
Journal of Solid State Chemistry 200 (2013) 349–353
Contents lists available at SciVerse ScienceDirect
Journal of Solid State Chemistry
0022-45

http://d

n Corr

E-m
journal homepage: www.elsevier.com/locate/jssc
Synthesis, crystal structure, and optical properties of Ba2Cu2ThS5,
and electronic structures of Ba2Cu2ThS5 and Ba2Cu2US5
Adel Mesbah a, Sébastien Leb�egue b, Jordan M. Klingsporn a, Wojciech Stojko a,
Richard P. Van Duyne a, James A. Ibers a,n

a Department of Chemistry, Northwestern University, 2145 Sheridan Road, Evanston, IL 60208-3113, United States
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The compound Ba2Cu2ThS5 has been synthesized by the reaction of BaS, S, Cu, and Th at 1173 K.

It crystallizes in the monoclinic space group C3
2h�C2=m with two formula units in a cell of dimensions

a¼13.5616(8) Å, b¼4.1159(2) Å, c¼9.3548(6) Å, b¼115.89(1)1 (100 K). The structure comprises Ba2þ

cations and 2
1½Cu2ThS4�

5 � layers. The two dimensional layers are formed by the connection of ThS6

octahedra and CuS4 tetrahedra along [001] with a sequencey. oct tet tet oct tet tety. Optical

measurements performed on Ba2Cu2ThS5 indicate an indirect band gap of 1.86 eV. DFT calculations

performed with the HSE06 functional yield band gaps of 1.7 eV for Ba2Cu2ThS5 and 1.5 eV for the

isostructural compound Ba2Cu2US5.

& 2013 Elsevier Inc. All rights reserved.
1. Introduction

Interest in actinide chalcogenides stems not only from their
varied structures but also from their magnetic, optical, and
electrical properties that are associated with the more diffuse 5f

orbitals versus the 4f orbitals of the rare-earth elements. Many
alkali-metal ternary and quaternary actinide (poly)chalcogenides
have been synthesized [1–12] with the use of the reactive flux
method [13]. However, only a few ternary [6,14–22] and even
fewer quaternary alkaline-earth actinide chalcogenides have been
reported. These include Ba4Cr2US9 [23], Ba8Hg3U3S18 [24], and
Ba2Cu2US5 [25]. The latter paper included synthesis, structure,
and magnetic properties. In this paper we present the synthesis,
structure, and optical properties of Ba2Cu2ThS5, the isostructural
Th analogue of Ba2Cu2US5, and in addition we present the
electronic structures of both compounds, as calculated by DFT
methods involving the HSE06 functional.

2. Experimental

2.1. Synthesis

The starting reactants, Th powder (MP Biomedicals, LLC 99.1%),
Cu (Aldrich, 99.5%), BaS (Alfa, 99.7%), and S (Mallinckrodt, 99.6%),
were used as obtained.
ll rights reserved.

. Ibers).
Ba2Cu2ThS5 was obtained by the combination of Th (20 mg,
0.086 mmol), Cu (10.9 mg, 0.17 mmol), BaS (29.1 mg, 0.17 mmol),
and S (13.8 mg, 0.43 mmol). The mixture was loaded into
a carbon-coated fused-silica tube under an Ar atmosphere in
a glove box. The tube was evacuated to 10�4 Torr, flame sealed,
and placed in a computer-controlled furnace. The tube was
heated to 1173 K, kept at this temperature for 4 d, then cooled
to 473 K at 3 K/h, and then the furnace was turned off. Orange
needles in about 10 wt% yield based on Th were isolated, and a
few were analyzed by EDX to show Ba:Cu:Th:SE2:2:1:5.

2.2. Structure determination

Single-crystal X-ray data for Ba2Cu2ThS5 were collected at
100(2) K by the use of a Bruker APEX II Kappa diffractometer
equipped with graphite monochromatized MoKa (l¼0.71073 Å)
radiation. The data collection strategy comprised o and j scans
obtained from an algorithm in COSMO in APEX II [26]. The step size
was 0.31 and the frame time was 10 s/frame. Recorded data were
indexed, refined, and integrated by SAINT in the APEX II package
[26]. Face-indexed absorption, incident beam, and possible decay
corrections were performed with the use of the program SADABS
[27]. The structure of Ba2Cu2ThS5 was solved and refined with the
programs SHELXS and SHELXL [28], respectively. The atomic posi-
tions were standardized with the program STRUCTURE TIDY [29] in
PLATON [30]. Crystal structure data and refinement details are
provided in Table 1 and in Supporting material. Selected interatomic
distances are reported in Table 2.
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2.3. Optical measurements

Single-crystal optical absorption measurements from 1.4 eV
(889 nm) to 3.9 eV (318 nm) were performed at 298 K with a Nikon
Eclipse Ti2000-U inverted microscope. A goniometer mounted to the
inverted microscope with a custom holder held a single crystal of
Ba2Cu2ThS5 at the microscope focal point. A tungsten halogen lamp
acted as the illumination source for the absorption measurements.
Polarized measurements were performed by filtering the light
source to select a single polarization. The absorption spectra were
collected using a 40� extra-long working distance objective.
The light was spatially filtered with a 200 mm aperture to eliminate
light not transmitted through the crystal and provided a 5 mm spot
at the region of interest. Light was dispersed by a 150 groove/mm
grating in an Acton SP2300 imaging spectrometer. The dispersed
light was then collected on a back-illuminated LN2-cooled CCD
(Spec10:400BR, Princeton Instruments). All spectra were collected
for 70 ms and accumulated 200 times.
2.4. Computational calculations (DFT)

We have performed our calculations using density functional
theory [31] based on the Kohn-Sham equation [32]. In particular,
we have used the HSE06 exchange-correlation potential [33–35].
This functional has a part of the Hartree-Fock potential for the short-
range region of the Coulomb interaction while the correlation is at
the generalized gradient level (GGA) [36]. The HSE06 functional
solves at least partly the problem of self-interaction to give band
gaps that are usually in reasonable agreement with experiments.
Table 1
Crystallographic data and structure refinements

for Ba2Cu2ThS5.a

Space group C3
2h�C2=m

a (Å) 13.5616(8)

b (Å) 4.1159(2)

c (Å) 9.3548(6)

b (deg.) 115.891(4)

V (Å3) 469.76(5)

Z 2

r (g cm�3) 5.615

m (mm�1) 29.513

R (F)b 0.0238

Rw (Fo
2)c 0.0477

a l¼0.71073 Å, T¼100(2) K.
b R(F)¼

P
99Fo9�9Fc99/

P
9Fo9 for Fo

242s(Fo
2).

c Rw(Fo
2)¼{

P
[w(Fo

2
�Fc

2)2]/
P

wFo
4}1/2. For Fo

2o0,

w�1
¼s2(Fo

2); for Fo
2
Z0, w�1

¼s2(Fo
2)þ(qFo

2)2

where q¼0.0188.

Table 2

Selected interatomic distances in (Å) of Ba2Cu2ThS5.

Atom–Atom Distance (Å)

Th(1)–S(1) 2.743(1)�2

Th(1)–S(2) 2.8093(9)�4

Cu(1)–S(1) 2.3924(7)�2

Cu(1)–S(2) 2.396(2)

Cu(1)–S(3) 2.3005(7)

Th (1)–Cu(1) 3.2901(6)�8

Ba(1)–S(1) 3.167(1)�2

Ba(1)–S(1) 3.398(1)

Ba(1)–S(2) 3.415(1)�2

Ba(1)–S(2) 3.399(1)

Ba(1)–S(3) 3.0656(3)�2
To perform the calculations, we have used the Vienna ab initio
Simulation Package (VASP) [37,38] that implements the projector
augmented wave method [39]. For both Ba2Cu2ThS5 and Ba2Cu2US5 a
k-point grid of 6�6�4 was found to be sufficient to enable
convergence of the integrations in the Brillouin zone, and the
plane-wave cut-off was set to its default value. The experimental
geometry (lattice parameters and positions of the atoms) was used
without further relaxation, and spin polarization was allowed. The
optical properties in the sum-over-states approximation were imple-
mented [40] in the VASP code.

3. Results

3.1. Synthesis

Single crystals of the compound Ba2Cu2ThS5 were obtained
directly at 1173 K , but in a low yield of about 10 wt% based on Th.
The analysis of the whole sample showed the presence of powdered
Ba2Cu2ThS5 and ThOS, the latter being a common contaminant in Th
chalcogenide solid-state chemistry [41]. The U analogue, Ba2Cu2US5,
[25] was obtained earlier in higher yield by a two-step synthesis.

3.2. Structure

Ba2Cu2ThS5 crystallizes in the Ba2Cu2US5 [25] structure type with
two formula units in the monoclinic space group C3

2h – C2/m in a cell
of dimensions a¼13.5616(8) Å, b¼4.1159(2) Å, c¼9.3548(6) Å,
b¼115.89(1)1 (100 K). In the asymmetric unit there is one Th atom,
one Ba atom, one Cu atom, and three S atoms (S1, S2, and S3); their
respective site symmetries are 2/m, m, m,m, m, and 2/m.

A general projection of the structure down the b-axis is presented
in Fig. 1. Metrical data are given in Table 2. The Th atom is
coordinated by six S atoms in a distorted octahedron. The Cu atom
is coordinated by four S atoms in a distorted tetrahedron. The Ba
atom is coordinated by eight S atoms in a bicapped trigonal prism.
The ThS6 octahedra form infinite chains along [0 1 0] by edge
sharing. The CuS4 tetrahedra form Cu2S7 dimers by corner sharing.
The structure consists of 2

N[Cu2ThS5
4-] layers separated by Ba atoms.

The two-dimensional 2
N[Cu2ThS5

4-] layer (Fig. 2) is built from
ThS6 octahedra and CuS4 tetrahedra. The connectivity of the MSn

polyhedra within the layer in the [0 0 1] direction is oct tet tet oct

tet tet. There are no S–S bonds in the structure so charge balance
is achieved with formal oxidation states þ2, þ1, and �2 assigned to
Ba, Cu, and S, respectively. The compound can thus be written as
(Ba2þ)2(Cu1þ)2(Th4þ)(S2�)5.

The Th–S distances, which range from 2.743(1) Å to 2.809(1) Å,
are comparable to those found in KCuThS3, K2Cu2-
ThS4, and K3Cu3Th2S7 [42]. The Cu–S distances, which range from
2.3005(7) Å to 2.396(2) Å, are comparable to those found in the
Fig. 1. General view of the structure of Ba2Cu2ThS5 along [0 1 0].
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Ba2Cu2US5 analogue [25] and in K2Cu3US5 [12]. The Ba–S dis-
tances, which range between 3.0656(3) Å and 3.415(2) Å, are
typical of those found in the alkaline-earth actinide chalcogenide
ternaries [22].

3.3. Optical results

A fundamental absorption edge (Fig. 3) is observed in the
absorption spectrum of Ba2Cu2ThS5. A determination of the band
gap as either direct or indirect was performed by comparison of the
Fig. 3. (A) Absorption spectrum plotted as a vs. hv (eV); (B) calculated spectru

Fig. 2. The structure of the 2
1½Cu2ThS4�

5 � layer projected down the a-axis.
plot of ahu versus energy (hu) to the plots of (ahu)2 and (ahu)1/2

versus hu [43]. These plots show that the semiconducting crystal has
an indirect band gap. A value of the optical band gap of 1.86 eV was
determined using linear regression analysis of the baseline and
absorption edge, as previously described (Fig. 3) [44]. No polariza-
tion dependence was observed when polarized transmission spectra
were recorded from 01 to 3601 in increments of 101.

3.4. Theoretical results

Our computed total and orbital resolved partial density of
states (PDOS) are presented from �5 eV to 5 eV in Figs. 4 and 5
for Ba2Cu2ThS5 and Ba2Cu2US5, respectively. The Fermi level is
put at 0 eV. Spin polarization was allowed in our calculations.
Ba2Cu2ThS5 was found to be non-magnetic. From the total
density of states (see upper panel in Fig. 4) Ba2Cu2ThS5 has a
significant band gap of 1.7 eV that separates the top of the
valence bands made up of S1-p, S2-p, S3-p, and Cu-d states from
the bottom of the conduction bands composed mainly of Th-d

states. From �5 eV to 0 eV the states originate mainly from
Cu-‘d’ states together with the S-p states. Notice that the Th-d

states contribute significantly at �4 eV. The conduction band
up to 5 eV is mainly derived from Ba-d, Th-d, and Th-f states.
The bonding between the different atoms is difficult to analyze
from the PDOS because the S1, S2, S3, and Cu PDOS show
considerable structures that cannot be easily related to each
other, whereas the Ba PDOS and the Th PDOS display some low
values below the Fermi level.
m for an indirect band gap; (C) calculated spectrum for a direct band gap.



Fig. 5. Total (upper plot) and partial density of states (lower plots) for Ba2Cu2US5.

For each atom, the partial density of state is projected on the relevant orbitals.

Fig. 4. Total (upper plot) and partial density of states (lower plots) for Ba2Cu2ThS5.

For each atom, the partial density of state is projected on the relevant orbitals.

Fig. 6. Calculated imaginary part of the diagonal of the dielectric tensor

of Ba2Cu2ThS5 for the three independent directions in the crystal.
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Ba2Cu2US5, which contains U4þ , was found to be magnetic,
in agreement with experiment [25]. Therefore for Ba2Cu2US5

spin-polarized PDOS are presented. Ba2Cu2US5 also has a
significant band gap with a calculated value of 1.5 eV
(Fig. 5). All the atoms seem to contribute to the top of the
valence bands, whereas the bottom of the conduction bands
originates from U-f states together with a contribution from
the S atoms. As for Ba2Cu2ThS5, the states between �5 eV and
0 eV correspond to Cu-d and S-p states, but for Ba2Cu2US5 the f

shell of the U is now partly filled and therefore contributes as
well to the density of states of the valence electrons. For the
conduction bands up to 5 eV, all the atoms in Ba2Cu2US5 are
contributing. Moreover, the magnetic moment of the U atoms
is clearly seen from the corresponding PDOS, and it induces a
slight spin-polarization on other atoms that can be seen
mainly for states just below the Fermi level (from �2 eV to
0 eV).

The imaginary part of the dielectric function for Ba2Cu2-
ThS5 is shown in Fig. 6. Only the diagonal elements of the
dielectric tensor are shown, the off-diagonal ones being rather
small in magnitude. For the three functions shown in Fig. 6 we
observe very similar behaviors, with a small weight from
about 1.8 eV to 3 eV but a rapid increase starting from 3 eV.
Therefore, apart from the large number of peaks correspond-
ing to the different direct transitions allowed among valence
and conduction bands, little anisotropy is observed in the
optical properties of Ba2Cu2ThS5. To have a deeper under-
standing of the corresponding electronic structure, we have
computed the band structure of Ba2Cu2ThS5 along some high-
symmetry directions of the Brillouin zone (see Fig. 7). The
minimum band gap is indirect between the G and Z points
with a value of 1.7 eV, whereas the minimum direct band gap
occurs at the Z point with a value of 1.8 eV, in good agreement
with our calculated dielectric function. In our previous study
[21] on Ba2ThS6, we found an excellent agreement between
the calculated and the experimental values of the band gap.
This is confirmed again here for Ba2Cu2ThS5. Hence, we believe
that the HSE functional [33–35] is a suitable tool to study the
electronic structures of materials containing actinides beyond
the usual semiconductors and metals [45].

To understand quantitavely the electron distributions in
Ba2Cu2ThS5 and Ba2Cu2US5, we have used Bader’s theory of atoms
in molecules [46]. To do this for the PAW method (as used here),
the reconstructed valence charge density has to be used [47]
and not just the bare pseudo-density or else the correctness of the
results is uncertain. It appears that the two compounds have
very close distributions of valence electrons: all the S atoms
have around 7.2e� , with a maximum difference of 0.1 between
inequivalent S atoms, the Ba atoms have 8.4e� , the Cu atoms
have 10.6e� , and the Th atoms in Ba2Cu2ThS5 have 10.0e� and the
U atoms in Ba2Cu2US5 have 12.0e�. Therefore, although the ‘f ’
shell of the actinide atom becomes partly filled in Ba2Cu2US5

and spin-polarized, this has only a minor effect on the electron
distribution.



Fig. 7. Calculated band structure along some high-symmetry directions for

Ba2Cu2ThS5.
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4. Conclusions

The compound Ba2Cu2ThS5 was synthesized by direct com-
bination of the elements at 1173 K. From single-crystal X-ray
diffraction data the compound crystallizes in the monoclinic
system in the Ba2Cu2US5 structure type. The structure is
composed of alternating 2

1½Cu2ThS4�
5 � layers and Ba2þ cations

along the a-axis. DFT calculations performed with the HSE06
exchange-correlation potential predict that Ba2Cu2ThS5

should be not be magnetic but should be a semiconductor
with a band gap of 1.7 eV; optical measurements indicate an
indirect band gap of 1.86 eV. The DFT calculations predict that
Ba2Cu2US5 should be magnetic, in agreement with experi-
ment, with an indirect band gap of 1.5 eV. This agreement
between theory and experiment confirms that the HSE06
functional is a suitable tool to study the electronic structures
of materials containing actinides beyond the usual semicon-
ductors and metals.
Supporting material

The crystallographic data for Ba2Cu2ThS5 have been depos-
ited with FIZ Karlsruhe as CSD numbers 425437, These data
may be obtained free of charge by contacting FIZ Karlsruhe at
þ49 7247808666 (fax) or crysdata@fiz-karlsruhe.de (email).
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[39] P.E. Blöchl, Phys. Rev. B 50 (1994) 17953–17979.
[40] M. Gajdos, K. Hummer, G. Kresse, J. Furthmüller, F. Bechstedt, Phys. Rev. B 73

(2006) 045112-1-9.
[41] L.A. Koscielski, E. Ringe, R.P. Van Duyne, D.E. Ellis, J.A. Ibers, Inorg. Chem. 51

(2012) 8112–8118.
[42] H.D. Selby, B.C. Chan, R.F. Hess, K.D. Abney, P.K. Dorhout, Inorg. Chem. 44

(2005) 6463–6469.
[43] T.-H. Bang, S.-H. Choe, B.-N. Park, M.-S. Jin, W.-T. Kim, Semicond. Sci. Technol.

11 (1996) 1159–1162.
[44] K. Mitchell, F.Q. Huang, A.D. McFarland, C.L. Haynes, R.C. Somers, R.P. Van

Duyne, J.A. Ibers, Inorg. Chem. 42 (2003) 4109–4116.
[45] T.M. Henderson, J. Paier, G.E. Scuseria, Phys. Status Solidi B 248 (2011)

767–774.
[46] R.F.W. Bader, Atoms in Molecules: A Quantum Theory, International Series of

Monographs on Chemistry, 22, Oxford University Press, Inc., New York, 1990.
[47] E. Aubert, S. Leb�egue, M. Marsman, T.T.Thu Bui, C. Jelsch, S. Dahaoui,

E. Espinosa, J.G. Angyán, J. Phys. Chem. A115 (2011) 14484–14494.

http://dx.doi.org/10.1016/j.jssc.2013.01.016

	Synthesis, crystal structure, and optical properties of Ba2Cu2ThS5, and electronic structures of Ba2Cu2ThS5 and Ba2Cu2US5
	Introduction
	Experimental
	Synthesis
	Structure determination
	Optical measurements
	Computational calculations (DFT)

	Results
	Synthesis
	Structure
	Optical results
	Theoretical results

	Conclusions
	Supporting material
	Acknowledgments
	Supporting information
	References




