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ABSTRACT: Mixed S$>7/S'~ oxidation states have been discovered in the new &
quaternary compound NaBa,Cu;Ss. Synthesized from the reaction of Cu in a
molten alkali metal/polysulfide flux, the compound crystallizes in monoclinic space
group C2/m with a = 16.5363(7) A, b = 5.5374(5) A, ¢ = 10.3717(10) A, § =
98.535(8)°. The Na* Ba,** [Cu*;S;]*7S,>™ crystal structure contains layers of edge
sharing CuS, tetrahedra and sheets of S,*~ dimers. These layers are separated by =
mixed Ba/Na cation layers. The conductivity of the single crystals of NaBa,Cu,S; is .
~450 S cm™' at room temperature, and increasing conductivity with decreasing
temperature is observed, indicating metallic behavior despite the optical band gap of
0.45 V. A small positive thermopower (45—55 §V K™' from 300 K to 500 K) and
Hall effect measurements also confirm p-type conductivity with carrier

concentration at 200 K of ~1.6 X 10*! cm™ and a hole mobility of ~2 cm® V™
s™'. NaBa,Cu,S; exhibits temperature-independent Pauli paramagnetism.

B INTRODUCTION

The copper chalcogenide family consists of a relatively large
number of binary and ternary members and has had a
significant impact in energy applications as some of the leading
photovoltaic materials." Ternary copper chalcogenides can be
divided into two groups: compounds with chain structures (i.e.,
a-K[CuS,],> p-K[CuS,],> Cs[CuS,],* Na,;Cu,S,**) and com-
pounds with layered structures (i.e., ACu,Qs; A = K, Rb, Cs, TI;
Q =S, Se;® NaCu,S,”). These materials may also be classified
according to valence: some are valence-precise while assuming
Cu* and $*7, while others are not. Determination of the charge
state of copper in chalcogenides is a complex problem because
of the highly covalent character of the Cu-Q bonds (Q =S, Se,
Te) and the comparable energies of Cu d and Q p orbital states.
There is general agreement that the mixed valence is generated
mainly by oxidation of the chalcogen sublattice and not of
copper(1), the maximal oxidation number per chalcogen atom
varies from —2 (without chalcogen-chalcogen bonding) to
~—1.5.% Thus, virtually all valence-precise copper chalcogenides
are semiconductors, whereas mixed-valent copper chalcoge-
nides possess metallic conductivity.

In thiocuprates,® [M,]**[Cu,,S,]*", the anionic sublattice can
be isolated anions or polymeric one-, two- or three-dimensional
entities, often leading to anisotropy in the crystal structure and
transport properties. The coordination geometry of copper can
vary from linear (in Na4CuZS3,9 KCuS,"° CsCu3SZU), to
trigonal planar or distorted flat trigonal pyramidal (in
Na,Cu,S,,> Na,Cu,,S,0,"> Na,Cu,S,,"* a-BaCu,S,,'* MCu,S,
(M = K, Cs, Rb, T1),"™'® M;CugSs (M = K, Rb),"” MCu,_S,
(M = NH,, K, Rb, T1),*°">* p-CsCu,S;>*), distorted tetrahedral

-4 ACS Publications  © 2013 American Chemical Society

7210

A Dy ;T ;uitlflf :
B aAtA\.A\'. A g

CC e cCce et

k ~ ‘ \,.» l.‘ L ~ k g

I if‘f Sy Ay ATy A0S

wBa i i s el A0
& €666 66 6¢

®Na o2t ot 2Nt BT BT ST
t \‘\‘t‘t‘\.‘l‘

v W i\'p 6\‘?'{_'1_6_‘7'.6 .

(3 k 14 . 5 LY ]

(in TICu,S,** f-BaCu,S,,*® MCu,,S,,;,>° TICuS,>” p-

BaCu,S;'*) or more complex framework structures (in
NaCu,S;,*® BaCuy S, 5,>° NaCu,S,”). There is no clear-cut
difference in the crystal structures of valence-precise and mixed-
valence phases, and most thiocuprates are quite stable in air.
The mixed-valence compounds have been of particular interest
and subject to numerous synthetic, physical, and theoretical
investigations because they exhibit interesting properties, such
as metallic conductivity,*”*" superconductivity,”>>* and
charge-density waves.”®

The copper oxide family, such as YBCO (YBa,Cu;0,_,) and
LSCO (La,_,Sr,CuO,), has had a huge impact on the
development of the field of high-temperature superconductiv-
ity.**™° The list of unconventional superconductors has
recently been expanded by the discovery of the ternary iron
pnictides LnFeAs(O,F),** (Ln rare earth elements),
Ba,_ K Fe,As," ™ and chalcogenides I(xFez_ySez.45_48 Inter-
estingly, all these materials share two common features: (a) an
infinitely extended square sublattice featuring anti-PbO type
tetrahedral metal centers, for example, [Fe,As,], [Fe,Se,], and
(b) mixed valency in the transition metal. Superconductivity in
copper chalcogenides is rare with CuS,* CuS,,*°and CuRh,S,’’
being examples. A structurally analogous set of compounds to
Ba, K Fe,As, is Ba; K Cu,S, which was described by Zhang,
X. et al. and Mouallem-Bahout, M. et al.>*>® The latter has the
same anti-PbO-type sublattice in its [Cu,S,] layer as the
superconducting pnictides. While the doping substitution of K*
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ions for Ba®" in the parent semiconducting compound BaCu,$,
creates mixed valency and metallic character, no super-
conductivity emerges. In an effort to investigate the electronic
properties of the corresponding series Ba, ,Na Cu,S, we
discovered a new quaternary compound in the Ba—Na—Cu—S§
system with a novel structure and p-type metallic behavior. We
report the synthesis, structure, and properties of a valence-
precise but hole-doped phase, NaBa,Cu,S;, which features anti-
PbO-type [Cu,S,] layers intercalated with Ba, Na cations and
disulfide [S,>"] anions.

B EXPERIMENTAL SECTION

Reagents. The following reagents were used as received: (i)
barium sulfide (99.9%, Sigma-Aldrich (i) sodium sulfide (99.9%,
Sigma-Aldrich), (iii) sulfur chunks, (99.999%, Spectrum Chemical
Mfg. Corp.), (iv) Copper metal (99.9%, Sigma-Aldrich), (v) N,N'-
dimethylformamide (DMF) and methanol analytical reagent.

Synthesis of NaBa,Cu;Ss. Synthetic preparations were carried out
under a dry argon atmosphere in M-Braun glovebox. Initially, we had
tried to prepare either Ba;_ Na,Cu,S, or NaCu,S, by following the
reported procedure:” a 9 mm diameter Pyrex tube containing Cu
(0.032 g, 0.5 mmol), Na,S (0.117 g, 1.5 mmol), BaS (0.042 g, 0.25
mmol), and S (0.096 g, 3 mmol) was evacuated and sealed under
vacuum. The tube was heated at 500 °C for 4 days and then slowly
cooled to 140 °C at 4 °C/h. Excess polysulfide flux was removed from
the product with N,N’-dimethylformamide and methanol. Two kinds
of crystals were found: black thin plate crystals of NaBa,Cu,Ss (~75%
yield) and black thin needle crystals of Na;Cu,S, (~25% yield) which
was the major phase in literature.*®

After the stoichiometry of the new quaternary compound was
elucidated from the crystal structure determination (described
subsequently), we directly synthesized NaBa,Cu,S; as a single phase
using a stoichiometric mixture of Na,$ (0.039 g, 0.5 mmol), Ba$S
(0.3387 g, 2 mmol), Cu (0.190 g, 3 mmol), and S (0.080 g, 2.5 mmol).
The ground powders of these starting materials were loaded into a
graphite crucible to avoid the reaction of sulfide with the glass. The
graphite crucible was then placed inside a fused silica tube and flame-
sealed under a pressure of <10™* mbar. The tube was then heated to
700 °C over 12 h and kept there for 24 h, and subsequently cooled
slowly to room temperature at a rate of 10 °C/h.

Single Crystal X-ray Diffraction. Single crystals were selected
and mounted on tips of glass fibers for X-ray diffraction. The data
collection for a thin plate single crystal of NaBa,Cu;Ss was performed
at 150 K and room temperature. Intensity data were collected using @
scans on a STOE imaging plate diffraction system (IPDS-II) using
graphite-monochromatized Mo—Ka radiation (1 = 0.71073 A)
operating at 50 kV and 40 mA with a 34 cm diameter imaging
plate. Individual frames were collected with a 3 min exposure time and
a 1° w rotation. X-AREA, X-RED, and X-SHAPE** software packages
were used for data collection, integration, and analytical absorption
corrections, respectively, and SHELXL®® and JANA2006°° software
packages were used to solve and refine the structure. The parameters
for data collection and the details of the structure refinement are given
in Table 1. Atomic coordinates, thermal displacement parameters
(U,,) and occupancies of all atoms are given in Table 2. Anisotropic
displacement parameters and selected bond lengths and angles are
given in Tables 3 and 4 for both compounds.

Powder X-ray Diffraction and Scanning Electron Micros-
copy. Phase purity of the products was confirmed by powder X-ray
diffraction (XRD). The samples were finely ground and mounted on a
flat plate sample holder to be analyzed with a Panalytical X'pert Pro
diffractometer with an iron filtered Cu-Ka source, operating at 45 kV
and 40 mA under a continuous scanning method in 26 range of S—
120° and step size of 0.0167°. Powder XRD data were analyzed with
the Rietveld method using the FULLPROF 2000 program.®’

The semiquantitative microprobe analyses of several crystals were
performed with a Hitachi S-2700 Scanning Electron Microscope using
a Noran System Six Energy Dispersive Spectroscope (EDS) equipped
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Table 1. Summary of Crystallographic Data and Structure

Refinement for NaBa,Cu,S; at 293 K and 150 K

NaBa,Cu,S;

formula weight 648.59 648.59
temperature 293(2) K 150(2) K
wavelength 0.71073 A 0.71069 A
crystal system monoclinic monoclinic
space group C2/m C2/m
unit cell dimensions a=165363(7) A a=164865(1) A

a = 90.00° a = 90.00°

b = 5.5374(5) A
B = 98.535(8)°
¢ =10.3717(10) A

b =55188(3) A
P =98.534(5)°
¢ =10.3300(7) A

y = 90.00° y = 90.00°
volume 939.20(16) A3 929.48(10) A3
Z 4 4
density(calculated) 4.587 g/cm’® 4.635 g/cm’
absorption coefficient ~ 16.020 mm™ 16.188 mm™
F(000) 1160 1160
crystal size (mm?) 0.1551 X 0.1386 X 0.1875 X 0.1606 X

0.0626 0.0737
0 range for data 1.99 to 29.15° 1.99 to 29.15°
collection
index ranges —22<h<22 -22<h<22

-7<k<7, -7<k<7,

-14<1<13 -13<1<14
reflections collected 4507 4464

independent 1381 [R,, = 0.0532] 1369 [Ry, = 0.0531]
reflections

completeness to 6 = 99.4% 99.6%
29.15°

refinement method full-matrix least-squares on F*

data/restraints/ 1381/0/61 1369/0/60
parameters

goodness-of-fit 1.100 1.077

final R indices Rgps = 0.0336, wR,, = R = 0.0305, wR,, =
[>26(1)] 0.0837 0.0768

R indices [all data] Ry = 0.0377, wRy; = R, = 0.0343, wRy; =

0.0859 0.0786

largest diff. peak and 2209 and —1.445 e:A™® 1986 and —2.775 e-A”?

hole

with a thin window detector. Data were acquired by applying 20 kV of
accelerating voltage. Semiquantitative analysis by EDS on several
crystals indicated an average composition of
NaL024(7)BaL984(8)Cu2.954(9)85<066(7)'

Differential Thermal Analysis (DTA). DTA measurements were
carried out with a Shimadzu DTA-50 thermal analyzer. The ground
sample (~40 mg total mass) was sealed in a carbon coated fused silica
ampule under vacuum. A silica ampule containing alumina of equal
mass was sealed and placed as a reference. The sample was heated to
850 °C at 5 °C/min, followed by cooling at the same rate to 50 °C.
The stability and reproducibility of the sample was monitored by
running multiple heating and cooling cycles. Residues of the DTA
experiments were examined with X-ray powder diffraction.

Raman Spectroscopy. A ground crystalline sample was loaded in
a 0.5 mm diameter glass capillary for Raman spectroscopy analysis. A
Renishaw inVia Raman microscope with a CCD detector was used to
perform the measurement. The sample was irradiated by a 532 nm
laser with data collected by S scans were averaged.

Infrared Spectroscopy and Band Gap Determination. The
optical band gap of NaBa,Cu;Ss was determined using optical diffuse-
reflectance FT-IR spectroscopy. FT-IR spectra of the samples were
recorded as a solid in KBr matrix. The spectra were recorded in the
mid-IR (500—4000 cm™") regions with 4 cm™ resolution by using a
Nicolet 740 FT-IR spectrometer equipped with a TGS/PE detector
and silicon beam splitter. Reflectance versus wavelength data were
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Table 2. Atomic Coordinates (X10*) and Equivalent Isotropic Displacement Parameters (A> X 10%) of NaBa,Cu,S; at (a)
293(2) K and (b) 150(2) K with Estimated Standard Deviations in Parentheses

Wyck x y z occupancy Ueqa
(a) NaBa,Cu;Ss 293(2) K
Ba(1) 4i 2637(1) 0 3024(1) 1 14(1)
Ba(2) 4i 4580(1) —5000 2906(1) 1 14(1)
Cu(1) 4g 5000 —2388(2) 0 1 20(1)
Cu(2) 8g 1688(1) 2555(2) —96(1) 1 21(1)
S(1) 4i 976(1) 0 1214(2) 1 12(1)
S(2) 4i 2613(1) —5000 1475(2) 1 12(1)
S(3) 4i 4300(1) 0 1489(2) 1 12(1)
S(4) 8j 1241(1) 1906(2) 4708(2) 1 17(1)
Na 4 3939(2) 0 7630(3) 1 21(1)
(b) NaBa,Cu,S; 150(2) K

Ba(1) 4 7636(1) 0 3023(1) 1 7(1)
Ba(2) 4i 9578(1) —5000 2906(1) 1 8(1)
Cu(1) 4g 5000 -2617(2) 0 1 10(1)
Cu(2) 8j 6688(1) —2559(2) —96(1) 1 10(1)
S(1) 8j 6241(1) 1914(2) 4701(1) 1 10(1)
S(2) 4 5976(1) 0 1216(2) 1 6(1)
S(3) 4i 5701(1) —5000 —1486(2) 1 7(1)
S(4) 4 7612(1) —5000 1471(2) 1 7(1)
Na 4i 6058(2) —5000 2363(3) 1 11(1)

“U,q is defined as one-third of the trace of the orthogonalized Uj; tensor.

Table 3. Anisotropic Displacement Parameters (A? X 10°)
for NaBa,Cu,S; at (a) 293(2) K and (b) 150(2) K with
Estimated Standard Deviations in Parentheses®

Ul 1 UZZ U33 Ul 2 Ul 5] U23
(a) NaBa,Cu,S; 293(2) K
Ba(1) 11(1) 13(1) 17(1) 0 1(1) 0
Ba(2) 12(1) 13(1) 17(1) 0 4(1) 0
Cu(1) 18(1) 18(1) 22(1) 0 1(1) 0
Cu(2) 18(1) 20(1) 24(1) o(1) 5(1) 2(1)
S(1) 8(1) 12(1) 15(1) 0 2(1) 0
S(2) 10(1) 10(1) 16(1) 0 2(1) 0
S(3) 10(1) 11(1) 16(1) 0 2(1) 0
S(4) 18(1) 17(1) 17(1) —4(1) 2(1) -2(1)
Na 15(2) 22(2) 27(2) 0 6(1) 0
(b) NaBa,Cu,S; 150(2) K

Ba(1) 4(1) 6(1) 11(1) 0 1(1) 0
Ba(2) 5(1) 7(1) 11(1) 0 2(1) 0
Cu(1) 7(1) 8(1) 13(1) 0 1(1) 0
Cu(2) 7(1) 9(1) 14(1) o(1) 3(1) -1(1)
S(1) 8(1) 9(1) 11(1) -2(1) 2(1) -1(1)
S(2) 2(1) 6(1) 9(1) 0 2(1) 0
S(3) 4(1) 5(1) 11(1) 0 2(1) 0
S(4) 4(1) 5(1) 12(1) 0 2(1) 0

Na 6(1) 13(2) 16(2) 0 4(1) 0

“The anisotropic displacement factor exponent takes the form:
=22 [W*a*?Uy, + ... + 2hka*b*U,,].

used to estimate the band gap of the material by converting reflectance
to absorption data according to the Kubelka—Munk equation, a/S =
(1 = R)*/(2R) where R is the reflectance and a and S are the
absorption and scattering coefficients, respectively”® %!

Electrical and Magnetic Properties. Variable temperature four
probe resistivity and Hall effect measurements on single crystal
samples of NaBa,Cu;S; were carried out by a Quantum Design PPMS.
The temperature range was 5—300 K for resistivity and 2—200 K for
Hall effect measurement. The Hall effect was measured by reversing
the magnetic field H = +9 T. Measurements were performed in four-
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probe geometry with 50 pm gold wires and silver paste used for the
current and voltage electrodes, respectively. Above room temperature
electrical resistivity and thermoelectric power measurements as a
function of temperature were performed under vacuum using a custom
setup including a Keithley Model 2182A nanovoltmeter and 6514
electrometer and MMR Technologies K-20 temperature controller.
We used the integral method of measuring the Seebeck voltage V(T),
in which one end of the sample is held at a fixed temperature T, and
the other end is varied through the temperature T range of interest.
The Seebeck coefficient S is obtained from the slope of the V(T) vs T
curve, that is, § = dV(T)/dT.

Magnetic susceptibility measurements were carried out with a
Quantum Design MPMS SQUID magnetometer. Pieces of ground
single crystals of NaBa,Cu;S; were loaded in a gelatin capsule.
Temperature-dependent data were collected after zero field cooling
(ZFC) and field cooling (FC) between 2 and 300 K, with applied field
H=01T.

Band Structure Calculations. The band structure of NaBa,Cu,S;
was studied by performing first-principles electronic structure
calculations within the density functional theory framework. The
plane-wave basis set was employed and a pseudopotential was
generated using the projector augmented wave method*® which is
implemented in the Vienna Ab initio Simulation Package (VASP)
c0de.®>7%° The cutoff energy for the plane-wave basis was set to 400
€V and regular k-point grids with density of 50 A™' was used for
Brillouin zone sampling. For exchange-correlation functional, we
employed the local density approximation (LDA) scheme.

B RESULTS AND DISCUSSION

Synthesis. The single crystals of NaBa,Cu;S; were
synthesized from a mixed Na/Ba/S flux which was initially
intended to stabilize ternary NayCu,S,” or create members of
the series Ba;_,Na,Cu,S,. After removal of the excess
polysulfide flux with N,N’-dimethylformamide and methanol,
thin plate-like black crystals of NaBa,Cu,Ss (~75% yield) and
black thin needle crystals of Na;Cu,S, (~25% yield) were
observed. Once the phase NaBa,Cu;S; was identified by the
single crystal structure and EDS analysis, a reaction of the
stoichiometric mixture of Na,S, BaS, Cu, and S was performed
at 700 °C where the phase forms as a pure ingot of
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Table 4. Representative Bond Lengths (A) and Bond Angles
(deg) of NaBa,Cu,S; at (a) 293(2) K and (b) 150(2) K*
(a) NaBa,Cu,S; 293(2) K (b) NaBa,Cu,S; 150(2) K
Atom—Atom Bond Length

Cu(1)=-S(1)(x2) 2.3836(3) Cu(1)-S(2)(x2) 2.3776(2)
Cu(1)-8(3)(x2) 2.4508(4) Cu(1)-S(3)(x2) 2.4383(3)
Cu(2)-S(1)(x1) 2.3896(4) Cu(2)-S(2)(x1) 2.3837(2)
Cu(2)-S(2)(x1) 2.4229(4) Cu(2)-S(3)(x1) 2.4149(3)
Cu(2)-S(2)(x1) 2.4672(4) Cu(2)-S(4)(x1) 2.4140(3)
Cu(2)-S(3)(x1) 2.4264(3) Cu(2)-S(4)(x1) 2.4544(3)
Ba(1)-S(1)(x1) 3.0871(5) Ba(1)—-S(2)(x1) 3.0757(4)
Ba(1)—S(2)(x2) 3.1984(8) Ba(1)—S(4)(x2) 3.1889(8)
Ba(1)-S(3)(x1) 3.3755(5) Ba(1)—S(1)(x2) 3.2501(1)
Ba(1)—S(4)(x2) 3.2588(2) Ba(1)—S(1)(x2) 3.2547(1)
Ba(1)—S(4)(x2) 3.2693(3) Ba(1)—S(3)(x1) 3.3669(4)
Ba(2)—S(1)(x1) 3.1007(5) Ba(2)-S(2)(x1) 3.0907(1)
Ba(2)—-S(2)(x1) 3.3693(5) Ba(2)—S(3)(x2) 3.1269(7)
Ba(2)-S(3)(x2) 3.1365(8) Ba(2)-S(1)(x2) 3.1690(1)
Ba(2)—S(4)(x2) 3.1745(2) Ba(2)-S(1)(x2) 3.2493(1)
Ba(2)—-S(4)(x2) 32597(2) Ba(2)—S(4)(x1) 3.3587(4)
Na—-S(2)(x1) 2.855(3) Na—S(1)(x2) 2.934(3)

Na—S(3)(x1) 2.920(3) Na-S(2)(x2) 2.9982(2)
Na—S(4)(x2) 2.948(3) Na—S(3)(x1) 2.906(3)

Na—S(1)(x2) 3.0119(4) Na—S(4)(x1) 2.849(3)

S(4)-S(4) 2.110(3) S(1)-S(1) 2.112(2)

Atom—Atom—Atom Bond Angle

S(1)—Cu(1)-S(1) 105.28(6) $(2)—Cu(1)-S(2) 105.19(5)
S(1)—Cu(1)-S(3) 108.30(4) S(2)—Cu(1)-S(3) 109.99(5)
S(1)—Cu(1)-S(3) 109.93(5) $(2)—Cu(1)-S(3) 108.26(4)
$(3)—Cu(1)-S(3) 114.70(5) S(3)—Cu(1)-S(3) 114.72(5)
S(1)—Cu(2)-S(2) 107.95(4) S(2)—Cu(2)-S(3) 108.84(5)
S(1)—Cu(2)-S(3) 108.92(5) S(2)—Cu(2)-S(4) 107.85(4)
$(2)—Cu(2)-S(3) 108.21(5) $(3)—Cu(2)-S(4) 108.41(5)
S(1)—Cu(2)-S(2) 104.98(5) S(2)—Cu(2)—S(4) 105.06(5)
S(2)—Cu(2)-S(2) 114.01(4) S(3)—Cu(2)-S(4) 112.55(4)
$(3)—Cu(2)-S(2) 112.55(4) S(4)—Cu(2)-S(4) 113.90(3)

“Symmetry transformations used to generate equivalent atoms for (a)
and (b): (1) xy+1,z (2) —x+3/2,—y+1/2,—z+1 (3) —x+3/2,y—1/2,~z
+1 (4) x,—y,z (5) —«x+3/2,—y—1/2,—z (6) —x+3/2y+1/2,—z (7) «
+1/2y—1/2z (8) —x+3/2,—y—3/2,—z (9) —x+3/2,—y—1/2,—z+1
(10) x+1/2,—y—1/2,z (11) —x+3/2y—1/2,—z (12) —x+1,—y,—z (13)
—x+l,—y—1,—z (14) —x+Ly,—z (15) x—1/2,y+1/2z (16) x,—y—1z
(17) xy—1,z (18) x—1/2,y—1/2,z.

NaBa,Cu;S;. The single-phase material was confirmed by the
excellent match between the calculated and the experimental
powder X-ray diffraction (XRD) patterns using Rietveld
refinements. Results of Rietveld refinement, agreement factors,
and refined lattice constants of powder X-ray diffraction
patterns (Cu-Kal radiation) of the sample studied in this
work are shown in Figure 1. The results are in good agreement
(Bragg R-factor = 6.23, Rf-factor = 4.59) with the structure
refined by single crystal X-ray diffraction. Despite its
incongruent melting behavior (described below) we succeeded
in growing millimeter size single crystals by slow cooling from
the melt.

DTA experiments up to 850 °C at a rate of 5 °C/min on
polycrystalline NaBa,Cu;Ss show a single endothermic melting
point around 630 °C and exothermic crystallization point
around 580 °C in the heating—cooling cycle (Figure 2a). The
sample after DTA was examined by XRD and showed the
presence of BaCu,S, and BaS$, suggesting NaBa,Cu;Ss melts
incongruently (Supporting Information, Figure SI).
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Figure 1. Calculated and observed XRD patterns of the Rietveld
refinement for NaBa,CuSs (4 = 1.5406 A, Bragg R-factor: 6.23%; Rf-
factor = 4.59%).

Crystal Structure. The single-crystal structures of the new
compound were determined at room temperature (293 K) and
at 150 K. No structural transition between these two
temperatures was found. The crystallographic data, selected
bond distances, and bond angles for NaBa,Cu;Ss at both
temperatures are listed in Tables 1—4.

The black plate crystal of NaBa,Cu;Ss crystallizes in the
monoclinic space group C2/m, with cell parameters of a
16.5363(7) A, b = 5.5374(5)A, ¢ = 10.3717(10) A, B =
98.535(8)°, and Z = 4. The layered structure of NaBa,Cu,S;
projected onto the ab-plane is depicted in Figure 3a. The
structure is built up of a two-dimensional network of anti-PbO
type [Cu,S,] layers, which are separated by the Ba and Na
cations as well as disulfide [S,?"] dimers. These disulfide groups
are bonded only to the Ba and Na cations. The structure of the
[Cu,S,]* slabs is composed of tetrahedral Cu centers that
share the edges to form the [Cu,S,]*” layer along the ab plane
(Supporting Information, Figure S2). Since the disulfide units
in the structure are not part of the Cu/S network (Figure 3c),
the chemical formula can also be represented as a double salt
(NaBaCu,S;)-BaS,.

There are two crystallographically independent Cu atoms in
the structure, both tetrahedrally coordinated by S*~ atoms:
Cu(1) by two S(1) and two S(3) and Cu(2) by two S(2), one
S(1) and one S(3) atoms. All Cu—S bonds are normal and fall
in the narrow range between 2.3836(3) and 2.4672(4) A. The
angles around Cu and S are close to those expected for
distorted tetrahedral coordination in the ranges of 105.28(6)—
114.70(5)° for S(1)—Cu(1)—S(1) and S(3)—Cu(1)-S(3) and
104.98(5)—112.55(4)° for S(1)—Cu(2)-S(2) and S(3)-—
Cu(2)—S(2) atoms, respectively.

The coordination environments of Na, Ba(1), and Ba(2) are
shown in Figure 4ab. Na ions are situated within the atomic
layers and surrounded by 6 S atoms with an average Na---S
distance in the narrow range between 2.855(3) and 3.0119(4)
A. Two crystallographically distinct Ba** ions are located
between the anionic layers. Both are octahedrally coordinated
by 8 S atoms with an average Ba---S distance of 3.21(5) A. The
S(4)—S(4) distance of the disulfide unit 2.110(3) A close to a
S—S single bond at 2.09(1) A found in NaCu,S,,” but shorter
than the 2.15 A found in CuS.°®*” The Raman spectrum
obtained from a powder of NaBa,Cu,Ss (inset Figure 2b)
shows a sharp peak at 470 cm™" which corresponds to the S—S
stretching modes of S,>~ chains.®*””" This measurement
confirms the presence of S—S bonds that are implied by 2.15
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Figure 2. (a) DTA of NaBa,Cu;Ss showing a single melting and crystallization behavior. (b) Diffuse reflectance FT-IR spectrum of NaBa,Cu,S;
measured at room temperature, showing a band gap of 0.45 eV. The inset in (b) shows the room-temperature Raman spectrum of NaBa,Cu,S; with
a peak around 470 cm™ corresponding to the S—S stretching mode of S,*” units.
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Figure 3. Perspective view of the layered structure of NaBa,Cu,S; (a) along and (b) perpendicular to crystallographic b-axis. Ba atoms are gray; Cu
atoms blue, Na atoms black, and S atoms yellow. (c) SEM micrograph of a typical NaBa,Cu,S; crystal.

A S-S distances in single crystal refinement. Assuming
oxidation states of Cu atoms are 1+, the charge balances by
Na*Ba**,[Cu*;S;]%7S,>.

Physical Properties. Optical Absorption Properties. Based
on the charge balanced formula of Na*Ba®*,[Cu*;S;]>7S,*" the
compound is valence precise and is expected to be a
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semiconductor. FT-IR diffuse reflectance spectra collected for
NaBa,Cu;Ss at room temperature indeed reveal a band gap
observed at ~0.45 eV, Figure 2b. This narrow energy gap is
consistent with the black color of the crystals. The presence of a
band gap in NaBa,Cu;Ss is also predicted by ab initio
theoretical calculations to be presented below.
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Figure 4. Coordination environment of (a) Na and (b) Ba(1), Ba(2) atoms including S—S bonds.

Band Structure Calculations. The electronic band structure
of NaBa,Cu;S; in Figure 5 reveals an indirect band gap of 0.41
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Figure S. Calculated electronic band structure for NaBa,Cu;S;.

eV between the I'" and Z points, which is in good agreement
with the experimental band gap. The band structure shows
highly anisotropic band dispersions, reflecting the two-dimen-
sional layered structure of NaBa,Cu;S;. For example, the
valence bands show nearly flat dispersion along the I'-B and A-
Y directions which is perpendicular to the CuS, tetrahedral
plane. On the other hand, the conduction and valence bands on
the Y-I'-Z plane are quite dispersive.

Charge Transport Properties. Electrical conductivity and
Seebeck coefficient measurements were carried out on single
crystals of NaBa,Cu;S;. The electrical conductivity of this
compound shows a typical behavior for a poor metal over the
temperature range studied. As shown in Figure 6, the
conductivity of NaBa,Cu;S; is ~450 S/cm at room temperature
and increases to 1400 S/cm at 2 K. The room temperature
Seebeck coefficient (Figure 7) of NaBa,Cu,Ss is ~45 uV K7,
indicating that the dominant charge carriers are holes (p-type).

Hall effect measurements were performed to estimate the
concentration and mobility of carriers. Supporting Information,
Figure S3 shows the magnetic field dependence of Hall
resistivity py at different temperatures. In the experiment py
was taken as py = [p(,u) — P(—m)]/2 for each point to eliminate
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Figure 6. Electrical conductivity data as a function of temperature for
single crystals of NaBa,Cu;Ss: low temperature region measured on a
PPMS and high temperature region(inset figure) showing metallic
behavior.
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Figure 7. Variable-temperature thermoelectric power data for a single
crystal sample of NaBa,Cu;S; showing a p type behavior. The inset
figure shows carrier concentration as a function of temperature for
NaBa,Cus;S;.

any effect from misaligned of Hall electrodes. All curves in
Supporting Information, Figure S3 have good linearity versus
the magnetic field. Moreover, py is positive at all temperatures

dx.doi.org/10.1021/ic4008284 | Inorg. Chem. 2013, 52, 7210-7217



Inorganic Chemistry

below 150 K giving a positive Hall coefficient Ry = py/H,
which actually indicates that holes are the dominant charge
carriers in the conduction of NaBa,Cu;Ss. The high carrier
concentration (Figure 7, inset) found by Hall measurements of
p ~ 1.6-x 10*' cm™ at 200 K is indicative of p-type conduction
and is consistent with the positive Seebeck coefficient. This
number, however, may not be reliable given the single-band
approximation that is typically made to estimate it. The hole
mobility calculated from the Hall data and the electrical
conductivity are moderate at about ~2 cm?/V-s at 200 K.

The temperature-dependent magnetic susceptibility of
NaBa,Cu;S;, taken at H = 0.1 T over the range 5—300 K is
shown in Supporting Information, Figure S4. The susceptibility
is reminiscent of temperature-independent Pauli paramagnet-
ism. At low temperatures, a paramagnetic increase of
susceptibility is superposed with a diamagnetic component.
This behavior was also reported for metallic Ba,_ K,Cu,S,
synthesized from molten mixed Ba—K polysulfide salts*> and
KCu,S;.”

Since NaBa,Cu;S; is a valence-precise compound with an
optical band gap of 0.45 eV (Figure 2b) it is interesting to
ponder the origin of the observed metallic behavior in the
charge transport properties. The metallic character is likely due
to Cu vacancies. Assuming that one Cu atom vacancy creates
one hole, for a hole concentration of 10! cm™ an amount of
4.41 x 10" /em® Cu vacancies, will be needed to account for
them, this is approximately 0.13% Cu vacancies per unit cell.
This small fraction in occupancy is too low to be reliably
determined by single crystal refinement.

B CONCLUDING REMARKS

The layered compound NaBa,Cu;Ss is a narrow gap semi-
conductor with anti PbO-type [Cu,S,] layers sandwiching a
discrete disulfide unit. Despite its incongruent melting behavior
we succeeded in growing millimeter size single crystals by slow
cooling from the melt. The physical properties measured on
single crystals show p-type metallic behavior, with moderately
high electrical conductivity and carrier mobilities. In fact
NaBa,Cu;S; is a degenerate semiconductor with high carrier
concentration. Many copper chalcogenides are degenerate p-
type semiconductors with relatively large numbers of holes in
their valence band. Examples are BiCuOSe,”* La,_.Sr,CuOS,”*
LaCuOS,_,Se, with Mg doping’”® and BaCuTeF’® chalcoge-
nide-fluoride. These are wide gap materials and can exhibit
good p-type conductivity and mobility.”””® Based on these
phases further doping may be possible in NaBa,Cu;Sg as well.
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