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Abstract

A single phase of CeCuOS was prepared by sulfurization of starting materials, CeO, + Cu,S, and subsequent post-annealing in
evacuated silica tubes. The crystal structure of the CeCuOS single phase was examined by the Rietveld analysis. The shrinkage of the
unit-cell volume for CeCuOS was obviously observed in the series of LnCuOS (Ln=La-Nd) oxysulfides. The examination of
interatomic distances revealed that Ce—S distances in CeCuOS are shorter than those predicted from the lanthanide contraction and
this short Ce—S bond length is responsible for the unit-cell-volume shrinkage of CeCuOS. The origin of the shrinkage is discussed in
the viewpoints of the Ce valence and interatomic distances along with the results of magnetic measurements.

© 2002 Elsevier Science (USA). All rights reserved.
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1. Introduction

Lanthanide copper oxychalcogenides, LnCuOCh
(Ln=lanthanide, Ch=chalcogen) belong to mixed-
anion materials composed of divalent oxygen and
chalcogen anions. Although each cation in oxychalco-
genides is usually coordinated by both oxygen and
chalcogen anions, the situation in the LnCuOCh
oxychalcogenides differs because of their layered crystal
structure: Cu ions are coordinated by only chalcogen
anions [1-5]. The crystal structure of LnCuOCh is
shown in Fig. 1. The (Ln,0,)*" oxide layers and
(Cu,yCh,)*~ chalcogenide layers are alternately stacked
along the c-axis, and the structure of each layer is
regarded as a PbO-type and anti-PbO-type, respectively.
This layered crystal structure brings interesting electrical
and optical properties to these materials [6—12].

Charkin et al. first prepared CeCuOS along with other
LnCuOS (Ln=Sm, Eu) oxysulfides [13,14]. They re-
ported the lattice constants of the series of LnCuOS
(Ln=La-Eu), and found anomalous shrinkage of the
unit-cell volume for CeCuOS in the plot of the unit-cell
volume against the atomic number of the lanthanide
elements. However, some CeCuOS samples prepared by
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their group were not of a single phase but mixture of
CeCuOS and Cu metal or Ce sulfide, and the details of
the crystal structure of this material were not investi-
gated.

In this study, we prepared a single phase of CeCuOS
by a two-step process of sulfurization and post-
annealing, and examined the crystal structure of this
material by the Rietveld analysis. The dependence of the
unit-cell volume on the lanthanide ions in the LnCuOS
(Ln=La—Nd) oxysulfides was reexamined to discuss the
origin of the anomalous shrinkage for CeCuOS in the
viewpoints of the valence states of Ce ions and
interatomic distances.

2. Experiments
2.1. Sample preparation

LnCuOS oxysulfides are usually synthesized by solid-
state reaction of Ln,O3, Ln,S; and Cu,S, or Ln,O,S and
Cu,S in evacuated silica tubes. Although lanthanide
metals can be used as starting materials, these lantha-
nide compounds are frequently used to avoid the
oxidation of the metals. However, in the case of
CeCuOS, Ce,0O3 is not used as a starting material
because Ce,O; is unstable and oxidized to CeO,.
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Fig. 1. Crystal structure of LnCuOCh (Ln=lanthanide, Ch= chalco-
gen).

Moreover, Ce>O,S is also unstable in air and easily
oxidized by incorporating oxygen ions in its layered
structure accompanying the change of the lattice
constants and the color of the material [15]. Therefore,
the use of Ce metal seems to be inevitable for the
synthesis of CeCuOS by solid-state reaction in evac-
uated silica tubes. However, as Charkin et al. reported,
the synthesis of a CeCuOS single phase seems to be very
difficult probably because of the redox reaction of Ce
and Cu ions. We also attempted this method but failed
in obtaining a single-phase material.

We prepared CeCuOS through a two-step process,
sulfurization and post-annealing. The sulfurization was
carried out using H,S gas, and post-annealing was done
in evacuated silica tubes. Mixed powders of CeO, and
Cu,S (Ce0,:Cu,S=2:1) were used as starting materials,
and the powder was sulfurized at 800°C for 2h in
the flow of the dilute H,S gas composed of
H,S:H,:Ar=3:27:20. This reaction is expressed by the
following equation:

2Ce0; + Cu,S + 2H,S - 2CeCuOS + 2H,0 + S.

However, the product of this reaction is not a single
phase in the as-prepared state and includes a slight
amount of other phases such as sulfide or oxide. The
product was subsequently annealed at 800°C for 6h in
an evacuated silica tube to obtain a single phase of
CeCuOS.

LnCuOS (Ln=La, Pr, Nd) oxysulfides were synthe-
sized by conventional solid-state reaction of Ln,O,S and
Cu,S in evacuated silica tubes to compare structural
differences among the LnCuOS (La—Nd) oxysulfides.

2.2. Characterization

The chemical composition of the sample was exam-
ined by inductively coupled plasma (ICP) emission

spectroscopy. A small amount of the sample powder
was dissolved in hot nitric acid at 130°C using an
autoclave, and the solution was used for the ICP
measurement.

The powder X-ray diffraction (XRD) pattern of the
sample was recorded at room temperature using an
XRD diffractometer with a rotary Cu target and a
monochrometer for Ko /Ko, separation (Rigaku Rint,
2000). The intensity data collected from 260 =5° to 100°
with a scan step of 0.02° were analyzed by the Rietveld
method using the program code, RIETAN [16]. The
space group of P4/nmm was adopted for CeCuOS, and
the crystal structural data reported for LaCuOS [1] were
used as initial parameters in the calculation. The crystal
structures of LnCuOS (Ln=La, Pr, Nd) oxysulfides
were also examined by the Rietveld analysis in the
similar way.

Electrical conductivities were measured by the four-
probe method using sintered disks. DC magnetic
susceptibilities were measured with a SQUID magnet-
ometer (Quantum Design, Model MPMS) in the
temperature range from 5 to 273 K.

3. Results and discussion

The XRD pattern observed for the sample and the
fitted pattern by the Rietveld analysis are shown in
Fig. 2. The fitted pattern agrees well with the observed
XRD pattern, confirming that the sample consists of a
single phase of CeCuOS. The chemical composition of
the sample analyzed by the ICP measurement revealed
that the cation ratio of Cu/Ce is 0.99+0.01. The single
phase of CeCuOS shows black color and relatively high
electrical conductivity (¢ =1 Sem™") at room tempera-
ture. These features are unique for this material among
LnCuOS: the LnCuOS (Ln=La, Pr, Nd) oxysulfides
show light brown color and low electrical conductivities
(6<1073Scm ') at room temperature.

The lattice constants, ¢ and ¢, refined by the Rietveld
analysis are summarized in Table 1 along with the unit-
cell volume and R values. Table 2 lists atomic positions,
isotropic thermal parameters (B), and site-occupancy
parameters (g). Nominal chemical composition was
assumed for the site-occupancy parameters in the
Rietveld calculation because the Cu/Cu ratio examined
by the ICP measurement was almost of stoichiometry.
Although the possibility of Cu deficiency cannot be
eliminated due to the Cu/Cu ratio and the large thermal
parameter, the amount of Cu vacancies is considered to
be rather small.

Lauxmann et al. synthesized single crystals of
PrCuOS and analyzed its crystal structure [5]. Ishikawa
et al. prepared some LnCuOS (Ln=La, Pr, Nd)
oxysulfides and examined the thermoelectric power of
these materials [9]. However, they did not attempt to
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Fig. 2. XRD pattern of CeCuOS. Observed pattern (+) and calculated pattern (solid line) are shown along with their difference. The vertical bars

indicate the position of Bragg reflections.

Table 1
Summary of refinement data and lattice parameters for LnCuOS
(Ln=La-Nd)

Table 2
Site occupancy, atomic positions and istropic thermal parameters for
LnCuOS (Ln=La-Nd)

Formula LaCuOS CeCuOS PrCuOS NdCuOS
Space group  P4/nmm P4/nmm P4 /nmm P4 /nmm
a (A) 3.99625(4)  3.9228(1)  3.94148(9)  3.9196(1)
¢ (A) 8.51743(9)  8.3475(3)  8.4376(1)  8.4282(2)
Ve (A% 136.023(2) 128.46(1) 131.081(5) 129.487(6)
V4 2 2 2 2

R, 3.91 6.27 6.69 6.61

Ry 5.34 8.21 8.50 8.55

R 3.38 5.80 5.96 4.66

S 1.57 1.41 1.42 1.83

synthesize CeCuOS. Charkin et al. elaborately prepared
several LnCuOCh (Ch=S, Se, Te) oxychalcogenides and
found the anomalous shrinkage of the unit-cell volume
for CeCuOCh, which is not easily expected from the
lanthanide contraction. However, some CeCuOCh
samples (CeCu;OCh and CeCuygOCh) that they
prepared were the mixture of CeCuOCh and Cu metal
or Ce chalcogenide. Since the presence of the secondary
phases might influence the lattice constants of the
CeCuOCh oxychalcogenides, we reexamined the depen-
dence of the unit-cell volume on the lanthanide ions in
the LnCuOS (Ln=La-Nd) oxysulfides using single-
phase samples. Figs. 3(a) and (b) show the unit-cell
volume and lattice constants for LnCuOS. Our results
are similar to those reported by Charkin et al. and the
unit-cell-volume shrinkage for CeCuOS was observed
obviously. It is, therefore, concluded that the shrinkage
for CeCuOS is intrinsic to this compound.

DC magnetic susceptibility (y) was measured to
evaluate effective magnetic moments (p.g) for LeCuOS

WN g x y z B (A?
LaCuOS
La 2¢ 1.00 1/4 1/4 0.1478(3) 0.4(1)
Cu 2b 1.00 1/4 3/4 12 1.7(2)
S 2¢ 1.00 1/4 1/4 0.661(1) 0.7(3)
(0] 2a 1.00 1/4 3/4 0 0.2(7)
CeCuOS
Ce 2¢ 1.00 1/4 1/4 0.1508(6) 0.5(1)
Cu 2b 1.00 1/4 3/4 12 4.8(5)
S 2¢ 1.00 1/4 1/4 0.670(2) 0.2(4)
(@) 2a 1.00 1/4 3/4 0 0.2(4)
PrCuOS
Pr 2¢ 1.00 1/4 1/4 0.1461(4) 0.2(1)
Cu 2b 1.00 1/4 3/4 12 1.2(3)
S 2¢ 1.00 1/4 1/4 0.663(1)) 0.7(4)
(@) 2a 1.00 1/4 3/4 0 0.(1)
NdCuOS
Nd 2¢ 1.00 1/4 1/4 0.1444(4) 0.4(2)
Cu 2b 1.00 1/4 3/4 1/2 1.2(3)
S 2¢ 1.00 1/4 1/4 0.666(1) 0.8(5)
(@) 2a 1.00 1/4 3/4 0 0.(1)

(La—Nd). LaCuOS showed diamagnetic behavior. While
other oxysulfides showed paramagnetic behavior. The
plot of 1/y — T demonstrated that the paramagnetic
samples basically obey the Curie—Weiss law, and the
effective magnetic moments were estimated to be pp =
2.1 ug for CeCuOS, 3.1 ug for PrCuOS and 3.3 ug for
NdCuOS (ug: Bohr magneton). These values are slightly
different from those of free Lanthanide trivalent ions,
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Fig. 3. Unit-cell volume (a) and lattice constants (b) of LnCuOS
against lanthanide ions. The data obtained in this study (filled triangle)
are shown with the data reported by Charkin et al. (open triangle),
Ishikawa et al. (open square), and Lauxmann et al. (open circle) for
comparison.

fhor = 2.4 g for Ce* ™, 3.5ug for Pr’™ and 3.5 ug for
Nd**, probably due to the influence of the crystal field
[17]. Similar results on the effective magnetic moments
have been reported for LnCuOSe (Ln=Ce, Nd) by
Ohtani et al. [7]. The effective magnetic moment for
CeCuOS indicates that Ce ions are primarily trivalent in
this material.

To understand the unit-cell-volume shrinkage of
CeCuOS, the interatomic distances in LnCuOS were
examined. The interatomic distances were estimated
from the analyzed crystal data and plotted against the
lanthanide ions as shown in Fig. 4. The interatomic
distances are also calculated from the data of ionic radii
[18] by summing the ionic radii of neighboring ions, and
the observed and calculated data are listed in Table 3
and compared in Fig. 4. The ionic radii for eight-fold
coordinated Ln®* ions are used in the calculation of the
interatomic distances. In comparison between the
observed interatomic distances and the calculated ones,
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Fig. 4. Observed (closed symbol) and calculated (open symbol)
interatomic distances in LnCuOS against lanthanide ions. Ln-O
(square), Ln-S (circle), and Cu-S (triangle).

Table 3
Observed and calculated interatomic distances in LnCuOS
Sample Ln-O (A) Ln-S (A) Cu-S (A)

Obs. Cal. Obs. Cal. Obs. Cal.
LaCuOS 2.362(1) 2.56  3.257(6) 3.00 2.428(7) 2.44
CeCuOS 2.330(2) 2.54  3.148(8) 298  2.42(1) 2.44
PrCuOS 2.325(2) 2.53 3217(7) 297  2.406(8) 2.44
NdCuOS  2.307(2) 2.51 3.195(8) 295 2.41209) 244

it is understood that the observed Ln—S distances are
longer than the calculated ones, while the situation is
reverse in the Ln—O distances. The observed Cu-S
distances are very close to the calculated ones. This long
Ln-S distances or short Ln—O distances in LnCuOS
indicate that the chemical bonds between Ln and S ions
are weaker than those between Ln and O ions. As a
consequence, the crystal structure of LnCuOS can be
regarded as a layered structure from a viewpoint of the
interatomic distances as well as the atomic arrangements
in the crystal [19].

Another important observation in Fig.4 is that
only the Ln-S distances do not obey the tendency
anticipated from the lanthanide contraction: the Ce-S
distance is obviously shorter than that predicted from
the tendency. Therefore, it is concluded that this short
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Ce-S distance is responsible for the shrinkage of
the unit-cell volume for CeCuOS. The bond-valence
calculation was carried out to estimate the valence of
the lanthanide ions from the interatomic distances.
Using the bond—valence parameters reported by Brown
et al. [20] and Brese et al. [21], the valence of the
lanthanide ions in LnCuOS was calculated to be 3.15 for
La ions, 3.43 for Ce ions, 3.17 for Pr ions and 3.10
for Nd ions. These valence states demonstrate that
Ce ions in CeCuOS have higher valence than the
other lanthanide ions. Although the effective magnetic
moment of CeCuOS may not support the valence of
the Ce ions as high as 3.43, this higher valence suggests
that the Ce ions in CeCuOS have larger covalency
with neighboring anions, especially S ions.

Charkin et al. [13] discussed this anomalous shrinkage
of the unit-cell volume for CeCuOS in terms of the
redox reaction between Ce and Cu ions: Ce’' +
Cu’ - Ce*" + Cu’. They suggested that the presence of
Ce*" (=097 A) and its similar ionic radius than Ce> "
(ri=1.143 A) caused a decrease in the unit-cell volume.
However, there is no clear evidence of the redox reaction
or the presence of Ce** and/or Cu’ in the lattice so far.
In the case of Ce oxysulfides including a Ce** valence
state, the short Ce—O distances, d(Ce-O), are always
observed in their crystals due to the small Ce** ionic
radius: d(Ce-0)=2.29 A for Ce,O,sS [15] and 2.17A
for Ce 045, [22] or Ceg0gS4 [23]. As shown in Fig. 4, the
Ce-O distances in CeCuOS almost follow a linear
variation predicted from the lanthanide contraction, and
no short Ce-O bonds were obviously found in the
crystal structure. Instead of the absence of the short
Ce—O bonds, this study demonstrated that the shrinkage
of the unit-cell volume for CeCuOS originates from the
short Ce-S bonds. According to these interatomic
distances and the effective magnetic moment in
CeCuOS, it is unlikely that a significant amount of
Ce*" ions is generated enough to cause the unit-cell-
volume shrinkage due to the small ionic radius.
Although the possibility of the presence of the Ce*”
ions is not thoroughly ecliminated, it seems that the
shrinkage would not be explained simply by the redox
reaction between Ce and Cu ions and the small Ce*™"
radius. The short Ce-S distances will be interpreted as a
result of the increase of convalency in the Ce—S bonds.
Since complex electronic states of Ce® " ions have been
observed frequently in some covalent Ce® " -compounds
[24], we suppose that a rather complicated hybridized
state of Ce 4f, 5d, Cu 3d, 4s and S 3p orbitals is
associated with the anomalous shrinkage in CeCuOS.
This hybridized state will be suggested by the observa-
tion that only CeCuOS shows black color and high
electrical conductivity among LnCuOS. However, the
origin of the short Ce—S bond length and the details of
the electronic states of the Ce—S bonds is still open
question in CeCuOS.

Further studies such as electronic structure analysis
by photoemission spectroscopy are necessary to under-
stand the unique features in CeCuOS.

4. Conclusion

A single phase of CeCuOS was prepared by a
two-step process, and its crystal structure was examined
by the Rietveld analysis. The lattice constants and
unit-cell volume of CeCuOS estimated in this study
are in reasonable agreement with those reported
by Charkin et al. and the anomalous shrinkage of
the unit-cell volume for this material was con-
firmed using the single-phase sample. The magnetic
measurement demonstrated that the effective magnetic
moment of CeCuOS is close to that of free Ce®"
ions, indicating that Ce ions are primarily trivalent
in this material. The examination of inter-
atomic distances revealed that the shrinkage is
derived from the short Ce-S distances, and no short
Ce-O bonds were found in this material. These
results suggest that covalency or hybridization of
orbitals is important in the Ce-S bonds, and the
shrinkage of the unit-cell volume would not be
attributed easily to the smaller ionic radius of
tetravalent Ce ions generated by the simple redox
reaction between Ce and Cu ions.
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