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The compound La5Cu6O4S7 has been synthesized by the reac-
tion of La2S3 and CuO in a KI 6ux at 1173 K. La5Cu6O4S7

crystallizes in a new structure type in a cell of dimensions
a 5 5.667(1), b 5 15.666(3), c 5 17.534(3) A_ with four formula
units in space group D28

2h-Imma of the orthorhombic system at
T 5 153 K. The structure comprises [Cu2S2] anti6uorite-like and
[La10S2O8] 6uorite-like layers, and these two kinds of layers
stack in turn along the [001] direction. The La atom is coor-
dinated by a distorted square antiprism of four O and four
S atoms, and the Cu atom is coordinated by a tetrahedron of four
S atoms. The Cu atom in the [Cu2S2] layer is bonded to neigh-
boring Cu atoms; the Cu}Cu distances vary from 2.5864(7) to
2.965(1) A_ . The average oxidation state of the Cu atoms is 17/6.
La5Cu6O4S7 is metallic in the [100] direction, consistent with the
results of extended HuK ckel band structure calculation. ( 2000
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INTRODUCTION

Interest in high-temperature superconductors has led to
numerous studies of layered lanthanide copper oxides (1}3).
However, there are very few reports of related oxychal-
cogenides. The compounds ¸nCuOQ (¸n"rare earth ele-
ment; Q"S, Se) (4}7) are known. These belong to the
LaAgOS structure type (4) and contain the intergrowth of
#uorite-like [¸n

2
O

2
] and anti#uorite-like [Cu

2
Q

2
] layers.

The formal oxidation state of Cu is #1 in these com-
pounds, and they should all be semiconductors (8). Given
the ¸nCuOQ structure, if the [Cu

2
Q

2
] layer were kept

unchanged and some Q atoms were to replace some
O atoms in the [¸n

2
O

2
] layer, then the dimensions of the

#uorite-like layer might expand with the result that the
¸n :Cu ratio would decrease and the average oxidation state
of Cu would be greater than one. This could result in more
interesting physical properties.
To whom correspondence should be addressed.
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We have successfully replaced some O atoms with
S atoms in the [¸n

2
O

2
] layer to form the compound

La
5
Cu

6
O

4
S
7
. This compound belongs to a new structure

type, but it is closely related to the ¸nCuOS structure. The
Cu atoms in La

5
Cu

6
O

4
S
7

have an average oxidation state
of #7/6 and the compound shows metallic conductivity in
one direction. Here we present the synthesis, structure, elec-
trical conductivity, and band structure calculations on
La

5
Cu

6
O

4
S
7
.

EXPERIMENTAL

Synthesis

La
2
S
3

(1.0 mmol; Strem, 97%), CuO (2.0 mmol; Alfa,
99.99%), and KI (2.4 mmol, Aldrich, 99.99#%) were
loaded into a fused silica tube under an argon atmosphere in
a glove box. This tube was sealed under a 10~4-Torr atmo-
sphere and then placed in a computer-controlled furnace.
The sample was heated to 1173 K at 1 K/min, kept at 1173
K for 4 days, and cooled at 0.05 K/min to 573 K; then the
furnace was turned o!. The reaction mixture was washed
free of iodide salts with water and then dried with acetone.
There were two major products: orange needles and light
yellow powder. The yield of needles was about 50}60%.
Analysis of the needles with an EDX-equipped Hitachi
S-4500 SEM showed the presence of La, Cu, and S approxi-
mately in the molar ratio of 5:6:7; O was observed but
could not be quanti"ed. No evidence of K or I was found.
The compound is La

5
Cu

6
O

4
S
7
, as determined by an X-ray

di!raction study. It is very stable in air. Analysis of the light
yellow powder gave a molar ratio La:S approximately 2:3
with no trace of O corresponding to the starting material
La

2
S
3
.

Structure Determination

Single-crystal X-ray di!raction data were collected on
a 0.032]0.058]0.380-mm needle with the use of graphite-
monochromatized MoKa radiation (j"0.71073 A_ ) at



TABLE 1
Crystal Data and Structure Re5nement for La5Cu6O4S7

Formula weight 1364.21
Space group Imma
a (A_ ) 5.667(1)
b (A_ ) 15.666(3)
c (A_ ) 17.534(3)
Volume (A_ 3) 1556.8(5)
Z 4
¹ (K) 153 (2)
j (MoKa) 0.71073
o
#

(g/cm3) 5.821
Crystal dimensions (mm) 0.032]0.058]0.380
k (cm~1) 223.37
Transmission factors 0.102}0.537
Total re#ections/unique re#ections 6527/1071
Extinction coe$cient 0.00023(4)
Maximum/minimum di!erence density (e/A_ 3) 4.4(4)/}2.3(4)
R(F)a (F2

0
'2p(F2

0
)) 0.0310

R
w

(F2
0
)b (all data) 0.0826

aR(F)"+DDF
0
D}DF

#
DD/+DF

0
D.

bR
w

(F2
0
)"[+w (F2

0
!F2

#
)2/+wF4

0
]1@2, w~1"p2 (F2

0
)#(0.04]F2

0
)2 for

F2
0
'0; w~1"p2 (F2

0
) for F2

0
40.

TABLE 2
Atomic Coordinates and Equivalent Isotropic Displacement

Parameters for La5Cu6O4S7

Atom x y z ;
%2

(A_ 2)a

La1 0.0000 0.06913(2) 0.17849(2) 0.0060(2)
La2 0.0000 0.10397(2) 0.66725(2) 0.0093(2)
La3 0.0000 0.2500 0.32132(3) 0.0057(2)
Cu1 0.2384(1) 0.16454(3) 0.01184(4) 0.0180(2)
Cu2 0.2462(1) 0.0000 0.0000 0.0179(2)
S1 0.0000 0.07297(9) 0.4099(1) 0.0083(3)
S2 0.0000 0.5917(1) 0.08004(9) 0.0094(3)
S3 0.0000 0.2500 0.0959(1) 0.0080(4)
S4 0.0000 0.2500 0.5591(1) 0.0093(4)
S5b 0.2033(6) 0.2500 0.7528(5) 0.014(1)
O1 0.2500 0.1573(2) 0.2500 0.008(1)
O2 0.2500 0.5299(3) 0.2500 0.0088(8)

a;
%2

is de"ned as one third of the trace of the orthogonalized;
ij

tensor.
bThe occupancy of atom S5 is 0.50.
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153 K on a Bruker Smart-1000 CCD di!ractometer (9). The
crystal-to-detector distance was 5.023 cm. Crystal decay was
monitored by recollecting 50 initial frames at the end of data
collection. Data were collected by a scan of 0.33 in u,
respectively, in groups of 606, 606, and 606 frames at u set-
tings of 03, 1203, and 2403. The exposure times were
20 s/frame. The collection of intensity data on the Bruker
di!ractometer was carried out with the program SMART
(9). Cell re"nement and data reduction were carried out with
the use of the program SAINT (9) and a face-indexed ab-
sorption correction was performed numerically with the use
of the program XPREP (10). The program SADABS (9) was
then employed to make incident beam and decay correc-
tions.

The structure was solved with the direct methods program
SHELXS of the SHELXTL.PC suite of programs and re-
"ned by full-matrix least-squares techniques (10). The initial
solution led to atom S5 in position (4d) 1

4
, 1
4
, 3
4
. The ensuing

re"nement, which included anisotropic displacement para-
meters and a secondary extinction correction, converged to
an R

1
index of 0.0321 and was satisfactory in all respects

save for the value of ;
11

(S5) of 0.120(3) A_ 2, an extraordi-
narily large value for an S atom in a structure of a quater-
nary metal oxysul"de derived from a low-temperature data
set. Accordingly, atom S5 was placed in position (8i) x,1

4
,

z with occupancy 0.5 and x+1
4

and z+3
4
. This re"nement

converged to a value of R
1

of 0.0310 and to ;
11

(S5)"
0.021(3) A_ 2. The principal mean-square atomic displace-
ments for atom S5 are not exceptional compared with those
of other atoms in the structure. The S5 chains along a must
be ordered; otherwise impossibly short S5}S5 distances of
0.539(6) A_ result. The disorder of the S5 positions arises
from the lack of interchain communication, since no evid-
ence of a supercell was found. Additional experimental
details are shown in Table 1. Table 2 gives positional para-
meters and equivalent isotropic displacement parameters
and Table 3 presents selected bond distances.

Electrical Conductivity

The composition of two orange single crystals of
La

5
Cu

6
O

4
S
7

was con"rmed with EDX measurements. The
electrical conductivity of the single crystal samples was
measured with the use of a computer-controlled, four-probe
technique (11). Electrical contacts consisted of "ne gold wire
(25 and 60 lm in diameter) attached to the crystals with
gold paste. Samples were placed under vacuum for at least
24 h to allow the gold paste to cure completely, which
improved contact performance. Excitation currents were
kept as low as possible, typically below 1 mA, in order to
minimize any nonohmic voltage response and thermoelec-
tric e!ects at the contact}sample interface. Measurements of
the sample cross-sectional area and voltage probe separ-
ation were made with a calibrated binocular microscope.
Extended HuK ckel Calculations

Calculations were performed on a tetrahedral CuS7~
4

fragment, one [Cu
2
S2~
2

] layer in LaCuOS, and one
[Cu

2
S5@3~
2

] layer in La
5
Cu

6
O

4
S
7
with the use of the YAeH-

MOP package (12}14). These calculations were each carried
out only on one layer in the corresponding unit cell. The
parameters used for Cu and S orbitals are listed in Table 4.



TABLE 3
Selected Bond Lengths (A_ ) for La5Cu6O4S7

La1}O1]2 2.343(2) La3}S3]2 3.183(1)
La1}O2]2 2.446(3) Cu1}S1 2.477(1)
La1}S2 3.054(2) Cu1}S2 2.393(1)
La1}S3 3.182(1) Cu1}S3 2.407(1)
La1}S1]2 3.231(1) Cu1}S4 2.353(1)
La2}O2]2 2.337(2) Cu2}S1]2 2.422(1)
La2}S1 3.085(2) Cu2}S2]3 2.445(1)
La2}S2]2 3.2257(9) Cu1}Cu1 2.678(1)
La2}S4 2.971(2) Cu1}Cu1 2.702(1)
La2}S5 2.969(5) Cu1}Cu1 2.965(1)
La2}S5 3.166(4) Cu2}Cu2 2.791(2)
La3}O1]4 2.383(2) Cu2}Cu2 2.876(2)
La3}S1]2 3.179(1) Cu1}Cu2 2.5865(7)

TABLE 4
Atomic Parameters Used for the Extended HuK ckel Calculations

Element Orbital H
ii

(eV) f
1

f
2

C
1

C
2

Cu 4s !11.40 2.20
4p !6.06 2.20
4d !14.00 5.95 2.30 0.5933 0.5744

S 5s !20.0 2.122
5p !14.0 1.827
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RESULTS AND DISCUSSION

The unit cell of La
5
Cu

6
O

4
S
7

is displayed down the [100]
direction in Fig. 1. This structure is related to the ¸nCuOQ
structure (¸n"rare-earth element; Q"S, Se) (Fig. 2),
which belongs to the LaAgOS structure type. ¸nCuOQ is
built from [¸n

2
O

2
] #uorite-like and [Cu

2
Q

2
] anti#uorite-

like layers interstacked along [001] of a tetragonal cell.
La

5
Cu

6
O

4
S
7
is also built from #uorite-like [La

10
O

8
S
2
] and

anti#uorite-like [Cu
2
S
2
] layers interstacked along [001] of
FIG. 1. Unit cell of La
5
Cu

6
O

4
S
7

viewed down [100]
an orthorhombic cell. The [La
10

O
8
S
2
] layer can be ob-

tained conceptually from the [La
2
O

2
] layer by the substitu-

tion of every "fth O atom by a S5 atom along the [010]
direction, as shown in Fig. 1. When these larger S5 atoms
replace the smaller O atoms, the layer is distorted, the
symmetry of the structure is reduced from P4/nmm to Imma,
and the La:Cu ratio decreases from 1:1 to 5:6.

In ¸nCuOQ, the coordination polyhedra of the ¸n and
S atoms are distorted square antiprisms with four O atoms
in one base and four S atoms in another base for ¸n, and
with four Cu atoms in one base and four La atoms in
another base for Q. The Cu and O atoms are coordinated
tetrahedrally to four Q atoms and to four ¸n atoms, respec-
tively, with the tetrahedra sharing edges to form a layer. In
La

5
Cu

6
O

4
S
7
, there are three crystallographically indepen-

dent La, two Cu, "ve S, and two O atoms. The coordination
. For clarity, no La}S bonds except La}S5 are shown.



FIG. 2. Unit cell of ¸nCuOQ viewed down [110]. For clarity, no ¸n}Q
interactions are shown.
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environments for La, Cu, S, and O atoms are the same as
those in ¸nCuOQ except atom La2 is coordinated to six
S atoms and two O atoms. The distances of La}O (2.337(2)
to 2.446(3) A_ ), La}S (2.969(5) to 3.231(1) A_ ), and Cu}S
(2.353(1) to 2.477(1) A_ ) are comparable to those in LaCuOS
FIG. 3. Projection down [001] of the [Cu
2
S
2
] layer in La

5
Cu

6
O

4
S
7
. T

bottom-shaded grey circles represent the S atoms below the Cu net.
(La}O, 2.367(3); La}S, 3.253(4); and Cu}S, 2.437(4) A_ , re-
spectively) (7).

Figure 3 is a projection down [001] of the [Cu
2
S
2
] layer

in La
5
Cu

6
O

4
S
7
. As is evident from Fig. 1, this layer is

distorted; the Cu1 atoms alternately shift up and down
0.208 A_ from the plane of the Cu2 atoms, presumably be-
cause the S5 atoms occupy more space than the O atoms
they replaced. The Cu}Cu distance of 2.827(1) A_ in LaCuOS
(7) now takes on six di!erent distances, 2.678(1), 2.702(1),
and 2.965(1) A_ for Cu1}Cu1, 2.5865(7) A_ for Cu1}Cu2, and
2.791(2) and 2.876(2) A_ for Cu2}Cu2 in La

5
Cu

6
O

4
S
7
, as

shown in Fig. 3. Similar [Cu
2
Q

2
] layers are also found in

a number of ternary ACu
2n

Q
n`1

(A"Tl, K, Rb, Cs; Q"S,
Se, Te) and BaCu

2
S
2

compounds, where unique, short
Cu}Cu distances between 2.67 and 2.89 A_ are found (8,
15}19). The formal oxidation state of Cu is #1 in ¸nCuOQ,
#1 in BaCu

2
S
2
, and #(2n#1)/2n in ACu

2n
Q

n`1
, where-

as it is #7/6 in La
5
Cu

6
O

4
S
7
.

The electrical conductivity as a function of temperature
of La

5
Cu

6
O

4
S
7

in the [100] direction is shown in Fig. 4.
The material is a metallic conductor in this direction. The
increased slope below 175 K probably results from the
temperature-dependent distortion of the Cu net. The con-
ductivity of La

5
Cu

6
O

4
S
7

is 2.6]104 S/cm at room temp-
erature, which may be compared with the range 4.0]101
to 4.3]104 S/cm for the compounds ACu

2n
Q

2n`1
(A"Tl,

K, Rb, Cs; Q"S, Se, Te) (15}19).
Extended HuK ckel calculations have been performed on

the hypothetical tetrahedral 3d10 CuS7~
4

molecular frag-
ment, the two-dimensional [Cu

2
S2~
2

] layer in LaCuOS, and
he bottom-shaded circles represent the S atoms above the Cu net, and the



FIG. 4. Single-crystal electrical conductivity p vs ¹ for La
5
Cu

6
O

4
S
7

along the [100] direction.

FIG. 5. The band structure of the [Cu
2
S2~
2

] layer in LaCuOS, where !,
X, and M are (0,0,0), (1

2
,0,0), and (1

2
,1
2
,0).

FIG. 6. The partial band structure of the [Cu
2
S5@3~
2

] layer in
La

5
Cu

6
O

4
S
7
, where !, X, >, and M are (0,0,0), (1

2
,0,0), (0,1

2
,0), and (1

2
,1
2
,0).

370 HUANG ET AL.
the [Cu
2
S5@3~
2

] layer in La
5
Cu

6
O

4
S
7
, where the CuS

4
tet-

rahedron is the building block of a [Cu
2
S
2
] layer. In the

tetrahedral coordination environment, "ve Cu 3d atomic
orbitals (AO) are split into a typical &&two below three'' (Cu
e below Cu t

2
) (8, 19). The calculations on CuS7~

4
including

and excluding Cu 3d orbitals result in similar Cu}S overlap
populations, which are 0.32 and 0.33, respectively. Thus, Cu
3d AOs are almost nonbonding with the AOs of S and the
strong covalent bonding between Cu and S results mainly
from the interaction of the vacant Cu 4s and 4p AOs with
occupied S 3s and 3p MOs (8). The calculations also indicate
that the Cu 3d AOs (t

2
) in CuS7~

4
are all occupied around

the Fermi surface.
The band structure of the [Cu

2
S2~
2

] layer is shown in
Fig. 5. The HOMO and LUMO energy levels in [Cu

2
S2~
2

]
are !11.99 and !7.54 eV, respectively, whereas in tet-
rahedral CuS7~

4
they are !12.78 eV and !3.61 eV, re-

spectively. The gap between the HOMO and the LUMO,
4.44 eV in [Cu

2
S2~
2

], is much narrower than that of 9.17 eV
in tetrahedral CuS7~

4
. In comparison, the narrower gap of

4.2 eV found in the [Cu
2
S2~
2

] layer of BaCu
2
S
2
(8) is reason-

able since in BaCu
2
S
2

the layer is slightly more compressed
(the length of a being 3.908(1) A_ in BaCu

2
S
2

and 3.999(1) A_
in LaCuOS). The insulating behavior of LaCuOS is in-
dicated, as shown in Fig. 5.

Although the short Cu}Cu distances (e.g., 2.827(1) A_
in LaCuOS and 2.763(1) A_ in BaCu

2
S
2
) could indicate

Cu}Cu bonding, both Cu}Cu bonding and antibonding 3d
states are occupied in the valence bands. Only a very
small positive Cu}Cu overlap population (0.012)
was found; this results from second-order mixing of
the Cu 4s and 4p bonding states in the occupied levels.
Consider the [Cu

2
S2x~
2

] layer (04x41). If x"1
then all Cu 3d10 AOs are occupied; if x"0 then the
oxidation state of Cu is #2 and its electronic con"guration
is 3d9; if 0(x(1 then Cu has a 3d9`x con"guration.
As x decreases, the Fermi level drops (Fig. 5), some Cu}Cu
antibonding 3d states become unoccupied, the Cu}Cu
interactions become bonding, and the layer becomes
metallic. The [Cu

2
S5@3~
2

] layer in La
5
Cu

6
O

4
S
7

is such an
example. Its band structure is similar to that of [Cu

2
S2~
2

],
except for some bands that split as a result of the lower
symmetry. The HOMO energy falls slightly to !12.11 eV
compared with that of !11.99 eV in LaCuOS. As shown in
Fig. 6, La

5
Cu

6
O

4
S
7

is metallic along the [100] direction, as
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is found experimentally, and along [010], a direction in
which the conductivity could not be measured owing to the
habit of the crystals.
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