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ABSTRACT: Four new actinide chalcogenidesnamely, Ba2Cu4USe6,
Ba2Cu2ThSe5, Ba2Cu2USe5, and Sr2Cu2US5were synthesized via solid-
state methods at 1173 K. Single-crystal X-ray diffraction studies show
that Ba2Cu4USe6 crystallizes in a new structure type in space group C2h

5 −
P21/c of the monoclinic system, whereas the three other compounds are
isostructural and adopt the Ba2Cu2US5 structure type in space group
C2h
3 −C2/m, also of the monoclinic system. These Ak/Cu/An/Q

structures (Ak = alkaline-earth metal; An = actinide; Q = chalcogen)
have no short Q−Q interactions and, hence, are charge-balanced with
Ak2+, Cu1+, An4+, and Q2−. Crystal structures of all these compounds are
two-dimensional and feature layers that are separated by Ba2+ cations.
The compositions of these layers differ. In the structure of Ba2Cu4USe6, the ∞

2 [Cu4USe6
4−] layers comprising USe6 octahedra and

CuSe4 tetrahedra stack perpendicular to the a-axis. These ∞
2 [Cu4USe6

4−] layers show short Cu−Cu interactions. In the three
isostructural Ak2Cu2AnQ5 compounds, AnQ6 octahedra and CuQ4 tetrahedra are connected along the c-axis in the sequence
“...oct tet tet oct tet tet...” to form the ∞

2 [Cu2AnQ5
4−] layers. Resistivity, optical, and DFT calculations show semiconducting

behavior for these compounds.

■ INTRODUCTION

In the last few decades, a variety of solid-state compounds have
been synthesized by combining a 5f element (An = actinide)
and a d-element (M = transition metal). This combination
often leads to very interesting compounds with unprecedented
crystal structures and exciting properties such as super-
conductivity and magnetism.1−7 Additions of a chalcogen (Q
= S, Se, or Te) to these 5f/d compounds to form multinary
materials have also been explored by solid-state chemistry.8−11

The majority of such compounds were synthesized by high-
temperature solid-state methods involving direct combination
of elements12 or the use of the molten flux method.13 Many of
these actinide chalcogenides were discovered by exploratory
syntheses. Examples of ternary compounds include MU8Q17
(M = V, Ti, Cr, Co, Sc and Q = S, Se),14−20 MUQ3 (M = V, Cr,
Sc, Ni, Co, Fe),16,21−25 Cu2U3Q7 (Q = S, Se),26 and
CuU2Te6;

27 examples of quaternary compounds include
AMUQ3 (A = alkali metal),11 A2Pd3UQ6,

28 Cs2M2U6Q15 (M
= Ti, Cr, Q = Se, Te),29 A6Cu12U2S15,

30 Tl3Cu4USe6,
31 and

Tl2Ag2USe4.
31

More recently, our group has focused on the syntheses and
properties of alkaline-earth metal (Ak) actinide chalcogenides,
as their chemistry is less developed than that of their alkali-

metal counterparts. Exploration of quaternary Ak/M/An/Q
systems has resulted in the discovery of new compounds such
as Ba3MUQ6 (M = Mn, Fe, Ag; Q = S, Se),32 Ba9Ag10U4S24,

33

Ba4Cr2US9,
34 Ba8Hg3U3S18,

35 Ba2Cu2AnS5 (An = Th, U),36,37

Ba8PdU2Se12(Se2)2,
38 and Ba2MAnTe7 (M = Ti, Cr; An = Th,

U).39 Here, we report the syntheses, structures, selected
physical properties, and theoretical calculations for the four
new compounds Ba2Cu4USe6, Ba2Cu2USe5, Ba2Cu2ThSe5, and
Sr2Cu2US5.

■ EXPERIMENTAL METHODS
Syntheses and Analyses. Caution! 232Th and depleted U are α-

emitting radioisotopes and, as such, are considered a health risk. Their use
requires appropriate inf rastructure and personnel trained in the handling
of radioactive materials.

All the starting reactants except U were used as supplied: Ba
(Johnson Matthey, 99.5%), Sr (Aldrich, 99%), S (Mallinckrodt,
99.6%), Se (Cerac, 99.999%), Th (P Biomedicals, LLC 99.1%), Cu
(Aldrich, 99.5%), CsCl (Aldrich, 99.9%). The depleted U turnings
(IBI Laboratories) were powdered using a modification40 of the
previous hydridization procedure.41 Each reaction mixture was loaded
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into a 6-mm carbon-coated fused-silica tube inside an Ar-filled drybox
The tube was then evacuated to 10−4 Torr, flame-sealed, and placed in
a computer-controlled furnace. The tube was heated to 1173 at 18 K/
h, kept there for 96 h, cooled to 673 at 2.5 K/h, and then cooled to
298 at 31 K/h. The resultant products were opened under ambient
conditions. They were analyzed by energy-dispersive X-ray analysis
(EDX) with the use of a Hitachi S3400 scanning electron microscope
(SEM). The products appear to be stable for few weeks under ambient
conditions.
Synthesis of Ba2Cu4USe6. Black irregular block-shaped crystals of

Ba2Cu4USe6 (Ba:Cu:U:Se ≈ 2:4:1:6) were obtained by the reaction of
Ba (35 mg, 0.255 mmol), Cu (∼5 mg, 0.31 mmol), U (20.2 mg, 0.085
mmol), and Se (40.13 mg, 0.508 mmol) in 50 mg of CsCl used as a
flux. Two additional compounds CsCuUSe3 (Cs:Cu:U:Se ≈ 1:1:1:3)42

and UOSe (U:Se ≈ 1:1)43 were observed as secondary products.
Synthesis of Ba2Cu2ThSe5. Orange-black crystals of Ba2Cu2ThSe5

(Ba:Cu:Th:Se ≈ 2:2:1:5) were obtained by the combination of the
elements Ba (35 mg, 0.255 mmol), Cu (10 mg, 0.157 mmol), Th
(19.72 mg, 0.085 mmol), and Se (40.13 mg, 0.508 mmol). Unreacted
Cu metal was a byproduct.
Synthesis of Ba2Cu2USe5. Black crystals of Ba2Cu2USe5

(Ba:Cu:U:S ≈ 2:2:1:5) were obtained by the reaction of Ba (23.077
mg, 0.168 mmol), Cu (21.357 mg, 0.336 mmol), U (20 mg, 0.0840
mmol), and Se (39.807 mg, 0.504 mmol) in an excess of CsCl (100
mg) flux. Plate-shaped crystals of UOSe43 and reddish BaSe (Ba:Se ≈
1:1) crystals were observed as minor byproducts.
Synthesis of Sr2Cu2US5. Black single crystals of Sr2Cu2US5

(Sr:Cu:U:S ≈ 2:2:1:5) were obtained by the reaction of Sr (14.72
mg, 0.168 mmol), Cu (21.31 mg, 0.335 mmol), U (20 mg, 0.084
mmol), and S (16.16 mg, 0.504 mmol) in an excess of CsCl (100 mg)
flux. UOS44 and yellow crystals of SrS (Sr:S ≈ 1:1) were minor
byproducts.
Crystal Structure Determinations. Single-crystal X-ray diffrac-

tion data were collected at 100(2) K on a Bruker APEX2 Kappa
diffractometer equipped with graphite-monochromatized Mo Kα
radiation (λ = 0.71073 Å). The data-collection strategy obtained by
the algorithm COSMO in the APEX2 package comprised ω and φ
scans.45 The step size was 0.3°, and exposure time was 10 s/frame.
Data were indexed, refined, and integrated with the use of SAINT
program in the APEX2 package.45 Numerical face-indexed absorption
corrections were applied with the use of the program SADABS.46

Precession images created from the observed data showed no evidence
of modulations or superstructures. The crystal structures were solved
and refined with the use of the SHELX-14 algorithms of the SHELXL
program package.46,47 The program STRUCTURE TIDY48 in
PLATON49 was used to standardize the atomic positions. Crystal
structure data and the refinement parameters are given in Table 1 and
in the Supporting Information.
Resistivity Measurements. Four-probe high-temperature-de-

pendent resistivity data were collected using a homemade resistivity
apparatus equipped with a Keithley Model 2182 nanovoltmeter, a
Keithley 236 source measure unit, and a high-temperature vacuum
chamber controlled by a K-20 MMR system. An I−V curve from 1 ×
10−8 A to −1 × 10−8 A with a step of 4 × 10−9 A was measured for
each temperature point from 300 K to 500 K and resistance was
calculated from the slope of the I−V plot. Data acquisition was
controlled by custom-written software. Graphite paint (PELCO
isopropanol-based graphite paint) was used for electrical contacts
with Cu wires of 0.025 mm thickness (Omega). The DC current was
applied along an arbitrary direction on single crystals with dimensions
0.3 mm × 0.2 mm × 0.1 mm, 0.2 mm × 0.3 mm × 0.2 mm, and 0.3
mm × 0.5 mm × 0.2 mm for Ba2Cu4USe6, Ba2Cu2USe5, and
Sr2Cu2US5, respectively.
Optical Measurements. Single-crystal absorption spectra for

Ba2Cu2ThSe5 were obtained at 298 K on a Hitachi U-6000
Microscopic FT spectrophotometer mounted on an Olympus Model
BH2-UMA microscope. A crystal of Ba2Cu2ThSe5 was placed on a
glass slide and positioned over the light source, where the transmitted
light was recorded from above. The background signal of the glass
slide was subtracted from the collected intensity.

The spectrophotometer was not suitable for the measurement of the
black U compounds. A suitable instrument required powders, but pure
powders could not be obtained.

Theoretical Calculations. These were carried out with the Vienna
Ab Initio Simulation Package50,51 implementing density functional
theory52,53 with the projector-augmented wave method.54 The Heyd−
Scuseria−Ernzerhof (HSE)55−57 exchange-correlation potential allow-
ing for spin polarization was used. The atom positions and cell
parameters used in the calculations were taken from the experimental
results. For the U compounds, the various possible magnetic orders
occurring in a crystal cell were calculated, and the one with the lowest
total energy was retained as the ground state. The default cutoff and a
mesh of 4 × 4 × 4 k-points to sample the Brillouin zone were used to
reach numerical convergence.

■ RESULTS AND DISCUSSION
Syntheses. In an attempt to synthesize the 2H hexagonal

perovskite Ba3CuUSe6, the elements Ba, Cu, U, and Se in the

molar ratio of ∼3:1:1:6 were reacted in a CsCl flux at 1173 K.
Instead of Ba3CuUSe6, the major product of this reaction was
the new quaternary compound Ba2Cu4USe6 (yield ≈ 70 wt %,
based on Cu). The two byproducts were UOSe43 and
CsCuUSe3.

42 It is surprising that CsCuUSe3 formed, as the
CsCl flux was not in excess. In an attempt to improve the yield,
the elements in the molar ratio of 2:4:1:6 were reacted in excess
CsCl flux at 1173 K. Rather than Ba2Cu4USe6, the compound
Ba2Cu2USe5 was obtained in high yield (>80 wt % based on U),
along with small amounts of binary Ak/Se compounds and

Table 1. Crystallographic Data and Structure Refinement
Details for Ba2Cu4USe6, Ba2Cu2ThSe5, Ba2Cu2USe5, and
Sr2Cu2US5

a

Ba2Cu4USe6 Ba2Cu2ThSe5 Ba2Cu2USe5 Sr2Cu2US5

space group C2h
5 −P21/c C2h

3 −C2/m C2h
3 −C2/m C2h

3 −C2/m
a (Å) 7.1783(3) 14.0702(2) 14.0378(1) 13.037(3)
b (Å) 9.7866(4) 4.2692(1) 4.2216(1) 3.9821(8)
c (Å) 8.9589(4) 9.7338(2) 9.6545(1) 9.258(1)
β (deg) 108.062(1) 115.891(1) 116.158(1) 116.73(3)
V (Å3) 598.36(4) 526.01(1) 513.54(2) 429.27(18)
ρ (g cm−3) 6.886 6.494 6.691 5.421
μ (mm−1) 45.117 42.665 44.986 37.142
R(F)b 0.028 0.025 0.015 0.014
Rw(Fo

2)c 0.088 0.086 0.039 0.038
aFor all structures, Z = 2, λ = 0.71073 Å, and T = 100(2) K. bR(F) =
∑||Fo| − |Fc||/∑|Fo| for Fo

2 > 2σ(Fo
2). cRw(Fo

2) = {∑[w(Fo
2 − Fc

2)2]/
ΣwFo4}1/2. For Fo2 < 0, w−1 = σ2(Fo

2); for Fo
2 ≥ 0, w−1 = σ2(Fo

2) +
(qFo

2)2, where q = 0.0340 for Ba2Cu4USe6, 0.0220 for Ba2Cu2ThSe5,
0.000 for Ba2Cu2USe5, and 0.0149 for Sr2Cu2US5.

Figure 1. Crystal structure of Ba2Cu4USe6 viewed down the c-axis.
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UOSe. A similar reaction, with Sr in place of Ba, provided
neither Sr2Cu2USe5 nor Sr2Cu4USe6; however, surprisingly, a
reaction with Sr in place of Ba and S in place of Se provided
Sr2Cu2US5 in ∼80 wt % yield, along with SrS and UOS. In
these reactions, the compounds UOSe and UOS arise from the
etching of the fused-silica tubes. A similar reaction, with Th in
place of U, did not yield Ba2Cu2ThSe5, but the compound was

obtained from the flux-free synthesis of the elements in the
molar ratio of ∼3:2:1:6 at 1173 K. The byproduct was
unreacted Cu.

Crystal Structure of Ba2Cu4USe6. This compound
crystallizes in a new structure type in space group C2h

5 −P21/c
of the monoclinic system. There are two formula units per cell.

Table 2. Selected Interatomic Distances for Ba2Cu4USe6
a

bond pair distance (Å) bond pair distance (Å)

U1−Se2 2.794(1) × 2 Ba1−Se3 3.192(1)
U1−Se3 2.827(1) × 2 Ba1−Se3 3.211(1)
U1−Se1 2.856(1) × 2 Ba1−Se2 3.267(1)
Cu1−Se3 2.396(1) Ba1−Se1 3.372(1)
Cu1−Se1 2.606(1) Ba1−Se3 3.385(1)
Cu1−Se2 2.396(1) Ba1−Se2 3.423(1)
Cu1−Se1 2.611(2) Ba1−Se1 3.434(1)
Cu2−Se3 2.433(2) Ba1−Se2 3.485(1)
Cu2−Se2 2.445(2) Ba1···Ba1 4.493(1)
Cu2−Se1 2.567(1) U1···U1 6.634(1)
Cu2−Se1 2.576(1) U1···Cu1 3.218(1) × 2
Cu1···Cu1 2.525(2) U1···Cu2 3.331(1) × 2
Cu1···Cu2 2.650(2) U1···Cu2 3.363(1) × 2
Cu2···Cu2 4.480(1) Se···Se 3.823(1)

aAll interatomic distances have been rounded to facilitate compar-
isons.

Figure 2. A projection down the a-axis of the ∞
2 [Cu4USe6

4−] layers in
the structure of Ba2Cu4USe6.

Figure 3. Comparison of the two-dimensional layers in the structures of Ba2Cu4USe6 and Tl3Cu4USe6.
31

Figure 4. General view down the b-axis of the Ak2Cu2AnQ5 structure.

Table 3. Selected Interatomic Distances for the Ak2Cu2AnQ5
Compounds Ba2Cu2ThSe5, Ba2Cu2USe5, and Sr2Cu2US5

a

Distance (Å)

Ba2Cu2ThSe5 Ba2Cu2USe5 Sr2Cu2US5

An1−Q2 2.949(1) × 4 2.894(1) × 4 2.753(1) × 4
An1−Q1 2.882(1) × 2 2.802(1) × 2 2.668(2) × 2
Cu1−Q3 2.436(1) 2.430(1) 2.303(1)
Cu1−Q1 2.499(1) × 2 2.473(1) × 2 2.348(1) × 2
Cu1−Q2 2.500(2) 2.462(1) 2.373(2)
Ak1−Q3 3.178(1) × 2 3.165(1) × 2 2.944(1) × 2
Ak1−Q1 3.277(1) × 2 3.279(1) × 2 3.009(1) × 2
Ak1−Q2 3.490(1) 3.413(1) 3.229(1) × 2
Ak1−Q2 3.512(1) × 2 3.477(1) × 2 3.265(2)
Ak1−Q1 3.547(1) 3.621(1) 3.559(1)
Q···Q 3.832(1) 3.819(1) 3.591(1)
An1···Cu1 3.379(1) 3.335(1) 3.228(1)
Ak1···Cu1 3.770(1) 3.787(1) 3.499(1)

aAll interatomic distances have been rounded to facilitate compar-
isons.
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The asymmetric unit comprises one Ba atom, two Cu atoms,
one U atom, and three Se atoms, all in general positions except
for the U atom, which has site symmetry 1 ̅. A general projection
of the structure down the b-axis is shown in Figure 1, and
metrical data for Ba2Cu4USe6 are given in Table 2. Each U
atom is octahedrally coordinated to six Se atoms with U−Se
distances of 2.794(1), 2.827(1), and 2.856(1) Å. These U−Se
distances are in agreement with those found in related U4+

compounds in which the U atom is octahedrally coordinated:
Cs2Pt3USe6 (2.835(1)−2.881(1) Å),

28 Cs2Pd3USe6 (2.835(1)−
2.870(1) Å),28 Tl2Ag2USe4 (2.853(2)−2.881(1) Å),31 and
CsCuUSe3 (2.826(1)−2.861(1) Å).

42

The Cu1 atoms exhibit Cu···Cu short interactions of
2.524(1) Å and each Cu1 atom is also connected to four Se

atoms (two Se1, one Se2, and one Se3) with distances of
2.606(1), 2.611(2), 2.396 (1), and 2.396(1) Å, respectively. A
short Cu···Cu interaction is also observed for the related
Tl3Cu4USe6 structure (2.571(3)−2.654(3) Å).31 The Cu2
atoms in Ba2Cu4USe6 are surrounded by four Se atoms in a
less-distorted tetrahedral geometry than for Cu1 with distances
of 2.567(1), 2.576(1), 2.445(2), and 2.433(2) Å for Se1, Se1,
Se2, and Se3, respectively. The shortest Cu2···Cu2 distance is
4.480(1) Å. The Cu−Se distances (2.396−2.611(1) Å)
compare well with the corresponding distances in the structures
of related Cu1+ compounds such as Tl3Cu4USe6 (2.427(2)−
2.604(2) Å),31 CuNdSe2 (2.430(1)−2.583(1) Å),58 Cu2SiSe3
(2.390(1)−2.515(1) Å),59 and K3CuNb2Se12 (2.388(1)−
2.504(1) Å).60

The Ba2+ cations are coordinated to eight Se atoms with Ba−
Se distances ranging from 3.192(1) Å and 3.485(1) Å. These
compare well with those found in BaAuGdSe3 (3.206(1)−
3.574(1) Å),61 in which the coordination of Ba is similar.
The crystal structure of Ba2Cu4USe6 consists of

∞
2 [Cu4USe6

4−] infinite layers perpendicular to the a-axis
separated by Ba2+ cations (Figure 2). The composition of the
∞
2 [Cu4USe6

4−] layers shows similarities to the ∞
2 [Cu4USe6

3−]
layers in the U5+ compound Tl3Cu4USe6 (Figure 3).

31 In each,
the USe6 octahedra are surrounded by CuSe4 tetrahedra.
However, in Ba2Cu4USe6, the apical Se atoms of the USe6
octahedra are connected to four Cu atoms and all equatorial Se
atoms are bonded to two Cu atoms. In contrast, in Tl3Cu4USe6,
the apical Se atoms of the USe6 octahedra are connected to
three Cu atoms while two equatorial Se atoms are bonded to
two Cu atoms and the remaining two Se atoms are bonded to
three Cu atoms.31

Because the shortest Se···Se distance is 3.823(1) Å,
Ba2Cu4USe6 is charge-balanced as Ba2+, Cu1+, U4+, Se2−.

Crystal Structures of Ba2Cu2ThSe5, Ba2Cu2USe5, and
Sr2Cu2US5. These isostructural compounds with general
formula Ak2Cu2AnQ5 adopt the Ba2Cu2US5

37 structure type
in space group C2h

3 −C2/m of the monoclinic system. There are
two formula units per cell. The asymmetric unit contains one
Ak (m symmetry site), one Cu (m), one An (2/m), and three
Q atoms (Q1 (m), Q2 (m), and Q3 (2/m)). The crystal
structure of Ak2Cu2AnQ5 viewed down the b-axis is shown in
Figure 4, and metrical data are given in Table 3. The structure
comprises AnQ6 octahedra and CuQ4 distorted tetrahedra. The
structure is two-dimensional with ∞

2 [Cu2AnSe5
4−] layers

perpendicular to the a-axis separated by the Ak cations (Figure
4). Each Ak atom is coordinated to eight Se atoms in a
bicapped trigonal-prismatic geometry. The AnQ6 octahedra and
CuQ4 tetrahedra are connected in the sequence ...oct tet tet oct
tet tet oct... in the [001] direction (Figure 5).
Th−Se distances of 2.882 (1) and 2.949(1) Å in

Ba2Cu2ThSe5 are in agreement with those found in TlCuThSe3
(2.884(1)−2.906(1) Å)62 and ThSe (2.932(1) Å)63 with Th4+

in octahedral geometry. As expected, these distances are longer
than the corresponding U−Se distances, because of the actinide
contraction. The U−Se interatomic distances of 2.802(1) Å and
2.894(1) Å in Ba2Cu2USe5 are also normal. Compare these
with those in related structures: Ba2Cu4USe6, 2.794(1)−
2.856(1) Å; Cs2Pt3USe6, 2.835(1)−2.881(1) Å;28 Cs2Pd3USe6,
2.835(1)−2.870(1) Å;28 Tl2Ag2USe4, 2.853(2)−2.881(1) Å;31

and CsCuUSe3, 2.826(1)−2.861(1) Å.
42 The Cu−Se distances

in Ba2Cu2ThSe5 (2.436(1)−2.500(2) Å) and Ba2Cu2USe5
(2.430(1)−2.473(1) Å) compare well with those in known
Cu1+ structures such as KCuUSe3 (2.446(1)−2.514(1) Å),64

Figure 5. View down the a-axis of the two-dimensional layer in the
structure of Ak2Cu2AnQ5.

Figure 6. (Left) Resistivity as a function of temperature for
Ba2Cu4USe6, Ba2Cu2USe5, and Sr2Cu2US5 crystals showing semi-
conducting behavior. (Right) Arrhenius plots with activation energies
of 0.02(1), 0.04(1), and 0.03(1) eV for Ba2Cu4USe6, Sr2Cu2US5, and
Ba2Cu2USe5, respectively.

Figure 7. (Left) Optical absorptivity (α) of a Ba2Cu2ThSe5 single
crystal with a band gap of 1.75(2) eV. (Right) Plots of α2 and α1/2 vs
energy.
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KCu2NbSe4 (2.426(1)−2.440(1) Å),65 K2CuNbSe4 (2.454
Å),60 and Cu2SiSe3 (2.390(1)−2.515(1) Å).

59 Ba−Se distances
range between 3.165(1) Å and 3.621(1) Å in Ba2Cu2AnSe5;
these may be compared with those found in BaAuGdSe3
(3.206(1)−3.574(1) Å)61 with similar eight-coordinated Ba2+.
U−S distances of 2.668(2) Å and 2.753(1) Å in Sr2Cu2US5

are comparable with U4+−S distances of US6 octahedra in
Ba3FeUS6 (2.712(1) Å),32 Ba2Cu2US5 (2.673(2)−2.770(1)
Å),37 BaUS3 (2.677(1)−2.696(1) Å),66 Ba4Cr2US9
(2.688(5)−2.764(4) Å),34 CsCuUS3 (2.706(1)−2.723(1)
Å),67 RbCuUS3 (2.708(1)−2.718(1) Å),67 and KCuUS3
(2.714(1)−2.717(1) Å).67 The Cu−S distances (2.303(1)−
2.373(2) Å) in Sr2Cu2US5 are also in agreement with those in
related compounds, such as Ba2Cu2US5 (2.305(1)−2.381(1)
Å),37 KCuUS3 (2.321(1)−2.405(1) Å,

67 CsCuUS3 (2.327(1)−
2.413(1) Å),67 and RbCuUS3 (2.324(1)−2.407(1) Å)67

containing tetrahedral Cu1+ cations. The Sr−S distances in
Sr2Cu2US5 range between 2.944(1) Å and 3.559(1) Å; those in
SrU2S5

68 range between 2.965(1) Å and 3.589(1) Å.
The assignment of the formal oxidation states is straightfor-

ward for these Ak2Cu2AnQ5 compounds, because of the
absence of any short Q−Q interactions. The shortest Se···Se
and S···S interactions are 3.832(1), 3.819(1), and 3.592(1) Å
for Ba2Cu2ThSe5, Ba2Cu2USe5, and Sr2Cu2US5, respectively.
Thus, charge balance is achieved with Ak2+, Cu1+, An4+, and
Q2−.

Resistivity Studies. The temperature dependences of the
resistivities of Ba2Cu4USe6, Ba2Cu2USe5, and Sr2Cu2US5 show
semiconducting behavior in the temperature range of 300−500
K (Figure 6). The resistivities at 298 K are ∼150 Ω cm for both
Ba2Cu4USe6 and Sr2Cu2US5 and ∼300 Ω cm for Ba2Cu2USe5.
The resistivities decrease weakly as the temperature increases

Figure 8. Total (upper plot) and partial density of states (lower plots) of Ba2Cu4USe6.

Figure 9. Total (upper plot) and partial density of states (lower plots) of Ba2Cu2ThSe5.
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and, at 500 K, are ∼100, 80, and 165 Ω cm for Ba2Cu4USe6,
Sr2Cu2US5, and Ba2Cu2USe5, respectively. The corresponding
activation energies, as estimated from Arrhenius plots (see
Figure 6) are 0.02(1), 0.04(1), and 0.03(1) eV.
Optical Studies. The absorptivity (α) at 298 K of a single

crystal of Ba2Cu2ThSe5 (Figure 7) shows a broad band gap
transition at 1.75(2) eV. Analysis of α2 and α1/2 as a function of
energy (Figure 7) gives a direct band gap of 1.81(2) eV and an
indirect band gap of 1.72(2) eV. This wide energy gap is
consistent with the dark red color of the crystals.
DFT Calculations. The total (upper plot) and partial (lower

plots) density of states (DOS) of Ba2Cu4USe6 are shown in
Figure 8. A gap of 2.0 eV is seen in the total DOS and the

compound is found to be antiferromagnetic, with most of the
magnetic moment carried by the U atoms with almost no
induced polarization on the neighboring atoms. The top of the
valence states is derived mainly from Se-p, Cu-d, and U-f states,
while the bottom of the conduction states is made up of U-f
states.
The DOS of Ba2Cu2ThSe5 is presented in Figure 9. As

expected, Ba2Cu2ThSe5 is found to be nonmagnetic, as seen by
the symmetric partial density of states for each atom. The band
gap is 1.2 eV, compared with the experimental value of 1.75 eV.
The states immediately below the Fermi level are composed of
Se-p and Cu-d, while the states just above the Fermi level
correspond to Th-d and Ba-d states.

Figure 10. Total (upper plot) and partial density of states (lower plots) of Ba2Cu2USe5.

Figure 11. Total (upper plot) and partial density of states (lower plots) of Sr2Cu2US5.
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The DOS of Ba2Cu2USe5 is shown in Figure 10. According
to our calculations, this compound has a band gap of 0.4 eV.
The magnetic moment carried by the U atoms is clearly seen
from the corresponding DOS, which is not symmetric with the
spin. This magnetic moment induces a small spin polarization
on some other atoms, such as Se3 and Ba. The top of the
valence states is made of Se-p and U-f states, while the bottom
of the conduction states corresponds to Se-p, Ba-d, and U-f
states.
Sr2UCu2S5 has a gap of 1.5 eV, as shown by the

corresponding DOS in Figure 11. The magnetic moment on
the U atoms has a significant influence on the DOS plots of
atoms Sr, S2, and S3. The top of the valence states corresponds
to S-p, Cu-d, and U-f states, while the bottom of the
conduction states are derived from Sr-d and U-f states.
The 5f compounds Ba2Cu4USe6, Ba2Cu2ThSe5, Ba2Cu2USe5,

and Sr2Cu2US5 have complex structures and thus present a
challenge to DFT calculations. Thus, comparing the calculated
band gaps between different structures, e.g., those of
Ba2Cu4USe6 and Ba2Cu2USe5, is not justified. It may not be
justified to make comparisons within a given structure type, but
it is at least encouraging that the calculated band gaps of 0.4
and 1.5 eV for Ba2Cu2USe5 and Sr2Cu2US5 change in the
direction expected for the more-ionic sulfide.

■ CONCLUSIONS

Exploratory syntheses in the Ak/Cu/An/Q system have
resulted in the discovery of four new quaternary compounds,
namely Ba2Cu4USe6, Ba2Cu2ThSe5, Ba2Cu2USe5, and
Sr2Cu2US5. Ba2Cu4USe6 crystallizes with two formula units
per cell in a new structure type in space group C2h

5 −P21/c of the
monoclinic system. This compound has a two-dimensional
crystal structure, with infinite layers of ∞

2 [Cu4USe6
4−]

perpendicular to the a-axis. Resistivity measurements indicate
that the compound is a semiconductor with an activation
energy of 0.03(1) eV. Density functional theory (DFT)
calculations predict a band gap of 2.0 eV.
The other three compoundsBa2Cu2ThSe5, Ba2Cu2USe5,

and Sr2Cu2US5are isostructural and crystallize in the
Ba2Cu2US5 structure type in space group C2h

3 −C2/m, also of
the monoclinic system. The two-dimensional layers of
∞
2 [Cu2AnQ5

4−] result from the connections of AnQ6 octahedra
and CuQ4 tetrahedra in the sequence “...oct tet tet oct tet tet...”.
Resistivity measurements for Ba2Cu2ThSe5 indicate semi-
conducting behavior with an activation energy of 0.02(1) eV.
For Ba2Cu2ThSe5, optical studies indicate a direct band gap of
1.81(2) eV and an indirect band gap of 1.72(2) eV. A
theoretical band gap of 1.2 eV was calculated by DFT.
Resistivity studies of Ba2Cu2USe5 and Sr2Cu2US5 confirm their
semiconducting nature with small activation energies of 0.04(1)
and 0.03(1) eV, respectively. DFT calculations also predict
semiconducting behavior for Ba2Cu2USe5 and Sr2Cu2US5 with
estimated band gaps of 0.4 and 1.5 eV, respectively.
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