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Abstract

The crystal structure determination of y-M,S; compounds (M=La, Ce, and Nd) has been carried out for the first time
from single crystals obtained through high-temperature melting under sulfur pressure. The three phase structures do not
depart from the cubic Th,P, structural type, with a statistical filling of the dodecahedral sites by the cations. The y-Nag;Ce,sS,-
doped phase structure has also been determined from a powder neutron diffraction study. Na* was found to be located at
the dodecahedral site, in agreement with the composition limit of Na/Ce=0.20 as determined by cell parameter variation
versus composition. A powder X-ray diffraction study of the potassium- and calcium-doped derivatives (y-K;46C;54Ss and y-
Ca, 5,Ce;075,) confirmed the results obtained for the sodium-doped phase. In no case, at least in the phases studied, does
the alkali or alkaline earth metal occupy the inter-dodecahedral tetrahedral sites. The electronic band structures of Ce,S;
and of Ce;_,S, (0<x<1/3) indicate an insulating behavior for the former compound and a metallic behavior for the latter,
assuming in this case a rigid band model. In Ce,S,, the electronic conductivity takes place along the Ce—Ce bonds. No S-S
bonding was found in the two binaries. It seems possible to assign the color of some y-M,S; materials to electronic transitions
to the conduction band from (i) the valence band (La,S,), (ii) the 4f level (Ce,S;) and (iii) the 4f and valence band (Nd,S,).

Keywords: Sodium; Potassium; Calcium; Electronic transition versus colour

1. Introduction The use of cerium sulfide-based pigments, which fulfil
preparation, color and stability requirements, has been
explored [1]. In order to control color shades, it is
necessary to know precisely the origin of the electronic
transitions which are responsible for the observed colors.

This is the reason why structural determination and

The impact of legislation on limiting the use of some
pigments has given an impetus to the search for new
inorganic, non-toxic pigments, particularly in the yellow
to red color range. Indeed, very few red inorganic

pigments are available for the plastics industry. Es-
sentially cadmium sulfoselenide, lead molybdate and
iron(I11) oxide are known. The first compound meets
the required criteria best, but international regulations
tend to exclude it, because pyrolysis of cadmium-con-
taining materials results in the emission of cadmium
oxide, which is dangerous for public health and the
environment. The other two phases are orange and
dark red, respectively. Thus, today, the sole use of high-
performance, organic red pigments is considered. How-
ever, these pigments have strong limitations such as a
very high cost (up to ten times the inorganic compound
prices) and thermal and UV instability.
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band structure calculations were performed on some
doped [AJM,S; (M=La, Ce and Nd; A=Na, Ca, and
K) or undoped M,S; (M=La, Ce, and Nd) rare earth
sulfides, in their high-temperature y-phase. Lanthanum
and neodymium phases were studied to facilitate the
understanding of the cerium phase, which they flank.

2. Experimental

Rare earth sulfides can be obtained either as powders
or in monocrystalline form, depending on the synthesis
conditions. Our samples were synthesized by circulating
H,S over a cerium derivative at high temperature
(700-1300 °C) for more than 4 h. Alkaline or alkaline
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earth doping was performed during synthesis. A full
elemental analysis was completed on the various sam-
ples. La,S;, Ce,S; and Nd,S; monocrystals were provided
by the Inorganic Chemistry Institute of Novosibirk
(Russia). Their preparation is fully described in Ref.
[2]. Basically, these crystals were extracted from a rare
earth sulfide melt, obtained in a quartz device heated
beyond the melting point of the target compound in
an HF furnace. Their sizes were several millimeters in
all three directions. Tiny fragments were cut out for
X-ray studies.

Powder X-ray diffraction patterns were collected on
a Siemens D5000 diffractometer with an incident-beam
monochromator (A =1.540 598 A). A 0.03° step scanning
was used in the 20-140° (26) range. The pattern analysis
and the lattice parameters were performed with the
u-FIT [3] and ProLIX [4] programs, respectively; the
structure refinements were conducted with the FuLLp-
ROF [5] code. Owing to too large a difference between
scattering factors of rare earth and alkaline metal atoms,
the study of y-[Na,]Ce,S; was performed using neutron
diffraction at the Laboratoire Léon Brillouin at Saclay
(France), with the following data conditions: mono-
chromatized incident beam (A=1.98450 A) and step
scanning (0.05°) in the 1-149° (26) range.

v-La,S,, y-Ce,S;, and y-Nd,S; monocrystal studies
were made using a four-circle Siemens (P4) diffrac-
tometer. Structures were refined by means of MOLEN
[6], xTAL [7] and sHELXTL [8] codes. For each phase,
reflection data were collected in a half sphere, to check
for possible departure from cubic symmetry. The y-

Table 1

Ce,S; crystal shape was parallelepipedic, and thus face
indexing was successful, allowing for absorption cor-
rections by gaussian integration. The y-La,S; and v-
Nd,S, crystal shapes being irregular, semi-empirical
absorption corrections were performed from a Psi de-
pendence analysis (see Table 1 for data collection
conditions and refinement critiria).

Electronic band structures were calculated using the
semi-empirical extended Hiickel method {9].

3. Monocrystal studies
3.1. y-Ce,S; structure determination

Many years ago, Zachariasen [10] showed from X-
ray diffraction powder patterns that the y-phase of
M.S; rare earth sulfides crystallizes with cubic symmetry
in the J43d space group and is isotypic with ThsP..
Indeed, this structure can be considered as deriving
from the Th,P, framework by partial removal of the
cations yielding the lacunar formulation Ceg/;00,,5S,, in
agreement with an oxidation state of III for cerium
and a semiconducting behavior of the phase. Further-
more, Ce,S, also exists with a purely Th,P,-type structure
and a metallic behavior [11]. A first refinement attempt
on the y-Ce,S; structure from the diffraction powder
pattern confirmed the structural type, but seemed to
show a slight distortion, some line intensities not being
well calculated. This structural disagreement could be
attributed to an ordering of the vacancies in the y-

Crystallographic data for some y-M,S; phases and data collection conditions

Formula La,¢e6S4 Ce, 66654 Ndj 66654

Molecular weight (g) 498.67 501.90 512.90

Space group 143d 143d 1434

a (A) 8.731(2) 8.651(2) 8.529(2)

v (A% 665.5(4) 647.4(4) 620.4(4)

Z 4 4 4

p (g cm™?) 4.98 5.15 5.49

Radiation Mo K-L,; Mo K-L,; Mo K-L,;

Crystal size (mm) Fragment 0.0254 % 0.0429 < 0.0175 Fragment

u (em™h) 179.5 196.0 2321

Scan mode w/(26) /(26) w/(26)

Recording range (6) 2.0-80.0° 2.0-80.0° 2.0-80.0°

Standard reflections 310, 132, 2-13 310, 132, 2-13 310, 132, 2-13

hki Domains —15<h<15 —-15<h <15 —-15<h <15
—15<k<15 —-15<k<15 —15<k<15
—15<iI<15 —-15<i<1s —15<i<15

Recorded reflections 5106 4500 4300

Independent reflections 321 283 331

with I>2.50(])

Ri,, 0.042 0.041 0.075

R 0.020 0.028 0.038

R, 0.025 0.029 0.042
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Ce,S; structure, as suggested earlier by Carter [12],
although no satellite reflections could be observed.
Therefore, a single-crystal structure determination of
v-Ce,S; was initiated.

The refinement in the I43d space group converged
quickly, with cerium and sulfur on positions 12a and
16¢, respectively. The cationic site occupation was then
refined and, taking into account the anisotropic atomic
displacement parameters (ADPs), the reliability factor
R converged to a final value of 2.8% (R,,=2.9%). The
very good value of the refinement factors and the
absence of difference Fourier residues proved the as-
signed structural framework and symmetry to be correct.
The internal reliability factor (R;=4.1%) on averaging
equivalent reflections in the Laue group was also further
good evidence for this conclusion. The unsatisfactory
refinement of the powder pattern must therefore be
attributed to some preferred orientation problems. Com-
plementary powder diffraction studies with an INEL
diffractometer working in the Debye-Scherrer mode,
a set-up less prone to such orientation, confirmed this
hypothesis. In Table 2 are gathered the results of the
powder pattern parameter refinement while Table 1
presents the single crystal refinement results. Table 3
gives atomic position parameters together with ani-
sotropic ADPs.

3.2. y-La,S; and y-Nd,S; structure determination

The powder diagram profile and cell parameter re-
finement for both phases being satisfactory, it was certain
that their structure was derived directly from the Th,P,
structure type. Structure refinements were then com-
pleted as with the cerium compound, i.e. from single-
crystal data. They confirmed the structural type. Re-
liability factors converged to R=2.0% (R,,=2.5%) and
R=3.8% (R,,=4.2%) for La,S; and Nd,S;, respectively.
The latter refinement factor is higher than the former,
probably owing to a poorer crystal quality and/or a less
accurate absorption correction. Nevertheless, in case
of possible distortion, although no anomaly was detected
on the powder diffraction pattern of this phase, a
refinement was carried out in a rhombohedral sub-
group R3c, after averaging of the equivalent reflections
in this new group. The best results were worse than
in the cubic symmetry, with R=5.8% and R,=6.9%.
The occurrence of an inferior symmetry in the M,S,
series is to be definitively rejected. Table 1 presents
the complete single-crystal refinement results on vy-
La,S; and y-Nd,S;, while Table 3 gives the atomic
positions and the anisotropic ADPs. The M-S and S-S
main distances are given in Table 4.

These three studies together confirm that y-M,S;
phases (M =La, Ce and Nd) are cubic with space group
I43d, and that cations are randomly distributed in the
metal sub-lattice.

Table 2
Parametric data for y-Ce,S; powder diagram (a=8.6350(2) A).

hkli dey dops Ions
211 3.525 3.525 84
220 3.0530 3.0538 5
310 2.7306 2.7312 100
321 2.3078 2.3073 51
400 2.1588 2.1589 5
420 1.9310 1.9313 52
332 1.8410 1.8410 14
422 1.76263 1.76266 8
431
510 1.69348 1.69356 20
521 1.57654 1.57604 6
440 1.52648 1.52633 2
532 1.40080 1.40073 25
611
620 1.36533 1.36532 6
541 1.33242 1.33247 10
631 1.27317 1.27323 3
444 1.24637 1.24647 19
640 1.19747 1.19747 9
552
633 1.17509 1.17512 30
6472 1.15391 1.15396 4
732
651 1.09660 1.09654 6
653 1.03209 1.03213 7
743
831 1.00381 1.00375 27
750
752 0.97773 0.97765 2
840 0.96543 0.96540 9
842 0.94216 0.94220 9
655
761 0.93114 0.93115 16
921
754
8§51 0.91022 0.91021 27
930
932 0.89064 0.89062 5
844 0.88131 0.88134 3
1011 0.85500 0.85499 9
862 0.84674 0.84671 3
943 0.83871 0.83868 17

3.3. v-M,S; structure description

Although Th,P, type is well known, a brief description
may be useful, because some doped phases were ob-
tained with the same structural model (see below).
Each metal atom is surrounded by eight sulfur atoms
building a regular triangular dodecahedron. Each do-
decahedron shares with its neighbors either one tri-
angular face or one edge (Figs. 1 and 2, respectively).
Between two neighboring dodecahedra sharing one
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Atomic positions and displacement parameters of y-Ce,S;, y-La,S; and y-Nd,S,

Atom X y z Beq ‘ Toccupation
Ce 38 0 14 1.08(3) 0.888
S 0.0731(2) 0.0731 0.0731 0.058(5) 1
La 38 0 /4 1.232(3) 0.869(5)
s 0.0734(2) 0.0734 0.0734 1.266(5) 1
Nd 3/8 0 1/4 1.02(1) 0.885(3)
S 0.0721(2) 0.0721 0.0721 1.01(6) 1
Ul 1 & U22 U33 Ul 2 UIS U23
Ce 1.48(5) 13103) 131 0 0 0
S 1.41(6) 141 141 0.07(6) 0.07 0.07
La 1.66(3) 1.57(2) 157 0 0 0
s 1.38(5) 138 138 0.05(5) 0.05(5) 0.05
Nd 1.43(3) 1.23(3) 123 0 0 0
s 1.28(8) 1.28(8) 128 0.09(5) 0.09 0.09(5)

* Isotropic equivalent ADP defined as

4
Beq A= 3 trace(Bg) or B.g= 8—3115 2}:2 Uyxlalllal|a;-a;.
i

The expression of the harmonic displacement factor is

exp( —27:'2.22 U;larlia? Ih,-h,-), with Uj; in A2,

® 100 % Uy (A?).

Table 4

Main interatomic distances (A) in the three y-M,S; phases (M =La,
Ce and Nd)

Distance La,S, Ce,S, Nd,S;

M-M 4.0836(5) (x8) 4.0461(5) (x8) 3.9891(5) (X8)

4.8808(7) (x4)
5.9777(9) (x8)

M-S 2.932(1) (x4)
3.116(1) (x4)
S-S 3.338(2) (x3)

3.780(2) (x3)
4.194(2) (X6)

4.8361(7) (X 4)
5.9229(9) (x8)

2.901(2) (x4)
3.092(2) (x4)
3.312(2) (X3)
3.746(2) (X3)
4.151(2) (x6)

4.7679(T) (x4)
5.8394(9) (x8)

2.851(1) (x4)
3.058(1) (x4)
3.274(2) (X3)
3.693(2) (X3)

-4.082(2) (X6)

edge, a very distorted empty S, tetrahedron can be
observed. Its center sits at the Wyckoff position 12c.
This is, with the center of the dodecahedra not fully
occupied by a rare earth atom, the second remarkable
site of the structure. Both types of voids are potential
host sites for Na-, K- or Ca-doped phases. Their rec-
ognition is then important for the pursuit of the study.

4. Study of y~Nay:Ce, S,

The influence of an alkali metal may be manifested
in the color modification it induces in the host material.

Fig. 1. Two MSg dodecahedra sharing one triangular face in the y-
M;S; phases. Note the presence of an empty (hatched) S, tetrahedron
between two dodecahedra.

In the case of sodium, a thorough X-ray diffraction
study of the a cubic parameter as a function of the
ratio y =Na/Ce shows a linear variation for y ranging
from 0 to 0.20, in agreement with a monophasic domain
(see Fig. 3). Beyond x =0.20, the 4 parameter is constant,
while a rock-salt type phase, NaCeS,, appears. From
this, it follows clearly that, if a hypothesis of a sub-
stitution of sodium for cerium is made, the monophasic
domain limit is due to structural factors. Moreover,
the precise limit of y=0.20 implies a maximum com-
position with the formula Na, sCe; sS,. This would then
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Fig. 2. Two MS, dodecahedra sharing onc edge in the y-M,S; phases.
Note the presence of an empty (hatched) S, tetrahedron between
two dodecahedra.
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Fig. 3. Cell parameter variation as a function of y=Na/Ce ratio for
¥-Cez.667 - xNawSs.

correspond to a total filling of the dodecahedral sites.
In order to confirm this distribution, and to rule out
the possible occupation of the available tetrahedral
sites of the structure, a powder neutron diffraction
study was undertaken. A nominal composition richer
than the maximum composition of the monophasic
domain was chosen to ensure a maximum concentration
of sodium ions, hence a most precise analysis. A struc-
tural determination with the Rietveld method [5] en-
abled us to establish that there is no sodium in the
tetrahedral sites, and that all the sodium ions sit with
the cerium ions in the dodecahedral sites. The refine-
ments converged to a value of R,=5.63% (R,,,=4.40%
and Rg,.g, = 1.69%) (Fig. 4). The sum of the occupation
ratio of the cerium and sodium sites was constrained
to 1.0. 7, =16% and 7..=84% values were obtained,
in a good agreement with the limit of composition Na/
Ce =0.20. However very large standard deviations oc-
curred (related to high correlation coefficients), which
forced us to fix the ratio at the theoretical values
without refining them. The solid solution formulation
can clearly be written as Ce, 44, Nas S, (0<x<1/6).
Additionally, the parasitic phase NaCeS, was simul-
taneously refined in the NaCl structural type

Intensity

1‘#; T A s

40 60 80 100 120
2- Theta (in degrees)

Fig. 4. Neutron diffraction Rietveld refinement results of the -
Na,sCe, S, and NaCeS, phase mixing.

(Rprage = 13.1% for NaCeS,). All refinement results are
reported on Table 5. Note that atomic positions are
very near to those of the undoped phase.

5. Study of y-Kg45Ce;.5454

The preceding results were confirmed by doping with
a heavier alkali metal, e.g. potassium. Owing to the
much higher atomic number of K, X-ray diffraction
pattern refinement could be completed. In Table 6, all
parameters of the structural refinements on the phase
Ko.46Ce, 545, are gathered. During Rietveld calculations,
the occupation ratio of potassium on tetrahedral site
converged to zero, while the R, factor value reached
11.3% (R, = 12.3%) with potassium and cerium sitting
on the same position (Rp.z=9.1%).

6. Study of yCag4,Ce, 4,5,

With the calcium-doped compound, we definitely
demonstrated that an insertion of alkali or alkaline
carth metal ions on empty dodecahedral sites occurs
together with a substitution of cerium ions by alkali
or alkaline earth metal ions. In the case of a reaction
with a 2+ ion, the general formulation Ce, ¢, Ca, S,
(0<x<2/3) is expected. A compound with Ca/Ce = 0.43,
near the expected limit of CaCe,S,, i.e. Ca/Ce=10.50,
was obtained. Owing to the high scattering factor of
the calcium atom, structural determination by the Riet-
veld method could be achieved from an X-ray diffraction
pattern. Refinement converged to R,=15.1%
(R.,=17.1%) and showed again an insertion/substi-
tution only on dodecahedral sites. Calculations were
carried out with fixed B, values because of their
divergence after some cycles owing to strong correlation
with the occupation ratio. Fixed values were those
reached in the first cycles. Fig. 5 and Table 7 show
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Table 5

Structure refinement results for the neutron diffraction diagram of a NaysCe;sS, and NaCeS, mixing with nominal ratio Na/Ce=0.30

Phase Atoms x y z B (A?) Toccupation
NaysCe, S, (a=8.6371(1) A) Ce 3/8 0 1/4 0.87(5) 5/6

Na 3/8 0 1/4 0.87 1/6

S 0.0725(2) 0.0725 0.0725 0.73(7) 1
NaCeS, (a=5.8286(2) A) Ce 0 0 0 0.87(5) 12

Na 0 0 0 0.87 12

s 12 12 12 0.73(7) 1
Table 6 Table 8

Structure refinement results for the X-ray diffraction diagram of the
Ko4sCe254S¢ phase (a=8.6834(1) A)

Semi-empirical parameters used in the band structure calculation of
v-Ce;S, with the extended Hiickel method [9]

Atom x y z B, (A?) Toccupation AO 3s (S) 3p(S) 65 (Ce) 6p (Ce) 5d(Ce)*
Ce 3/8 0 1/4 0.41(5) 0.85(2) H; (eV) —-20.00 -1330 -7.67 -5.01 -10.21
K 3/8 0 1/4 041 0.15 Slater 1.817 1.817 2.14 2.08 3.78
S 0.0713(6)  0.0713 0.0713 0.41(7) 1 exponents {
(0.776 51)
1.381
F ' ' b (0.458 61)
:— * *Two exponents are given for the 5d atomic orbitals. Each is
[ ] followed, in parentheses, by its coefficient in the expression in double
> F 7 ¢
Z 0 ]
2 r E
ST ]
TN ;
L 1 1
0 50 100 150

2-Theta (in degrees)

Fig. 5. Rietveld refinement resuits of the y-Ca, 4Ce; ¢;S, X-ray powder
diffraction pattern.

Table 7
Structure refinement results for the X-ray diffraction diagram of the
Cayg9Ce, 7S, phase

Atom X y z Biso (AZ) Toccupation
Ce 38 0 1/4 043 0.69(6)
Ca 38 0 1/4 0.43 0.29(6)
S 0.0724(7) 0.0724 0.0724 0.34 1

the observed, calculated and difference diagrams and
the refinement parameters, respectively. These calcu-
lations with constrained isotropic ADPs are in excellent
agreement with the above general formulation.

7. Electronic structure of cerium sulfides

7.1. Stoichiometric Ce;S,

To obtain the band structure of a solid in reciprocal
space, this solid has to be a periodic one. That is why

Fig. 6. Band structure near the Fermi level e of y-Ce,S4 along high-
symmetry lines of the zone drawn in Fig. 7.

we began this study with stoichiometric Ce,S,, planning
to use the results for lacunar Ce,S; in a rigid band
scheme. Semi-empirical parameters used in the cal-
culation are given in Table 8.

Very localized cerium 4f atomic orbitals (AQO) are
not taken into account: we consider that the 4f cerium
electron, whose existence is revealed by the magnetic
behavior of the phase [13], does not take part in the
formation of bands, but sits on a level at a well defined
energy.

Fig. 6 shows the band structure near the Fermi level
e; of Ce,;S, along high-symmetry lines of the Ce;,S;¢
cubic cell first Brillouin zone (drawn in Fig. 7). The
bands that cross the Fermi level have a great dispersion
along different reciprocal space directions. This agrees
with a good isotropic metallic behavior of Ce,S, [14].
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-10.0 1

Energy (eV)
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g. 7. First Brillouin zone of Ce;,S,¢ cubic cell.

-4.0
xy(bz2) -
22(ay)

xz,yz(e)

2y ——

-10.0

Energy (eV)

~-16.0

0os

Fig. 8. Density of states (electrons per eV per CesSy unit cell) of
Ce,S, (left) and energy d levels of CeSy dodecahedron (right). Overlap
integrals computed up to a 7 A distance.

Fig. 9. CeSy dodecahedron with the D,; symmetry.

In Fig. 8 is drawn the density of states of Ce,S,,
computed from a CesS; unit cell. The shaded area
emphasizes the filling of bands by valence electrons up
to the Fermi level ¢, The AOs we introduced bring

three electrons per cerium atom and six electrons per
sulfur atom, that is, 66 electrons per CegSg unit cell.
All the bands beneath —12 eV are filled with 64
electrons, then there is a gap about 2.5 eV wide. The
two remaining electrons occupy the bottom of the
conduction band (see Fig. 8). On the right part of Fig.
8, levels of an isolated CeS; dodecahedron (drawn in
Fig. 9) encountered in Ce;S, are shown. These levels
have mainly a cerium d character. The assumed sym-
metry is that of a true D,, dodecahedron, very similar
to the slightly distorted dodecahedron actually observed.

Fig. 10 allows a careful examination of the density
of states. The total density (Fig. 10(a)) is projected in
Fig. 10(b) along the sulfur 3p AO (dots) and along
the cerium 5d AQO (dashes). One can see that the
valence band (v.b.), below the gap, is essentially of S
3p character, whereas the conduction band (c.b.) is
essentially of Ce 5d character. Fig. 10(c) gives the crystal
orbital overlap population of the Ce-S bond as a function
of energy. It shows that the electrons below the gap
contribute positively to Ce-S bonding. The integrated
overlap populations are 0.081 and 0.283 at the bottom
and top of the v.b., respectively, proving the existence
of a strong Ce-S bond. For the same bond, but above
the gap, the electrons are antibonding, leading to an
integrated overlap population value of 0.279 at e;. At
e;, corresponding values for other potential bonds are
—0.034 and —0.010 for S-S at 3.214 A and S-S at
3.735 A, respectively, showing that there is no significant
sulfur-sulfur bonding, in agreement with van der Waals
radii values. A positive value of 0.035 for Ce-Ce at
4.034 A is indicative of a weak cerium—cerium bonding
in this solid. The strong interaction between the AOs,
revealed in partial densities of states and overlap pop-
ulation patterns, is in excellent agreement with the
metallic behavior of the phase.

7.2. Ce;_.S, (0<x<1/3) and y-[Na]Ce,S; compounds

From the results in the previous sections, a first
electronic interpretation of the properties of the Ce; S,
phases can be given. The elimination of some cerium
atoms (and thence the appearance of vacancies) results
in a decrease in the number of high-energy antibonding
electrons. Getting rid of all the c.b. electrons implies
the removal of two electrons for the CegSq cell. Since
each cerium atom is carrying three electrons, this means
a withdrawal of one cerium atom out of nine, hence
resulting in the formulation Cegyg0Ss, i.€. Ce,Ss.

One should mention that this purely electronic rigid
band argument neglects any cost imputable to the
breaking of eight Ce-S bonds whenever one vacancy
appears, and also the effect of these vacancies on the
electronic structure. In addition, a random distribution
of vacancies can produce, even before the disappearance
of one cerium atom out of the nine initial atoms, an
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Fig. 10. (a) Total Ce;S, density of states (upon 20k mesh points of the asymmetric part of the first Brillouin zone). (b) Partial sulfur p (dots)
and cerium d (dashes) density of states. (c) Crystal orbital overlap population of the Ce-S bond.
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Fig. 11. Variation of the M** jons radius and of the absorption
edge E, as a function of the y-M,S; phase cell parameter [16].

Anderson transition, yielding an insulating behavior for
x<1/3 [15].

In this framework, the sodium atoms which replace
the cerium atoms in the vacant sites would recreate
bonding with the sulfur atoms. This would thus bring
electrostatic stabilization while decreasing the number

Table 9

XPS assignment (eV) of the v.b. of the y-M,S, phases (after Kaciulis
et al. [17])

v-M,S; S 3p M 4f S 3s M 5psp M 5py2
La,S, 48 13.6 189 20.9
Ce,S; 53 25 133 19.6 22,6
Nd,S, 5.6 5.6 14.5 20.6 24.3
Sm,S; 5.7 8 14.8 22.0 26.0
Gd,S, 58 95 23.0 270
Dy.S; 58 10 14.5 245 29.9

of electrons compared with the cerium ions. To reach
the same total number of electrons as in Ce,S,, one
should substitute in Ce,S, one cerium atom out of six,
giving the limit formulation NaCesSg, i.e. Na, sCe;sS,,
actually observed. As in the vacancy case, a random
distribution of Na can generate an Anderson transition.

To model the effect of the vacancies, we calculated
the density of states of the CesS; and Ce,Sg cells,
arbitrarily choosing the position of one and two va-
cancies, respectively, in the primitive cell. The major
effect is a shift of the same amount of the v.b. and of



R. Mauricot et al. | Journal of Alloys and Compounds 223 (1995) 130-138

possible transitions between the f terms. These transition
energies are in the visible light range. This model is

138
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ch ch/ ch }
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Fig. 12. Model! of optical transitions in some M,S; phases (see text
for explanation).

the c.b. towards higher energies, resulting in an un-
changed gap value. Therefore, the electronic structure
is hardly changed by the occurrence of vacancies and
it remains isotropic in the solid.

7.3. Structure versus color

The evolution of the M,S; phases cubic cell param-
eters as a function of the trivalent ions radius is regular
(Fig. 11). However, it is not correlated with the energy
of the optical absorption edge E,, the cerium and
gadolinium phases showing a special behavior. Fur-
thermore, since the observed color of La,S; (yellow
(Eg=2.9 €eV)) Pr,S; (green (E,=2.6 €V)) and Nd,S,
(light green (E,=2.4 eV)) are similar, it can be infered
that they originate from a v.b. to c.b. transition. For
Ce,S; (red (E,=2.0 eV)), transitions implying the 4f
levels have to be considered.

The X-ray photoelectron spectroscopic (XPS) study
of Kaciulis et al. [17] of the y-M,S; phases showed
that for Ce,S;, the 4f levels are above that of the 3p
band and the Ce,S; red color is to be attributed to a
4f —»c.b. transition (see Table 9). For the neodymium
compound, the 4f levels would be near the top of the
sulfur 3p band, leading to a green—yellow color, and
a v.b.—c.b. and/or 4f - c.b. mechanism. For the other
M,S; phases, one has to take into account the various

schematically summarized in Fig. 12.
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