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The electrical and magnetic properties of the tetragonal BaCu,S;
and orthorhombic a-BaCu,S, compounds are reported as functions
of temperature, The electrical resistivity measurements on pressed
pellets show that both compounds are semiconductors. A diamag-
netic behavior was found for the two compounds at T > 70 K,
followed by a weak paramagnetic increase (p.q = 0.2 ug) at lower
temperatures. The electronic structure and bonding properties of
stoichiometric BaCu,S, and BaCu,S; are analyzed by means of
extended Hiickel tight-binding calculations. The results suggest
that both compounds adopt a semiconductor behavior, in agree-
ment with the resistivity measurements. © 1995 Academic Press, Inc.

INTRODUCTION

The study of various copper-containing materials has
recently received particular attention, stimulated by the
discovery of the high-T, superconductor copper oxides.
A new investigation of the pseudo-binary Cu,S-Ba8 sys-
tem in our laboratory led to the preparation of the barium
copper sulfides tetragonal BaCu,S, and a-phase ortho-
rhombic BaCu,S, (1, 3). Following a preliminary note on
their new preparation (5), we report in this paper the
temperature-dependent electrical and magnetic behavior
and the band electronic structure of BaCu,S, and
BaCu,S,.

EXPERIMENTAL

Initially, the structure of BaCu,S, was determined from-
single crystal X ray diffraction data by Iglesias et al. in
the 1970s (2, 3, 12) with space group Pnma. We prepared
this compound in pure powder form (5) as described by
Saeki et al. (6, 7). It was indexed on the basis of a tetrago-
nal cell with the space group I,/mmm which was found
again by Savel'eva and colleagues (8). Therefore, it is
likely a polymorph of the former. We were not able to

I To whom correspondence should be addressed.

obtain single crystals according to the preparation method
given in Ref. (8). The typical composition resulting from
an elementary analysis performed with scanning electron
microscopy (SEM) was Bag oCU, 055 90.

The a-phase BaCu,S,, called BaCu,S; in the text, first
studied by Steinfink ef ai. (1, 3, 4), was obtained in powder
form using a new preparation method (5). Attempts to
systematically vary this procedure in order to obtain sin-
gle crystals have been unsuccessful thus far. A SEM anal-
ysis led to the chemical formula Ba,; ,Cus 6755 -

The electrical resistivity measurements have been per-
formed on pellets of 5 mm in diameter pressed at about
7 kbar, using the standard four-probe van der Pauw tech-
nique.

The magnetic susceptibility was measured from 5 K to
room temperature under a 5-kOe magnetic field using a
variable-temperature SQUID susceptometer (SHE-VTS-
906). All the molecular and tight-binding (9) calculations
were carried out within the extended Hiickel formalism
(10) using standard atomic parameters for Ba, Cu, and S.
The exponent (£) and the valence shell ionization potential
(H; in eV) were respectively 1.817, —20.0 for S 3s; 1.817,
—-13.3 for S 3p; 2.2, ~11.4 for Cu 4s; 2.2, —6.06 for Cu
4p; and 1.214, —6.62 for Ba 6s; 1.214, —3.92 for Ba 6p.
The H; for Cu 3d was set equal to —14.0 eV. A linear
combination of two Slater-type orbitals of exponents {, =
5.95 and £, = 2.1 with weighting coefficients ¢; = 0.577
and ¢, = 0.6167 was used to represent the 3d atomic
orbitals of Cu. Unless specified in text, all the considered
interatomic distances are the experimental ones. The DOS
of BaCu,S, was obtained using a set of 40 k points taken
in the irreducible part of the Brillouin zone corresponding
to the tetragonal cell. The DOS of the three-dimensional
BaCu,S, compound was computed with a set of 12 & points

2 The formula was determined from an analysis performed on 30 to
50 1-um® samples. The statistical confidence limit on the mean atomic
percentage depends on the number of samples and ranges generally
from less than 1 to 3% in the calculations.
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taken in the irreducible wedge of the Brillouin zone corre-
sponding to the orthorhombic cell. All k point sets were
chosen in accordance with the geometrical method de-
scribed by Ramirez and Béhm (11).

RESULTS AND DISCUSSION

(a) Description of the Structures

A description of the structures of BaCu,S, and BaCu,S,
compounds can be found in the literature {1-3, 8, 12, 14).
They are briefly recalled here. BaCu,S, adopts the well-
known ThCr,Si,-type structure (/,/mmm) (15). The re-
finement of our powder diffraction pattern leads to a =
3.908(1) A, ¢ = 12.656(2) A, close to the values in Ref.
(6). Analogous chalcogenides such as KCuFeS,; and
KCuFeSe, have recently been reported (16). For
BaCu,S,, the Lazy Pulverix program using results pub-
lished in (8) gives a simulated diffraction powder pattern
fairly similar to the experimental one (5). In addition,
experimental and calculated densities fit each other.

As shown in Fig. 1, this compound depicts a layered
structure in which copper—sulfur slabs are separated by
barium sheets. The Cu,S, nets are anti-PbO-type layers,
made of CuS, tetrahedra (Cu-S = 2.413 A) sharing edges.
In addition to the tetrahedral sulfur shell, each Cu atom
lies in the middie of a square of copper congeners (Cu-
Cu = 2.762 A). The S atoms have a square-pyramidal
geometry. An alternative way, to describe a Cu-S slab
is to consider a square net of Cu atoms sandwiched in a
staggered way by square nets of S atoms. The Ba cations
are surrcunded by a cube of S atoms (Ba—-S = 3.267 A).

Iglesias et al. have shown that «-BaCu,S, crystallizes
with the space group Pama (1, 3). According to them,
this compound can be prepared in pure form in a sealed
tube. Attempts to reproduce their work lead only to a
mixture of several phases, one of which is BaCu,S,. Our
single-crystal measurements lead to an orthorhombic cell
with parameters ¢ = 10.752(3) A, b = 4.0283) A, and
¢ = 13.254(5) A, comparable to those proposed earlier
(1). A Lazy Pulverix simulation from the results in (1)
gives a powder diffraction pattern in good agreement with
that we obtained experimentally on our new prepared
powder samples (5).

As shownin Fig. 2, BaCu,S; adopts a three-dimensional
structure containing infinite columns made up of BaS,
trigonal prisms sharing triangular faces and running along
the b direction (1, 3). The Ba—S distances vary from 3.120
to 3.307 A. One square face of each BaS, prism is capped
by a sulfur atom belonging to a prism of a neighboring
column (Ba-S = 3.285 A). These infinite “‘tubes” are
held together by Cu atoms of different kinds (Cu(1-4)},
which are either three- or fourfold coordinated to sulfur
atoms in distorted Y-shaped (Cu(1) and Cu(2)} or tetrahe-
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FIG. 1.

Crystal structure of BaCu,S,.

dral {Cu(3) and Cu(4)) environments. The Cu-S separa-
tions range from 2.237 and 2.701 A. Cu(1) and Cu(2) on
one side and Cu(3) and Cu(4) on the other side form zigzag
chainsurunning parallel to the b direction (Cu(1}-Cu(2) =
2.754 A and Cu(3)-Cu(4) = 2.677 ;\). Quasi-linear chains
made up of Cu(2) and Cu(3) run along the a axis
{Cu(2)—Cu(3) = 2.573-2.850 A). The structure of BaCu,S,
can be compared to that of anti-Re,;B (BaS,), which would
be distorted and stuffed with the copper atoms (3).

(b) Electrical Properties

The curves Ri/Ryg0 = f(T) illustrated in Fig. 3 for
BaCu,S; (curve 1) and BaCu,S, (curve 2) in the tempera-
ture range 77-293 K are typical for semiconducting mate-
rials, though it was not possible to estimate the activation
energy. The curve relating to BaCu,S; obtained at present
is quite similar to that given by Iglesias and Steinfink for
a-BaCu,S; in Fig. 1a in Ref. (4), particularly between 80
and 300 K. Note that Savel’eva and co-workers (8, 13,
14) have recently measured a metallic behavior for
BaCu,S, from room temperature to 40 K. This is some-
what surprising at first sight. When the Zintl concept is
applied, the oxidation formalism appropriate for BaCu,S,
is (Ba?)[(Cu™),(827),1*", leading to formal 4'® Cu centers
and consequently suggesting a semiconducting behavior
for the material. In fact, it turns out that the preparation
of pure BaCu,S, proposed by Savel’eva et al. (8) leads
to the formation of a mixture made of BaggCu, 1S g4
(85%) and Ba, 4sCu; S, ¢+ (15%) (5). Being made of non-
stoichiometric compounds deficient in barium (there are
roughly 4% of Ba vacant sites in both compounds and
2% of Cu vacant sites in BaCu,S;), this mixture exhibits
actually & metallic behavior until 77 K (5).
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FIG, 2. Crystal structure of a-BaCu,S,.

{c) Magnetic Properties

The magnetic susceptibilities of BaCu,S, and BaCu,S,
are shown in Figs. 4a and 4b, respectively. We found no
indication for a superconducting behavior down to 2 K,
in disagreement with a recent study, which suggests that
both compounds could possibly be superconductors (17).

Negative values of the susceptibility were observed
between 70 and 300 K (for BaCu,S,; Fig. 4a) and between
110 and 300 K (for BaCu,S;; Fig. 4b). At lower tempera-

tures, a paramagnetic increase of the susceptibility is su-
perposed to the diamagnetic component. In order to eval-
uate the respective contributions, the experimental data
were fitted over the whole temperature range by

Xexp = CIT + XDIA + Xo» [1]

where yp4 18 the diamagnetic contribution of the atoms
(—132 x 107%and —194 X 107 emu - mole™! for BaCu,S,
and BaCu,S;, respectively), and y, is the temperature-

R1/Ra90
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FIG. 3. Electrical resistivity {(normalized to the 290-K value) as a function of temperéture for BaCu,S; (curve 1) and BaCu,S, (curve 2).
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FIG. 4. Experimental magnetic susceptibility x.., and 1/(x — x,) (insets) as a function of temperature T (K) for (a) BaCu,S; and (b) BaCu,S,.

independent paramagnetism. The latter contribution has
been determined by means of a linear correlation of x *
T versus T with X = .., — Xpia Over the whole set of
temperature available (5-300 K). Values of y, (53.3 =
0.9)10"%and (167.0 = 1.0) 10~%emu - mole™" are calculated
for BaCu,S, and BaCu,S,, respectively. The confidence
limits have been determined for the calculation of x, with
the corresponding numerical equation at the usual proba-
bility threshold of 0.05.

The insets in Figs. 4a and 4b show the inverse of the
molar term (x — x,) ! versus T over the temperature range
- 5-140 K (after substraction of the diamagnetic contribu-
tion) following

(X — x)' = TC, (2]

supposing that the straight lines determined with the cor-
responding equations cut the origin, i.e., supposing that
their intercept 8/C of a more exact Curie—Weiss law is
negligible. This is not really the case, as a statistical test
can show it. However, the value of C obtained this way
is admitted to be the best averaged one. The Curie con-
stants are then found to be C = (5.83 = 0.05) 10~* and
(4.20 = 0.04) 10* emu - K - mole™! leading to very low
magnetic moments . of 0.22 and 0.18 pg (=0.2 uy) for
BaCu,S, and BaCu,S,, respectively.

Supposing that the Curie constant for Cu?" equals 0.374
emu - K - mol™!, it is then possible to estimate the relative
concentration n of copper atoms in a d° oxidation state,
from the relation n = 0.374/C, where C are the experimen-
tal Curie constants. The negligible values obtained by
this way (less than 1.5%) suggest that the paramagnetic
increase is rather an impurity effect superposed to the
intrinsic diamagnetic behavior of the two compounds.

{d) Band Structure Calculations

Extended Hiickel calculations have been performed in
order to interpret the electrical and magnetic properties
of BaCu,S, (18) and BaCu,S,;.

I. The BaCu, S, material. As said previously, the for-
mal oxidation formalism appropriate for BaCu,S, is
(Ba**)}[(Cu*)(S*"),)*". As mentioned earlier, the Cu,S,
layers contain only tetrahedrally coordinated copper
atoms. With formal d'° ML, tetrahedra forming the slabs,
BaCu,S, should be an insulator (or a semiconductor). The
density of states (DOS) of the 3-D material shown in Fig.
5 agrees with this statement. A gap of ca. 4 €V (probably
somewhat overestimated, this is inherent to the calcula-
tion method) 1s computed between the valence and con-
duction bands. The shape of the DOS can easily be under-
stood starting from the analysis of the orbitals of a d'°
(CuS,)’~ fragment, which is the building block of the Cu,S,
layers. The usual molecular orbital pattern of a hypotheti-
cal tetrahedral (CuS,Y~ complex is illustrated on the left-
hand side of Fig. 5 (19). Note that because the valence-
shell ionization potentials (H;) of Cu 3d atomic orbitals
(AQO) are slightly below those of the S 3p AQOs, the anti-
bonding Cu-S molecular orbitals (MQ) are slightly more
localized on the sulfur atoms. The opposite situation oc-
curs for the bonding Cu-8 MQOs. A large gap of 9.8 eV
separates the 3f, highest occupied molecular orbital
(HOMQO) from the 2a, lowest unoccupied molecular or-
bital (LUMO), for a count of d'°. Rather strong covalent
bonding is observed between Cu and S atoms, mainly due
to bonding interaction of the vacant Cu s and p AOs with
occupied S s and p MOs. The computed Cu-S overlap
population is (.324.

The DOS of BaCu,S, should be deduced from this sim-
ple MO diagram. We just must take into account the
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{CuS,)"" fragment are recalled on the far left.

additional Cu—Cu interactions, which might occur, In-
deed, in addition to a tetrahedral sulfur shell, each Cu
atom is surrounded by a square of Cu congeners, distant
of 2.76 A (vide supra). Significant Cu-Cu interactions are
expected at such separations. This is particularly the case
for the o-type MOs of g, and ¢ symmetry. For instance,
the 2a, MO gives rise to one broad band spreading over
6 eV. The peaks around —12 eV derive from the Cu—Cu
bonding and antibonding combinations of the 1e MO (see
Fig. 5). Broad bands are also observed around —14 eV,
The Cu-Cu interactions lead to a decrease of the
HOMO-LUMO gap, which is now 4.2 ¢V (see Fig. 5).
The electron transfer from the Ba atoms toward the Cu-8
framework is almost complete. The computed atomic net
charges are

(Bal.ﬁo+)[(cuo.l] ~)2(SO.69—)2]L60— .

These charges reflect the rather large ionic character of
the interactions between the Ba atoms and the Cu,S, slabs
and the covalent character of that between copper and
sulfur atoms inside the slabs. The Cu-S overlap popula-
tion (0.266) is comparable to that computed in the molecu-
lar complex (CuS,)’~. An analysis of the Cu-S overlap
population as function of the energy (20) indicates that
the bottom of the valence band is strongly Cu—S bonding,
whereas the top is Cu-S antibonding. This was expected

DOS of BaCu,S,: (a) total DOS (dashed line) and Cu contribution (solid line); (b) § contribution. The MO levels of the isolated

from the analysis of the orbitals of the (CuS,)’™ monomer.
The weakly positive Cu—Cu overlap population (0.021) is
due to second-order mixing of the Cu 4s and 4p bonding
states into occupied levels, since both Cu—-Cu bonding
and antibonding 3d states are occupied in the valence
band (see Fig. 5). Note that the highly covalent character
observed between copper and sulfur atoms in BaCu,S, has
already been noted both experimentally and theoretically
(21, 22).

Surprisingly enough, LMTO-ASA band calculations
very recently performed by Osadchii and colleagues show
a very weak peak of DOS at the Fermi level mainly made
of Ba and S participation (21). The authors conclude that
the material should be metallic. This is somewhat puzzling
to us. A drastic change of the Cu H;; parameters and the
introduction of Ba 54 levels, and S 3d levels do not change
our conclusions. In any case, we do not find a metallic
behavior for BaCu,S,, in agreement with the experimental
results (vide supra).

The top of the valence band is Cu—Cu and Cu-S anti-
bonding. Consequently, a removal of electrons would
strengthen the Cu—Cu and Cu-8 contacts. This would
also render BaCu,S, metallic. Such a situation could occur
with a partial removal of Ba?™ cations in the lattice for
instance. Cationic vacancies are often observed in solid-
state copper chalcogenides. This is the case, for example,
for Na, (Cu,Se,. Cu,0, recently reported by Kanatzidis
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(CuS,)’" and (CuS,)*~ fragments are recalled on the far left.

and co-workers (23). Alternatively, a partial replacement
of Ba®* cations by monovalent cations would also give
rise to a conducting material as is the case for TICu,Se,*
of which the appropriate oxidation formalism is TI*
[Cu")(Cu?*)(Se* ),]~! (24), KCuFeS, and KCuFeSe,, re-
cently reported by Mujica et al., should also be metallic
(16). Note finally that the arrangement observed in
BaCu,S,, analog to that of ThCr,Si,, is rather scarce for
d'° transition metals.

2. The BaCu,S; material. Extended Hiickel tight-
binding calculations were carried out on the whole
BaCu,S; material. The formal oxidation state for the stoi-
chiometric BaCu,S; material is (Ba®")[(Cu®),(8?7),F .
Thus, BaCu,S, containing ¢'® Cu* atoms should also be
semiconducting. Indeed, a gap of 3.6 eV is computed
between the valence and conduction bands, as shown in
Fig. 6, where the DOS of BaCu,S, is represented. As said
previously, BaCu,S, is made of distorted tetrahedral Cul,
(Cu(3)) and almost planar Y-shaped Cul; fragments
(Cu(1), Cu(2), and Cu(4)). The FMOs of regular tetrahe-
dral (CuS,)"~ and Y-shaped (CuS,)*~ d'° entities are
shown on the left-hand side of Fig. 6 (the distortion away
from regular tetrahedral and trigonal environments, which
is observed around the different Cu atoms in BaCu,S,
hardly perturbs the orbital patterns of the fragments).

* TICu,S, also exists (24). They both adopt the same structural arrange-
ment as that of BaCu,S,.

An important HOMO-LUMO gap (6.55 eV} is computed
between the almost pure metal p a; MO and the Cu-S
antibonding 3¢’ MO for a d'° electron count. The Cu-S
overlap population is slightly larger than that computed
for (CuS,)"™ (0.366 vs 0.324).

According to the DOS, strong interactions occur be-
tween the different copper—sulfur fragments, Despite
their different ligand environments, all copper atoms pre-
sent comparable projected DOS (see Fig. 6). The
metal-metal interactions lead to broad bands (particularly
those deriving from the s and p Cu MOQOs). As a conse-
quence, the calculated energy gap separating the valence
and conduction bands (3.6 e¢V) is weaker than the
HOMO-LUMO gaps observed in the (CuS,)” and
(CuS;)~ monomers (9.50 and 6.55 eV, respectively).

Rather strong positive overlap populations are com-
puted for both Cu-S and Cu—Cu contacts. The Cu-8§
ones range from 0.07 to 0.426, depending on the distances
(2.237-2.701 A), and the Cu—Cu ones range from 0.003
(2.965 A) to 0.046 (2.574 A). As expected, the electron
transfer from the Ba atoms toward the Cu-S framework
is aimost complete. The calculated atomic net charges are

(Bal.58+)[(cu( 1)0.997Cu(2)0.M—Cu(3)0.00Cu(4)0.U9—)
(SU)0.54—3(2)0.33—5(3)0.49—)] ].58-- )

If the compound was nonstoichiometric with some sul-
fur vacancies, it should be metallic due to some depopula-
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tion of states lying in the top of the valence band. Then
we may ask if we can predict the type of § atoms, which
would be removed first. It turns out that the three types
of sulfur atoms contribute to the top of the valence band.
We note however, that they are not strictly identical since
their atomic net charges differ somewhat (vide supra). As
for BaCu,8,, another way to observe metallic conductiv-
ity for BaCu,S; would be a partial removal of Ba’* and
also Cu™ atoms.

Other ternary intercalated copper sulfides of stoichiom-
etry 1 :4:3 are known, such as KCu,S, which crystallizes
with a unique layered structure. Containing mixed-
valence copper atoms (1, II), KCu,S, is highly metallic
(25).

CONCLUSION

The electrical properties reported here indicate that
both BaCu,S, and BaCu,S, are semiconducting materials,
Extended Hiickel tight-binding calculations performed on
stoichiometric compounds support this result and the
Zintl concept can simply be used to rationalize the bond-
ing observed in these materials. As expected then,
BaCu,S; and BaCu,S, are diamagnetic. Further work is
in progress in order to study the influence of the substitu-
tion of divalent Ba atoms by monovalent alkali metals,
such as K or Cs, on the physical and electronic properties
of BaCu,$S,.
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