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CeSbS2Br2 (I), Ce1/2La1/2SbS2Br2 (II), and LaSbS2Br2 (III)
have been synthesized at 7003C from a mixture of LnBr3, Ln2S3,
Sb, and S and characterized by single-crystal X-ray di4raction.
The three phases are isostructural (space group P21/c, Z 5 4) and
crystallize in a novel, dense, bidimensional structure with cell
parameters a 5 8.709(3) A_ , b 5 9.187(2) A_ , c 5 17.397(5) A_ ,
b 5 104.26(3)3 for I, a 5 8.739(7) A_ , b 5 9.219(7) A_ , c 5
17.41(2) A_ , b 5 104.3(1)3 for II, and a 5 8.785(1) A_ , b 5
9.236(2) A_ , c 5 17.372(3) A_ , b 5 104.09(2)3 for III. In these
compounds, [LnS5Br4] and [LnS3Br6] (Ln 5 Ce, La) distorted
tricapped trigonal prisms de5ne in5nite 2

=
[LnS2Br2] layers

counterbalanced and capped by antimony cations. In good ac-
cordance with the structural features, the charge balance in these
materials is to be written LnIIISbIIIS2II

2 Br2I
2 . These compounds

exhibit a yellow hue with a measured absorption threshold of
2.42(1), 2.55(1), and 2.72(1) eV for I, II, and III, respectively. In
the two cerium containing bromothioantimonates I and II, the
origin of the color is assigned to a Ce+4fPCe+5d electronic
transition, which shifts to higher energy from I to II due either to
a matrix e4ect (increase of the mean Ln+S distances under the
substitution of Ce for La) or to an atomic ordering between Ce
and La cations on the Ln(1) and Ln(2) crystallographic sites. In
contrast, the electronic transition at play in III involves a charge
transfer from the bromine and sulfur ions to the antimony ions,
the latter contributing substantially to the lowermost levels of the
conduction band. ( 2001 Academic Press
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INTRODUCTION

Recently, Ce
3
(SiS

4
)
2
I was synthesized, its crystal structure

determined, and its luminescence properties evidenced (1, 2).
Indeed, this material appears very interesting in view of its
original structural arrangement and its physical character-
1To whom correspondence should be addressed. E-mail: jobic@cnrs-
imn.fr.
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istics. First, its tridimensional structure, containing novel
[CeS

8
I] building blocks which self assemble, allows us to

envision the development of a new, rich structural chemistry
related to an expected large diversity of conceivable
[¸nS

6
X

7
] polyhedra (¸n"lanthanide, X"Cl, Br, I) with

various potential connectivities. Second, this material ex-
hibits a strong room temperature luminescence in the blue
region of the visible spectrum associated to a CeIII}5d1
PCeIII}4 f 1 radiative de-excitation (2). Thanks to the abil-
ity of iodine atoms to be substituted for Cl and Br,
Ce

3
(SiS

4
)
2
Br and Ce

3
(SiS

4
)
2
Cl were also prepared. These

materials, isostructural to their heavier congener, showed
slightly di!erent chromatic properties. In fact, the
Ce}4f/Ce}5d energy separation determined from di!use re-
#ectance measurements decreases from 2.92 to 2.82 eV and
to 2.72 eV going from iodine to bromine and to chlorine.
This trend has been supported by emission experiments
carried out at 300 K making clear a change of the 5d1P4 f 1
energy gap. Hence, Ce

3
(SiS

4
)
2
I and Ce

3
(SiS

4
)
2
Br #uoresces

in the blue, while Ce
3
(SiS

4
)
2
Cl #uoresces in the green. This

change in energy of the 4f}5d separation must be ascribed to
an inductive e!ect of the halogenide on the Ce}S bond (3}5):
the more ionic the Ce}X bond, the more covalent the Ce}S
bond and the lower the 4f 1P5d1 energy separation. This
suggests that other halosul"des containing cerium may
present tunable chromatic and luminescence properties.
This tunability prompted us to investigate the Ce/MG/S/X
systems (MG: main group element, X"Cl, Br, I), and in
particular the Ce/Sb/S/Br system. We reported recently the
synthesis and the characterization of Ce

2
SbS

5
Br,

CeLaSbS
5
Br, and La

2
SbS

5
Br, red materials (6) with a novel

structural arrangement, for which the coloration does not
involve the commonly expected Ce}4 f 1PCe}5d1 absorp-
tion mechanism but stems from the promotion of an
electron from the top of the valence band toward the
conduction band, i.e., from unpaired S and/or Br toward
Sb and/or paired S. We present here the synthesis and
characterization of CeSbS

2
Br

2
, Ce

1@2
La

1@2
SbS

2
Br

2
, and

LaSbS
2
Br

2
, materials with colors ranging from bright to

pale yellow.
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EXPERIMENTAL

Synthesis

Ce
1~x

La
x
SbS

2
Br

2
compounds (x"0, 0.5, and 1) were

prepared from CeBr
3

and LaBr
3

(Cerac, 99.9%), Ce
2
S
3

and
La

2
S
3

(Cerac, 99.9%), antimony (Aldrich, 99.995%), and
sulfur (Aldrich, 99.998%) weighted in the Ce : La : Sb : S : Br
elemental ratios 2 : 0 : 1 : 3.5 : 2 for CeSbS

2
Br

2
(I),

1 : 1 : 4 : 10 : 2 for Ce
1@2

La
1@2

SbS
2
Br

2
(II) and 0 : 1 : 1 : 2 : 2 for

LaSbS
2
Br

2
(III). The reactants were handled in a dry

box under nitrogen atmosphere and loaded into fused
silica ampoules. These ampoules were #ame sealed under
vacuum and placed in a temperature-controlled tube
furnace. The furnace was ramped to 3003C at 53C/h,
TABL
Crystallographic and

Formula CeSbS
2
Br

2
(I)

Crystal color yellow
Molecular weight (g mol~1) 485.8
Crystal system
Space group
Z
Cell parameters a"8.709(3) A_

b"9.187(2) A_
c"17.397(5) A_
b"104.26(3)3
<"1349(1) A_ 3

Density (calc.) 4.782 g cm~3

Temperature
Radiation
Di!ractometer
Angular range 2h (3)
hkl range !114h411

!114k411
!224l422

Absorption coe$cient (cm~1) 229.98
¹

.*/
/¹

.!9
0.17/0.40

Total recorded re#ections 11251
Observed re#ections (I'2p (I)) 1754
R

*/5
(%) 5.47

Re"nement
Weighting scheme
No. of re"ned parameters
Twin matrices

Twin fractions 72.9% 27.1(1)%
Re"nement results R (%)"3.50 Rw(%)"6.06

GOF"0.82
Residual electronic density [!2.99, #2.73]e~/A_ 3
maintained at this temperature for a day, and then "red
at 7003C at 53C/h for 6 days before a cooling back to
room temperature in 20 h. The reactions led to the stabiliz-
ation of very air sensitive, yellow crystals in a low yield
(the major, observed impurities were ¸n

2
SbS

5
Br red mater-

ials (¸n"La, Ce) (6) and SbS
3
). A micropobe analysis by

energy dispersive X-ray spectroscopy (EDXS) gave the
chemical formula Ce

1.19
Sb

1
S
2.09

Br
2.20

, Ce
0.47

La
0.51

Sb
1
S
2.10

Br
1.81

, and La
0.98

Sb
1
S
2.12

Br
1.95

for I, II
and III, respectively. No luminescence under UV radiation
was observed at room temperature. So far, attempts to
prepare these materials in large amounts by changing the
reactant ratios and the synthesis conditions remain unsuc-
cessful.
E 1
Experimental Data

Physical and crystallographic data

La
0.5

Ce
0.5

SbS
2
Br

2
(II) LaSbS

2
Br

2
(III)

yellow yellow
485.19 484.6

monoclinic
P2

1
/c (no. 14)

4
a"8.739(7) A_ a"8.785(1) A_
b"9.219(7) A_ b"9.236(2) A_
c"17.41(2) A_ c"17.372(3) A_
b"104.3(1)3 b"104.09(2)3
<"1359(9) A_ 3 <"1367(7) A_ 3
4.743 g cm~3 4.708 g cm~3

Data collection
293 K

j
M0K~L2,3

"0.71069 As
STOE Image Plate

3.8}56.3
!114h411 !94h49
!114k411 !104k410
!224l422 !194l419

Data reduction
226.63 222.87

0.22/0.34 0.19/0.33
16803 9117
1356 1161
8.60 8.48

Re"nement
F2

w"1/(p2DF
0
D#(0.01*1.6DF

0
D)2)

111

A
1 0 0

0 1 0

0 0 1B A
1 0 !1

0 !1 0

0 0 !1B
96.7 3.3(3)% 92% 8.0(2)%

R (%)"3.87 Rw(%)"6.39 R (%)"4.25 Rw(%)"8.28
GOF"0.81 GOF"1.24

[!1.73, #1.86]e~/A_ 3 [!2.66, #2.73]e~/A_ 3



TABLE 2
Fractional Atomic Coordinates and Equivalent Isotropic

Atomic Displacement Parameter of (a) CeSbS2Br2, (b) Ce0.5 La0.5

SbS2Br2, and (c) LaSbS2Br2

Wycko!
Atom position q x y z ADP

%2
(A_ 2)

(a)
Ce(1) 4e 1 0.3865(1) 0.8623(1) 0.76366(5) 0.98(2)
Ce(2) 4e 1 0.8780(2) 0.8668(1) 0.75553(5) 1.19(2)
Sb(1) 4e 1 0.2739(2) 0.1573(1) 0.55450(6) 1.43(3)
Sb(2) 4e 1 0.7296(2) 0.0441(1) 0.95235(7) 1.44(3)
S(1) 4e 1 0.0737(5) 0.3498(6) 0.5525(2) 1.4(1)
S(2) 4e 1 0.3396(7) 0.1628(4) 0.6968(2) 1.2(1)
S(3) 4e 1 0.6639(7) 0.0628(4) 0.8096(2) 1.1(1)
S(4) 4e 1 0.4757(5) 0.3486(6) 0.5533(3) 1.6(1)
Br(1) 4e 1 0.5547(3) 0.8715(2) 0.62805(9) 1.62(5)
Br(2) 4e 1 0.0782(3) 0.8690(2) 0.63334(9) 1.61(4)
Br(3) 4e 1 0.1570(3) 0.6722(2) 0.8341(1) 1.52(5)
Br(4) 4e 1 0.8378(3) 0.5575(2) 0.6596(1) 1.34(5)

(b)
Ce(1) 4e 0.5 0.3864(1) 0.8630(2) 0.76355(8) 0.82(3)
La(1) 4e 0.5 0.3864 0.8630 0.76355 0.82
Ce(2) 4e 0.5 0.8777(1) 0.8682(2) 0.75564(8) 0.95(4)
La(2) 4e 0.5 0.8777 0.8682 0.75564 0.95
Sb(1) 4e 1 0.2735(2) 0.1580(2) 0.5543(1) 1.28(5)
Sb(2) 4e 1 0.7300(2) 0.0437(2) 0.9528(1) 1.20(5)
S(1) 4e 1 0.0746(6) 0.3500(9) 0.5525(3) 1.4(1)
S(2) 4e 1 0.3386(7) 0.1642(8) 0.6966(4) 0.8(2)
S(3) 4e 1 0.6631(7) 0.0630(8) 0.8110(5) 1.2(2)
S(4) 4e 1 0.4748(6) 0.3485(8) 0.5534(4) 1.4(1)
Br(1) 4e 1 0.5552(3) 0.8729(4) 0.6281(1) 1.52(7)
Br(2) 4e 1 0.0786(2) 0.8706(4) 0.6332(1) 1.41(7)
Br(3) 4e 1 0.1578(3) 0.6734(3) 0.8346(2) 1.37(8)
Br(4) 4e 1 0.8379(3) 0.5588(3) 0.6595(2) 1.38(8)

(c)
La(1) 4e 1 0.3861(2) 0.8649(2) 0.76335(7) 0.99(3)
La(2) 4e 1 0.8776(2) 0.8699(2) 0.75546(7) 1.15(3)
Sb(1) 4e 1 0.2731(2) 0.1602(2) 0.55396(9) 1.44(4)
Sb(2) 4e 1 0.7304(3) 0.0446(2) 0.9536(1) 1.45(4)
S(1) 4e 1 0.0734(7) 0.3516(7) 0.5520(3) 1.3(1)
S(2) 4e 1 0.3394(8) 0.1660(6) 0.6960(4) 1.1(2)
S(3) 4e 1 0.6632(8) 0.0655(6) 0.8117(4) 1.2(2)
S(4) 4e 1 0.5270(7) !0.1493(7) 0.9481(3) 1.4(1)
Br(1) 4e 1 0.5549(3) 0.8753(3) 0.6274(1) 1.66(6)
Br(2) 4e 1 1.0776(3) 0.8724(3) 0.6321(1) 1.58(6)
Br(3) 4e 1 0.1579(4) 0.6756(2) 0.8348(1) 1.56(7)
Br(4) 4e 1 0.8385(4) 0.5607(3) 0.6593(1) 1.52(7)
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X-Ray Structure Determination

Several crystals were selected in a dry box under argon
atmosphere and placed into silica capillaries. Crystal screen-
ings and intensity data collections were carried out at room
temperature on a STOE Imaging Plate Di!raction System.
Recording conditions are given in Table 1. Data reductions,
Lorentz polarization, and crystal size and shape optimiza-
tions were performed with the STOE software package (7).
Analytical absorption corrections, averaging, and all
subsequent calculations, except the direct methods trials,
were realized with the Jana98 programs (8). Scattering
factors and anomalous dispersion correction terms were
taken from Maslen et al. (9) and Creagh and McAuley (10),
respectively.

CeSbS
2
Br

2
(I): In a "rst stage, a C-centered lattice cell

with parameters: a+8.7 A_ , b+33.8 A_ , and c+9.2 As was
chosen, in agreement with the orthorhombic apparent sym-
metry of the structure. Examination of the re#ections with
I'2p (I) revealed systematic absences compatible with the
C222

1
noncentrosymmetric space group. A "rst structural

model was then obtained using the Sir97 direct methods
(11), and the structure re"nement was initiated. However,
considering the rather poor matching of the equivalent
re#ections within the 222 point group and the bad re"ne-
ment results, a possible twinning was considered. Possible
subgroups of C222

1
, such as P2

1
, were thus envisioned.

Finally, after several attempts, P2
1
/c was found to be the

space group giving the best results in a monoclinic cell with
parameters a"8.709(3) As , b"9.187(2) As , c"17.397(5) As ,
and b"104.26(3)3, the pseudo orthorhombic symmetry be-
ing introduced through a twofold twinning operation along
the a axis. Notice that the twinning partially destroys the
c mirror glide systematic absences. Starting atomic posi-
tions used for the re"nement were taken from the orthor-
hombic initial solution. A convergence with a residual factor
of R"0.12 was swiftly achieved using isotropic displace-
ment parameters (IDPs). By introducing anisotropic dis-
placement parameters (ADPs) and re"ning the twinning
fraction and the secondary extinction (12), a residual factor
R"0.035 (Rw(F2) "0.061) was easily obtained for 111
parameters and 1754 observed (2p level) re#ections. Final
results are gathered in Tables 1 and 2. Anisotropic atomic
displacement parameters of I are given as supplementary
materials.

Ce
0.5

La
0.5

SbS
2
Br

2
(II) and LaSbS

2
Br

2
(III): Structure

re"nements were initiated from the solution obtained for
CeSbS

2
Br

2
(I). For Ce

0.5
La

0.5
SbS

2
Br

2
, the cerium and lan-

thanum positions could not be di!erentiated; therefore,
a statistic occupation was introduced. Final residual
R values of 0.0387 (Rw(F2)"0.0639) for 1356 re#ections
and 111 parameters and of 0.0425 (Rw(F2)"0.0828) for
1161 re#ections and 111 parameters were achieved for II
and III, respectively. Both studied crystals were also
twinned, but with in each case a predominant domain
(96.7(3)% and 92.0(2)%, respectively). Final results are
gathered in Tables 1 and 2. Anisotropic atomic displace-
ment parameters of II and III are given as supplementary
materials.

Optical Spectroscopy

Room-temperature optical di!use re#ectance spectra in
the 400}800 nm (1.5}3.1 eV) range were obtained using
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a Leitz system (DM RXP metallographic microscope
coupled with a MPV spectrophotometer) and MgO (Pro-
labo) as a reference (100% re#ectance). Crystals deposited
on a glass side were positioned over the light source and
the re#ected light was detected from above. Experiments
were carried out in oil (Aldrich) to prevent the studied
materials from deterioration. The absorption data (a/S)
were calculated from the re#ectance using the Kubelka}
Munk function (13}15) a/S"(1!R)2/2R, where R
is the re#ectance at a given energy, a is the absorption, and
S is the scattering coe$cient. The energy gap was deter-
mined as the intersection point between the energy axis at
the absorption o!set and the line extrapolated from the
linear portion of the absorption edge in the a/S versus E (eV)
plot.

Band Structure Calculations

TB}LMTO electronic band structure calculations were
carried out for CeSbS

2
Br

2
and LaSbS

2
Br

2
in the atomic

sphere approximation using the LMTO47 program (16}19).
Due to the high similarities between the band structures of
these materials, only results on CeSbS

2
Br

2
are reported

here. Exchange and correlation were treated in a local spin
density approximation (20). All the relativistic e!ects except
the spin}orbit coupling were taken into account using
a scalar relativistic approximation (21).

In the atomic sphere approximation, the space is "lled
with small overlapping Wigner}Seitz (WS) atomic spheres.
The symmetry of the potential is considered spherical inside
each WS sphere, and a combined correction is used to take
into account the overlapping part (22). The radii of the WS
spheres were obtained by requiring that the overlapping
potential be the best possible approximation to the full
potential, and they were determined by an automatic pro-
cedure described in Ref. (22). This overlap should not be too
large because the error in the kinetic energy introduced by
FIG. 1. (a) [¸n(1)S
4
Br

2
,SBr

2
] and (b) [¸n(2)S

2
Br

4
,SBr

2
] polyhedra con

scheme (¸n"Ce, La).
the combined correction is proportional to the 4th power of
the relative sphere overlap. The interatomic space was "lled
with interstitial spheres since the structures of the com-
pound under examination are not closely packed. The opti-
mal positions and radii (r

ES
) of these &&empty spheres'' were

determined according to the method described in (22). For
calculations on CeSbS

2
Br

2
, 22 empty spheres with 0.82 As

4r
ES
41.84 As were introduced. This made the maximum

relative overlap between two adjacent atomic spheres less
than 16%. The positions and radii of the WS spheres used
are given as supplementary materials.

The basis set included Ce}6s, 5d and 4f orbitals, Sb}5s
and 5p orbitals, S}3s and 3p orbitals, and Br}4p orbitals.
We used s orbitals for the empty spheres. The Ce}6p or-
bitals, the Sb}5d and 4f orbitals, the S}3d orbitals, the Br}5s
and 4d orbitals, and, depending on the size of the WS empty
spheres, the p and d or only p orbitals were treated by the
LoK wdin downfolding technique (16}19). The k-space integ-
rations were performed by the tetrahedron method (23). The
self-consistent charge density was obtained using 30 irredu-
cible k points. The contribution of the nonspherical part of
the charge density to the potential was neglected.

RESULTS AND DISCUSSIONS

Structure Description

I, II, and III are isostructural and exhibit a novel, 2D
structural arrangement. The structure is made of distorted
tricapped trigonal prisms [¸n(1)S

4
Br

2
, SBr

2
] and [¸n(2)

S
2
Br

4
, SBr

2
] (¸n"Ce, La) (see Figs. 1a and 1b) with ¸n}S

and ¸n}Br distances in the expected range for ¸nIII}S~II and
¸nIII}Br~I bonds (see Table 3). The aforementioned ¸n(1)
and ¸n(2) polyhedra share one S}S and one Br}Br edge,
respectively, of their basal triangular face to form in"nite
1
=
[¸n(1)

2
S
6
Br

8
] and 1

=
[¸n(2)

2
S
6
Br

8
] chains running along

the b axis (see Figs. 2a and 2b). These chains condense to
give rise to in"nite corrugated 2

=
[¸n(1)¸n(2)S

4
Br

4
] layers
stituting the building blocks of the ¸nSbS
2
Br

2
phases with the labeling



TABLE 3
Selected Bond Distances (A_ ) and Angles (3) in (a) CeSbS2Br2,

(b) Ce0.5La0.5SbS2Br2, and (c) LaSbS2Br2

(a)
[Ce(1)S

5
Br

4
] polyhedron [Ce(2)S

3
Br

6
] polyhedron

Ce(1)}S(2) 2.984(4) Ce(2)}S(1) 3.266(4)
Ce(1)}S(2) 2.952(5) Ce(2)}S(2) 2.926(6)
Ce(1)}S(3) 2.986(5) Ce(2)}S(3) 2.909(6)
Ce(1)}S(3) 3.019(4) Ce(2)}Br(1) 3.126(2)
Ce(1)}S(4) 3.117(4) Ce(2)}Br(2) 3.064(3)
Ce(1)}Br(1) 3.069(2) Ce(2)}Br(3) 3.055(2)
Ce(1)}Br(2) 3.059(2) Ce(2)}Br(3) 3.188(2)
Ce(1)}Br(3) 3.123(3) Ce(2)}Br(4) 3.271(2)
Ce(1)}Br(4) 3.179(3) Ce(2)}Br(4) 3.094(2)
Average values
Ce(1)}S 3.012 Ce(2)}S 3.034
Ce(1)}Br 3.108 Ce(2)}Br 3.133

[SbS
3
Br

4
] polyhedron [SbS

5
Br

3
] polyhedron

Sb(1)}S(1) 2.478(5) Sb(2)}S(1) 2.490(5)
Sb(1)}S(2) 2.401(4) Sb(2)}S(3) 2.414(4)
Sb(1)}S(4) 2.489(5) Sb(2)}S(4) 2.519(5)
Average values
Sb(1)}S 2.456 Sb(2)}S 2.474

(b)
[¸n(1)S

5
Br

4
] polyhedron [¸n(2)S

3
Br

6
] polyhedron

¸n(1)}S(2) 3.000(7) ¸n(2)}S(1) 3.266(6)
¸n(1)}S(2) 2.964(7) ¸n(2)}S(2) 2.929(7)
¸n(1)}S(3) 2.990(7) ¸n(2)}S(3) 2.927(8)
¸n(1)}S(3) 3.040(8) ¸n(2)}Br(1) 3.127(2)
¸n(1)}S(4) 3.119(6) ¸n(2)}Br(2) 3.079(3)
¸n(1)}Br(1) 3.077(3) ¸n(2)}Br(3) 3.072(3)
¸n(1)}Br(2) 3.060(2) ¸n(2)}Br(3) 3.200(3)
¸n(1)}Br(3) 3.130(3) ¸n(2)}Br(4) 3.281(4)
¸n(1)}Br(4) 3.193(4) ¸n(2)}Br(4) 3.103(3)
Average values
¸n(1)}S 3.023 ¸n(2)}S 3.041
¸n(1)}Br 3.115 ¸n(2)}Br 3.142

[SbS
3
Br

4
] polyhedron [SbS

5
Br

3
] polyhedron

Sb(1)}S(1) 2.475(7) Sb(2)}S(1) 2.489(7)
Sb(1)}S(2) 2.401(7) Sb(2)}S(3) 2.399(8)
Sb(1)}S(4) 2.489(7) Sb(2)}S(4) 2.521(7)
Average values
Sb(1)}S 2.455 Sb(2)}S 2.470

(c)
[La(1)S

5
Br

4
] polyhedron [La(2)S

3
Br

6
] polyhedron

La(1)}S(2) 3.008(6) La(2)}S(1) 3.272(5)
La(1)}S(2) 2.976(6) La(2)}S(2) 2.945(7)
La(1)}S(3) 3.011(7) La(2)}S(3) 2.943(7)
La(1)}S(3) 3.044(6) La(2)}Br(1) 3.149(3)
La(1)}S(4) 3.144(5) La(2)}Br(2) 3.084(3)
La(1)}Br(1) 3.086(3) La(2)}Br(3) 3.087(3)
La(1)}Br(2) 3.091(2) La(2)}Br(3) 3.208(3)
La(1)}Br(3) 3.131(3) La(2)}Br(4) 3.283(3)
La(1)}Br(4) 3.199(3) La(2)}Br(4) 3.118(3)
Average values
La(1)}S 3.036 La(2)}S 3.053
La(1)}Br 3.127 La(2)}Br 3.155

[SbS
3
Br

4
] polyhedron [SbS

5
Br

3
] polyhedron

Sb(1)}S(1) 2.484(7) Sb(2)}S(1) 2.498(7)
Sb(1)}S(2) 2.394(6) Sb(2)}S(3) 2.399(6)
Sb(1)}S(4) 2.492(7) Sb(2)}S(4) 2.515(7)
Average values
Sb(1)}S 2.457 Sb(2)}S 2.471
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running in the (a, b) plane (see Fig. 3a) and are capped by
threefold coordinated antimony cations de"ning [SbS

3
]

trigonal pyramids (Sb}S bonds around 2.46 A_ ). The cohe-
sion of the tridimensional edi"ce (see Fig. 3b) is mainly
ensured by van der Waals interactions between
2
=
[¸nSbS

2
Br

2
] slabs with possible long-range Sb}S and

Sb}Br interactions (Sb}S and Sb}Br distances across the
van der Waals gap are higher than 3.2 and 3.6 A_ , respec-
tively).

Because of the well-known stability of CeIII and LaIII in
chalcogenides, and of the SbIII environment characteristic
of the existence of a 5s2 lone pair, the charge balance of the
phase must be written ¸nIIISbIIIS~II

2
Br~I

2
.

Optical Properties

I, II, and III crystals exhibit a hue ranging from bright to
pale yellow. To determine quantitatively the energy gap
responsible for the color in these compounds and to shed
light on the electronic transition at work, di!use re#ectance
experiments were undertaken on single crystals. The ob-
tained a/S vs energy spectra, reported in Fig. 4, show an
absorption threshold at 2.42(1) eV for CeSbS

2
Br

2
,

2.55(1) eV for Ce
1@2

La
1@2

S
2
Br

2
, and 2.72(1) eV for
FIG. 2. Arrangements of the (a) [¸n(1)S
4
Br

2
,SBr

2
] and (b)

[¸n(2)S
2
Br

4
,SBr

2
] polyhedra into 1

=
[Ln(1)

2
S
6
Br

8
] and 1

=
[Ln(2)

2
S
6
Br

8
]

in"nite chains running along the b axis.



FIG. 3. (a) View perpendicular to the (a, b) plane of the 2
=
[¸n(1) ¸n(2)S

4
Br

4
] layers resulting from the condensation of 1

=
[¸n(1)

2
S
6
Br

8
] and

1
=
[¸n(2)

2
S
6
Br

8
] in"nite chains (¸n"Ce, La). (b) View perpendicular to the (a, c) plane of the 2

=
[¸nSbS

2
Br

2
] layers showing the corrugated van der Waals

gap.
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2
Br

2
(¸n"La, Ce)
LaSbS
2
Br

2
. The interference pattern observed below the

band gap only results from the "nite thickness of the
specimens and their refractive index relative to oil.

At this stage, a "rst discussion on the origin of the optical
properties may be given. For LaSbS

2
Br

2
, the color of the

phase can only stem from an electronic transition from the
top of the valence band (VB) to the bottom of the conduc-
tion band (CB). As La is substituted for Ce, localized Ce}4f
levels are interspaced between the valence band and the
conduction band, inducing a signi"cant lowering of the
absorption threshold energy (from 2.72(1) eV for III to
2.42(1) eV for I, for instance). Moreover, the shift from
2.42(1) eV for CeSbS

2
Br

2
(I) to 2.55(1) eV for Ce

1@2
La

1@2
SbS

2
Br

2
(II) shows a quite large amplitude. A rather con-

stant threshold value was expected (4, 25). Two explana-
tions for the energy shift come to mind: a matrix e!ect or an
ordering between the Ce and La atoms on the ¸n(1) and
¸n(2) crystallographic sites in II. In the "rst hypothesis,
a random occupancy of Ce and La atoms on ¸n(1) and
¸n(2) sites is implied. Then, because Ce}S and Ce}Br dis-
tances are longer in Ce

1@2
La

1@2
SbS

2
Br

2
than in CeSbS

2
Br

2
(see Table 3a and 3b), a wider 4 f}5d separation is expected
for Ce

1@2
La

1@2
S
2
Br

2
due to an increase of the Ce}ligand

bond ionicity. However, EXAFS experiments and di!use
re#ectance measurements made on the Y

1~x
Ce

x
PS

4
solid

(24) solution showed that the cerium cations keep the char-
acteristics of the chemical surrounding they have in CePS

4
,

irrespective of the Y/Ce ratio. As a result, there is no change
at all in the energy position of the Ce}4 fPCe}5d absorp-
tion threshold versus the Ce concentration in the solid
solution. Thus, the occurrence of a matrix e!ect in the
bromothioantimonates of cerium and lanthanum may be
a priori ruled out. In the second hypothesis, we may con-
sider, as observed in La

2.999
Ce

0.001
(SiS

4
)
2
I at 6 K (2), that
the two ¸n(1) and ¸n(2) sites of the structure give two
di!erent 4 fP5d transition energies occurring at 2.42(1)
or 2.55(1) eV. The increase in the absorption threshold
from I to II would then originate in a preferential occupa-
tion by Ce cations of ¸n(1) or ¸n(2) crystal sites, resulting
consequently in an ordering between cerium and lanthanum
in II.

Band Structure Calculations

Band structure calculations on I and III were carried out.
For clarity, only results on CeSbS

2
Br

2
are reported here.

The results on the La derivative can be straightforwardly
deduced from those of Ce

2
SbS

5
Br by removal of the 4f

block from the VB}CB energy gap.
The total density of states (DOS) for CeSbS

2
Br

2
in the

[!3,#3] eV energy range is displayed in Fig. 5, along with
the atomic contributions. The calculated band dispersion is
given as supplementary materials for the k Bloch vectors
along the !Z, !B, !Y symmetry lines of the reciprocal
space. The zero energy is taken at the Fermi level.

In the [!3,#3] eV energy range, the DOS curve can be
separated into three regions. The valence band extends up
to !1.89 eV, the conduction band lies above 0.68 eV, and
in between is located the Ce}4f block. The topmost levels of
the VB are mainly built upon bromine contribution but
contain a sulfur contribution as well. The "rst unoccupied
levels of the CB is antimony in character, the Ce}d orbitals
participating signi"cantly to the DOS only at energies high-
er than 0.89 eV. Consequently the VBPCB electronic
transition is not assigned to a S, BrP5d}Ce charge transfer
as it could be expected, but rather to a S, BrPSb transfer
(it is this transition (at 2.72 eV) that gives La

2
SbS

2
Br

2
its

pale yellow color).



FIG. 4. Single-crystal absorption spectra of (a) CeSbS
2
Br

2
, (b)

Ce
1@2

La
1@2

SbS
2
Br

2
, and (c) LaSbS

2
Br

2
.
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The Fermi level lies within the Ce}4f block. A high
density of states is calculated around E

&
in relation with

a very low dispersion of the Ce}4f levels connected to
a small space extension of the f orbitals and to the lack of
any meaningful hybridization. Even if this band is only
1/14th "lled, no electronic conductivity may arise due to the
occurrence of a high 4f 1#4f 1P4f 0#4f 2 Hubbard term
(&6 eV) not taken into account in the calculation. Hence,
owing to the high energy cost required to add an extra
electron to CeIII, only the promotion of electrons from the 4f
block (and from the VB toward the CB as seen above) may
occur under light excitation. At this stage, we must remind
that the energy position of the Ce}f block is not accurately
positioned because of the di$culty to take into account the
localized f-orbital character in a band-like approach.

Owing to the common intrasite character of transitions
implying the promotion of a CeIII}4f 1 electron, a CeIIIP
SbIII charge transfer (i.e., a Ce}4fPCB bottom transition)
appears highly improbable. Thus, the color in CeSbS

2
Br

2
and Ce

1@2
La

1@2
SbS

2
Br

2
should be due to the spin and sym-

metry allowed intrasite Ce}4fPCe}5d electronic transi-
tion, whereas the VBPCB transition is taking place at
higher energy (even if the Sb}5p levels lie lower in energy
than the Ce}5d levels) and contribute marginally to the
color. The features of the electronic band structures of
LaSbS

2
Br

2
are quite comparable to those of CeSbS

2
Br

2
with an identical VB}CB gap within the error (less than
0.1 eV di!erence).

The color mechanisms at work in CeSbS
2
Br

2
, can then be

schemed as shown in Fig. 6a, where the atomic contribu-
tions to the total density of states have been reinforced in
order to gain clarity. Hence, CeSbS

2
Br

2
is characterized by

a Ce}4fPCe}5d transition taking place at an energy small-
er than the VBPCB and by a CB bottom built on anti-
mony orbitals. In contrast, Ce

3
(SiS

4
)
2
I (1) (see Fig. 6b)

evidences similar electronic transitions with a Ce}4fPCe}
5d transition smaller in energy than the VBPCB but with
a CB bottom built on Ce}5d orbitals. These two models are
still di!erent from the coloring process observed in
Ce

2
Sb(S

2
)S

3
Br (6), where color does not originate from

a too high in energy Ce}4fPCe}5d electronic transition
but from a charge transfer from unpaired S and/or Br atoms
toward Sb and/or paired S atoms as sketched in Fig. 6c.
Hence, even in CeIII-containing phases with an allowed,
favorable Ce}4fPCe}5d electronic transition, the origins of
color may be quite diverse.

CONCLUSION

Crystals of ¸nSbS
2
Br

2
(¸n"Ce, La) have been syn-

thesized and characterized. These new materials, containing
distorted tricapped trigonal prisms [¸n(1)S

5
Br

4
] and

[¸n(2)S
3
Br

6
], crystallize in a novel structural type and

exhibit a hue ranging from bright yellow (CeSbS
2
Br

2
) to

pale yellow (LaSbS
2
Br

2
). This color change is to be related

to di!erent absorption mechanisms, inducing modi"cations
in the absorption threshold position. While the color orig-
inates from a Ce}4fPCe}5d electronic transition in



FIG. 5. Total density of states (DOS) of CeSbS
2
Br

2
and DOS projected along the di!erent elements between !3 and #3 eV.
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2
(¸n"La, Ce)
CeSbS
2
Br

2
and Ce

1@2
La

1@2
SbS

2
Br

2
, a higher energy S~II,

Br~IPSbIII charge transfer occurs in LaSbS
2
Br

2
. The small

energy di!erence in the absorption threshold observed be-
tween CeSbS

2
Br

2
and Ce

1@2
La

1@2
SbS

2
Br

2
is supposed to

stem from the intrasite character of the Ce}4fPCe}5d
transition, the 2.42(1) and 2.55(1) eV optical gaps being
assigned to absorption phenomena occurring on speci"c
crystallographic sites (Ce(1) and Ce(2) sites or Ce(2) and
Ce(1) sites, respectively). These results show that the color of
compounds originate in varied electronic transitions in
complex phases. In particular, they demonstrate that it is
di$cult to put forward simple, a priori mechanisms derived
from previously studied materials. For instance, the well
documented, often occurring Ce}4fPCe}5d transition may
not take place in quaternary compounds because of the
nature of the bottom/top of the electronic bands.
FIG. 6. Schematic representation of the di!erent electronic transitions
involved in (a) CeSbS

2
Br

2
, (b) Ce

3
(SiS

4
)
2
I, and (c) Ce

2
Sb(S

2
)S

3
Br, and

responsible for the color of the phases.
REFERENCES

1. G. Gauthier, S. Kawasaki, S. Jobic, P. Macaudière, R. Brec, and
J. Rouxel, J. Mater. Chem. 8, 179 (1998).

2. R. Riccardi, D. Gout, G. Gauthier, F. Guillen, S. Jobic, A. Garcia,
D. Huguenin, P. Macaudière, C. Fouassier, and R. Brec, J. Solid State
Chem. 147, 259 (1999).

3. J. Etourneau, J. Portier, and F. MeH nil, J. Alloys Compd. 188, 1 (1992).
4. G. Gauthier, S. Jobic, F. Boucher, P. Macaudière, D. Huguenin,

J. Rouxel, and R. Brec, Chem. Mater. 10, 2341 (1998).
5. G. Gauthier, S. Jobic, P. Macaudière, and R. Brec, Mater. Res. Soc.

Symp. Proc. 548, 667 (1999).
6. D. Gout, S. Jobic, M. Evain, and R. Brec, Solid State Sci., in press

(2001).
7. Stoe software (1996), Stoe & Cie Gmbh, Darmstadt, Germany.
8. V. Petricek and M. Dusek, &&JANA98: Programs for Modulated and

Composite Crystals.'' Institute of Physics, Praha, Czech Republic,
1998.

9. E. N. Maslen, A. G. Fox, and M. A. O'Keefe, &&International Tables for
X-Ray Crystallography: Vol. C, Mathematical, Physical and Chemical
Tables'' (A. J. C. Wilson, Ed.), Ch. 6.1. Kluwer Academic, Dordrecht,
1992.

10. D. C. Creagh and W. J. McAuley, &&International Tables for X-Ray
Crystallography: Vol. C, Mathematical, Physical and Chemical
Tables'' (A. J. C. Wilson, Ed.), Ch. 4.2. Kluwer Academic, Dordrecht,
1992.

11. A. Altomare, G. Cascarano, C. Giacovazzo, A. Guagliardi, A. G. G.
Moliterni, M. C. Burla, G. Polidori, M. Camalli, and R. Spagna, &&Sir97:
A Package for Crystal Structure Solution by Direct Methods and
Re"nement.'' Italy, 1997.

12. P. J. Becker and P. Coppens, Acta Crystallogr. Sect. A: Found. Crys-
tallogr. 30, 129 (1974).

13. W. W. Wendlandt and H. G. Hecht, &&Re#ectance Spectroscopy.''
Interscience, New York, 1966.

14. G. KortuK m, &&Re#ectance Spectroscopy.'' Springer-Verlag, Berlin/
New York, 1969.

15. S. P. Tandon and J. P. Gupka, Status Solidi, 363 (1970).



226 GOUT ET AL.
16. O. K. Andersen, Phys. Rev. B 12, 3060 (1975).
17. O. K. Andersen and O. Jepsen, Phys. Rev. ¸ett. 53, 2571 (1984).
18. O. K. Andersen, O. Jepsen, and D. GloK tzel, &&Highlights of Condensed-

Matter Theory'' (F. Bassani, F. Fumi, and M. P. Tosi, Eds.). North-
Holland, Lambrecht, W. R. L., 1985.

19. O. K. Andersen, Phys. Rev. B 34, 2439 (1986).
20. U. von Barth and L. Hedin, J. Phys. C 5, 1629 (1972).
21. D. Koelling and B. N. Harmon, J. Phys. C 10, 3107 (1977).
22. O. Jepsen and O. K. Andersen, Z. Phys. B 97, 345 (1995).
23. P. E. BloK chl, O. Jepsen, and O. K. Andersen, Phys. Rev. B 49, 16,223

(1994).
24. G. Gauthier, Y. Klur, A. Pourpoint, S. Jobic, G. Ouvrard, R. Brec,

D. Huguenin, and P. Macaudière, Int. J. Inorg. Mater. 2, 717
(2000).


	INTRODUCTION
	EXPERIMENTAL
	TABLE 1
	TABLE 2

	RESULTS AND DISCUSSIONS
	TABLE 3
	FIGURE 1
	FIGURE 2
	FIGURE 3
	FIGURE 4

	CONCLUSION
	FIGURE 5
	FIGURE 6

	REFERENCES

