonal prisms and FeS6
octahedra share triangular faces to form chains along the c axis
(Figure 1); Ba atoms are positioned between the chains as
viewed in Figure 2. Each Ba atom is surrounded by eight S
atoms.

Ba3AgUS6. This compound has the same structure as
Ba3FeUS6 except that the positions of U and Ag are reversed
with the U atom having site symmetry (3̅.) and the Ag atom
having site symmetry 32. As a result, each U atom is
octahedrally coordinated by six S atoms (U−S = 2.609(1) Å)
and each Ag is trigonal-prismatically coordinated by six S atoms

Table 1. Crystal Data and Structure Refinements for
Ba3FeUS6 and Ba3AgUS6

a

Ba3FeUS6 Ba3AgUS6

fw (g mol−1) 898.26 950.28
a (Å) 12.0314(4) 12.1630(3)
c (Å) 13.3812(5) 13.9400(4)
V (Å3) 1677.5(1) 1786.0(1)
ρ (g cm−3) 5.335 5.301
μ (mm−1) 27.159 25.936
R(F)b 0.0210 0.0132
Rw(Fo

2)c 0.0558 0.0276
aFor both compounds: space group D3d

6 −R3̅c, Z = 6, λ = 0.71073 Å, T
= 100(2) K. bR(F) =∑||Fo| − |Fc||/∑|Fo| for Fo

2 > 2σ(Fo
2). cRw(Fo

2) =
{∑w(Fo

2 − Fc
2)2/∑wFo

4}1/2. For Fo
2 < 0, w−1 = σ2(Fo

2); for Fo
2 ≥ 0,

w−1 = σ2(Fo
2) + (qFo

2)2, where q = 0.0 for Ba3FeUS6 and 0.0043 for
Ba3AgUS6.

Table 2. Selected Interatomic Distances (Å) in Ba3FeUS6,
Ba3AgUS6, and Ba3.69US6

a

distanceb Ba3FeUS6 Ba3AgUS6 Ba3.69US6
c

U−S × 6 2.712(1)d 2.609(1)e 2.658(1)e

M−S × 6 2.554(1)e 2.880(1)d 3.079(1)d,f

Ba−S ×2 3.141(1) 3.149(1) 3.218(1)
3.175(1) 3.192(1) 3.240(1)
3.273(1) 3.303(1) 3.280(1)
3.305(1) 3.385(1) 3.404(1)

aAll three compounds crystallize in the K4CdCl6 structure type. bTo
facilitate comparisons within the text and in this table, distances have
been rounded to three significant figures. cReference 11. dSymmetry
site 32. eSymmetry site 3 ̅. fM = Ba2; occupancy = 0.69.
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(Ag−S = 2.880(1) Å). In the structure, US6 octahedra and AgS6
trigonal prisms share triangular faces to form chains along the c
axis (Figure 3); Ba atoms are positioned between the chains as
viewed in Figure 4. Figure 5 presents a comparison of the
chains in these two structures.

Formal Oxidation States. Table 2 provides selected
interatomic distances found in the structures of Ba3FeUS6
and Ba3AgUS6 as well as those in the structure of
Ba3.69US6.

11 In none of these structure are there significant
S−S interactions. In the Ba3UFeS6, the Fe−S distance of
2.554(1) Å is the same as that of 2.552(1) Å in FeUS3,

38 a
compound containing six-coordinate Fe2+. The U−S distance of

2.712(1) Å in Ba3UFeS6 is typical of six-coordinate U4+, as
found, for example, in BaUS3 (2.668(1)−2.696(1)Å)11 and
Ba2Cu2US5 (2.673(2)−2.770(1)Å).21 Thus, the formal oxida-
tion states in Ba3FeUS6 may be assigned as Ba2+, Fe2+, U4+, and
S2−.
The U−S distance in Ba3AgUS6 of 2.609(1) Å is significantly

shorter than those of six-coordinate U4+ in Ba3UFeS6 (2.712(1)
Å) and the mixed six-coordinate U4+,5+ of 2.658(1) Å in
Ba3.69US6. The U−S distance compares well with the short
distances found in K2Cu3US5

10 (2 × 2.587(1) Å; 4 × 2.683(1)
Å), a compound of U5+. Table 3 provides a more extensive
tabulation of U−S distances in related compounds.

Figure 1. General view of the structure of Ba3FeUS6 down [110].

Figure 2. General view of the structure of Ba3FeUS6 down the c axis.

Figure 3. General view of the structure of Ba3AgUS6 down [110].

Figure 4. General view of the structure of Ba3AgUS6 down the c axis.

Figure 5. Comparison of ∞
1 [MUS6

6−] (M = Fe or Ag) chains in
Ba3FeUS6 (top) and Ba3AgUS6 (bottom).

Table 3. U−S Interatomic Distances in US6 Polyhedra and
Corresponding Oxidation States

compound U oxidation state U−S range (Å)a reference

BaUS3 +4 2.698(1)−2.696(1) 11
Ba2Cu2US5 +4 2.673(2)−2.770(1) 21
Ba3FeUS6 +4 2.715(1) this work
Ba8Hg3U3S18 mixed +4/+5 2.571(4)−2.743(3) 12

2.595(4)−2.758(3)
2.602(4)−2.745(3)

Ba3.69US6 mixed +4/+5 2.658(1) 11
Ba3AgUS6 +5 2.609(1) this work
K2Cu3US5 +5 2.587(1)−2.683(1) 10
Cs6Cu12U2S15 mixed +5/+6 2.598(2) 13

aTo facilitate comparisons in this table, distances from the original CIF
files, where necessary, have been rounded to three significant figures.
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Six-coordinate trigonal-prismatic Ag1+ is found in some
oxides, for example, in AgHg3SbO6,

39 which also crystallizes in
the K4CdCl6 structure type. However, insofar as we can
determine, there are no examples of trigonal-prismatic AgS6 for
comparison with the current Ag−S distance of 2.880(1) Å, yet
there are examples of octahedral AgS6 for comparison:
Ag3.8Sn3S8, 2.855(1) Å;40 AgBi2S3Cl, 2.722(2)−2.817(1) Å;41

ScAgP2S6, 2.793(1) Å.42 Thus, the formal oxidation states in
Ba3AgUS6 may be assigned as Ba2+, Ag1+, U5+, and S2−.
Resistivity Behavior. The resistivity of a single crystal of

Ba3FeUS6 decreases from 1.4 kΩ·cm at 300 K to 0.15 kΩ·cm at
500 K (Figure 6), consistent with semiconducting behavior.

The calculated Arrhenius activation energy is 0.12(1) eV. In the
Arrhenius plot, a small deviation from linearity observed in the
temperature range of 430−500 K is not consistent with a
variable range hopping mechanism (Supporting Information).
Rather, it may indicate a more complex carrier excitation
mechanism at temperatures above 430 K. The resistivity of a
single crystal of Ba3AgUS6 decreases from 5.5 MΩ·cm at 300 K
to 10 kΩ·cm at 500 K, again consistent with semiconducting
behavior. The calculated Arrhenius activation energy is 0.43(1)
eV.
Electronic Properties. The ground states were first

examined. For Ba3FeUS6, the ground-state magnetic order
corresponds to an antiferromagnetic arrangement of the
magnetic moments on the U atoms together with an
antiferromagnetic arrangement of the magnetic moments on
the Fe atoms. For Ba3AgUS6, the ground state is a
ferromagnetic arrangement of the magnetic moments on the
U atoms. The results of complete structural relaxation (atom
positions, shape, and volume of the unit cell) for each system
led to U−S = 2.69 Å, Fe−S = 2.50 Å, and Ba−S between 3.18
and 3.34 Å for Ba3FeUS6, and U−S = 2.62 Å, Ag−S = 2.89 Å,
and Ba−S between 3.19 and 3.43 Å for Ba3AgUS6, in good
agreement with the experimental values (Table 2). The small
differences between theory and experiment may be attributed
to intrinsic limitations of the GGA functional that was used,

and to the effect of temperature. Figures 7 and 8 display the
total and partial density of states (PDOS) for Ba3FeUS6 and

Ba3AgUS6, respectively, as computed using the HSE functional.
The Fermi level is put at zero. We observe that Ba3FeUS6 is an
insulator with a band gap of 2.3 eV. The spin polarization of the
U and Fe species is clearly seen and induces a small magnetic
moment on the S and Ba atoms. The top of the valence band
and the bottom of the conduction band are derived mainly
from U-f and Fe-d states, albeit with a small contribution from
the S and Ba species. The total density of states (upper plot,
Figure 7) shows no spin polarization because the compound is
found to be an antiferromagnet. For Ba3AgUS6, which we found
to be insulating, the band gap is 2.2 eV, slightly smaller than
that for Ba3FeUS6. Because Ba3AgUS6 has a ferromagnetic
ground state, the total density of states is polarized. This
polarization, which comes mainly from the U atoms, induces a
small spin polarization on the S and Ba species, but not on the
Ag atoms. The top of the valence band corresponds to S-p and
Ba-d states, whereas the bottom of the conduction band is
mainly derived from U-f states.

Figure 6. Resistivities and their corresponding Arrhenius plots for
single crystals of Ba3AgUS6 and Ba3FeUS6.

Figure 7. Total (upper plot) and partial density of states (lower plots)
of Ba3FeUS6. For each atom, the PDOS is projected onto the relevant
orbitals.

Figure 8. Total (upper plot) and partial density of states (lower plots)
of Ba3AgUS6. For each atom, the PDOS is projected onto the relevant
orbitals.
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■ CONCLUSIONS
Two new quaternary solid-state uranium sulfides, namely,
Ba3FeUS6 and Ba3AgUS6, were synthesized at 1223 K. These
isostructural compounds crystallize in the K4CdCl6 structure
type in the trigonal space group D3d

6 −R3̅c. Their structure
consists of infinite ∞

1 [MUS6
6−] (M = Fe or Ag) chains along the

c axis separated by Ba atoms. The ∞
1 [FeUS6

6−] chains are
formed by the face-sharing of US6 trigonal prisms with FeS6
octahedra; in contrast, the ∞

1 [AgUS6
6−] chains are formed by

the face-sharing of US6 octahedra with AgS6 trigonal prisms.
This structure offers a remarkable flexibility in terms of the
oxidation state of the incorporated uranium depending on the
oxidation state of the d-block metal. Thus, the Ba3FeUS6
compound charge balances with 3 Ba2+, 1 Fe2+, 1 U4+, and 6
S2−, whereas the Ba3AgUS6 compound charge balances with 3
Ba2+, 1 Ag1+, 1 U5+, and 6 S2−. Both compounds are
semiconductors with calculated band gaps and measured
Arrhenius activation energies of 2.3 and 0.12 eV for Ba3FeUS6
and 2.2 and 0.43 eV for Ba3AgUS6, respectively.
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