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The electronic structures of the y-Ln,S; (Ln = La, Ce, Pr, and
Nd) light rare earth sulfides are studied by means of the ab initio
self consistent LMTO-ASA method in the tight-binding repres-
entation. Results show that the valence and the conduction bands
are mainly S 3p and Ln 5d in character, respectively, with the 4 f
levels in the electronic gap. A thorough analysis of the band
energies and of the hybridizations leads to an interpretation of
the compounds optical absorption edges, perfectly coherent with
the experimental results. The influence of an alkali and alkaline
earth metal insertion/substitution is discussed, and the effect on
the band structure of a metal and/or sulfur nonstoichiometry is
analyzed. © 1997 Academic Press

INTRODUCTION

In the search for new inorganic, nontoxic pigments,
y-Ln,S; light rare earth sesquisulfides seem very promising
(1). Possible colors are yellow, red, green, and light green for
Ln = La, Ce, Pr, and Nd, respectively. A comparative study
of these compounds, including the alkali and alkaline earth
doped phases, was performed (2) with a view to identifying
the transitions responsible for the colors. The study in-
cluded structure determinations as well as electronic band
structure calculations by means of the semi-empirical ex-
tended Hiickel tight-binding method (EHTB). The main
results are as follows: The y-Ln,S5 structures derive from
the Th;P, structural type. In the cubic cell, each Ln rare
earth atom sits in a triangular dodecahedral environment of
8 sulfur atoms. The rare earth atoms occupy 10.667 out of
the 12 available sites per cell, thus the formulation Ln, 66754
or Ln,S;. The vacant sites are randomly distributed
throughout the structure. While the Ln;S, phases are black
metals, the y-Ln,S; phases exhibit semiconducting behav-
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ior. Surprisingly, the aforementioned color succession does
not follow a straightforward, logical law. Apparently, the 4f
orbitals seem crucial in the electronic absorptions respon-
sible for the colors. When a y-Ln,S; phase is doped with an
alkali or alkaline earth metal, A, a solid solution occurs.
This solid solution results from a substitution/insertion of A
(thereafter simply referred as doping) in the dodecahedral
sites, preserving the charge neutrality (for instance, the limit-
ing composition for Na doping is Nay sLn, 5S,). Besides,
spectroscopic studies show that localized levels are present
within the band gaps of Ln,S; compounds.

This paper reports a thorough analysis of the electronic
structure of doped y-[A]Ln,S; and undoped y-Ln,S; rare
earth sulfides (Ln = La, Ce, Pr, and Nd; 4 = Na) and of
their Ln;S, parent compounds. Section I presents a brief
summary of the results previously obtained with the semi-
empirical EHTB method (2) and some considerations on the
limitations of the method. In Section II, new calculations by
means of the self-consistent ab initio linear muffin-tin orbital
method (LMTO) in the atomic spheres approximation
(ASA) and in the tight-binding (TB) representation are then
exposed. In Section III, the results are discussed: the origin
of the y-Ln,S; colors and the effect of the doping are
presented, and the influence of sulfur and metal vacancies
on the band structure and on the optical properties is
analyzed.

I. EHTB RESULTS FOR y-Ce,S;

The band structure calculations performed by means of
the EHTB method are fundamentally semi-empirical in
nature (3). Moreover, they are realized in reciprocal space
and thus, cannot take into account random vacancies. To
model a lacunar structure, one can perform calculations for
a stoichiometric compound, and then assume a rigid-band
scheme to interpret the results. Such considerations are not
too unrealistic if the densities of states (DOS) calculated for
several lacunar structures, with arbitrary positions for the
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vacancies, do not fundamentally depart from the DOS cal-
culated for the pristine material. When dealing with rare
earth elements, apart from the possible unreliability of the
scarcely used H;; parameters, the main limitation of the
EHTB calculations is the absence of the 4f orbitals. One can
exclude the 4f electrons from the valence electrons, but no
real energy can be assigned to the 4f levels. Mauricot et al.
recently reported (2) such EHTB calculations on y-Ce,Ss.
In the following paragraphs, we summarize their major
findings.

Figure 1 presents the band structure calculated with the
EHTB method for Ce;S,, around the Fermi level and along
the first Brillouin zone major symmetry lines shown in
Fig. 2. The valence band (vb) (below — 12.5¢V) is mainly
S 3p in character, while the conduction band (cb) (above
—10.5eV) is chiefly Ce 5d. The Fermi level (straight line)
intersects wide bands in all directions, in agreement with the
isotropic metallic behavior of Ce;S,. Within a rigid-band
scheme, a stoichiometry alteration from Ce;S, to Ce, 66754
results in the total emptying of the cb. A Mulliken popula-
tion analysis indicates that this depletion strengthens the
bonding character of the Ce—S bond. It also shows that
weak bonding interactions exist between the cerium nearest
neighbors (dee_c. = 4.034 A).

As can be seen in Fig. 1, the gap for Ce,S; is indirect, from
the bottom of the cb at I" to the top of the vb at a point
between I' and H. This observation is confirmed by ellip-
sometry studies which show an indirect gap of 2.75eV (4).
The energy gap is usually largely overestimated in EHTB
calculations but, since it is strongly dependent on the
H;; parameters, it can easily be adjusted. This is the case in
the reported calculations where the Ce 5d energy state has
been arbitrarily lowered. The results nevertheless clearly
indicate that the energy gap should not be fundamentally
modified when going from La to Gd, along the lanthanide
series.
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FIG. 1. EHTB band structure near the Fermi level of Ce;S,. The
Brillouin zone special points I', H, P, and N are defined in Fig. 2.
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FIG. 2. First Brillouin zone of Ce,,S;, body-centered cubic cell.

From the 4f energy levels deduced by Kaciulis et al. from
XPS studies (5), an absorption mechanism is proposed for
the y-Ln,S; phases (Ln = La, Ce, ..., Gd). For lanthanum,
a vb — cb absorption takes place with an energy gap lead-
ing to the yellow color of y-La,S;. For the following rare
earth elements, the XPS results indicate that the 4f energy
band is above the vb for y-Ce,S;, but then progressively
drops when the atomic number Z increases. The Ce,S5 red
color is thus attributed to a 4f — cb transition. For neo-
dymium, the 4f level would be close to the top of the vb,
leading to a vb — cb transition and therefore a greenish-
yellow color. For the next elements of the rare earth series,
the various possible transitions between the 4f terms should
be considered.

Since the alkali and alkaline earth metals are poorly
modeled by the EHTB method, they were not introduced in
the calculations. Simple considerations led the authors to
conclude that the doping should stabilize the overall struc-
ture by filling the empty sites without altering the charge
neutrality. EHTB calculations are irrelevant in that respect.

The XPS spectra reported in Ref. (5) have a low resolu-
tion. In addition, they do not directly give the energy posi-
tions of the bands because they incorporate relaxation terms
intrinsic of the photoemission process. Since the localization
of the 4f levels is crucial for the interpretation of the y-
Ln,S; colors and since the understanding of the doping
process is important for possible color modifications, new
calculations by means of the self-consistent ab initio LMTO-
ASA method in the TB representation were initiated.

II. LMTO-ASA CALCULATIONS
11.1. Presentation and Limitations of the Method

Among the nonempirical methods for band structure
calculations, the most successful are based upon the density
functional theory (DFT) in its local spin density approxima-
tion (LSDA) (6). These methods do not consider individual
electrons, but the whole many-body electron system
through the total electron density p(r). The total energy E,
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which is written as a functional of p(r), can be split as a sum
of three terms

E[p] =T [p] + VI[p] + Ei[p],

where T [p], V[p], and E,.[p] are the kinetic, potential,
and exchange-correlation energies, respectively. In the
LMTO-ASA method (7), the shape of the crystal potential is
simplified in the form of a spherical, symmetric potential
around the atoms (then including both the nuclei and the
core electrons) and a constant potential between the atomic
spheres.

Although successful in most cases, LSDA-based methods
should be cautiously considered when dealing with 4f or-
bitals. Indeed, in these methods the exchange-correlation
potentials are usually derived from various theories on
exchange and correlation in a homogeneous electron gas.
Since the 4f orbitals are highly localized, the LSDA-based
methods may not be adequate for their study. It was re-
cently shown (8) that the spin correlations are generally
treated with sufficient precision but that the Coulomb cor-
relations in 4f and heavy-d electron systems are described
with great errors. A number of corrections have been pro-
posed for fixing these problems. Among them is the use of
on-site Coulomb repulsion parameters and in some cases
of nondiagonal Coulomb and exchange corrections (8,9).
In fact, the introduction of a Coulomb on-site repulsion
parameter, U, is very important in the case of compounds
with 4f orbital elements (a typical U value for 4f orbitals is
ca. 6-9 eV). Without these corrections the position of the 4f
bands is presumably inaccurate, which in turn corrupts the
energy of the bands that are strongly hybridized with those
4f orbitals (10). Fortunately, among the rare earth elements
with 4f electrons, cerium is certainly the element the less
prone to yield large errors since it has only one 4f electron
and the less localized 4f orbitals. Moreover, the Ce—Ce
distance in y-Ce, S5 (4.034 A) is rather large compared to the
distance found in y-Ce (3.65 A) where the 4f orbitals hardly
interact (10). However, the position of the 4f bands is
a result of a balance between the positive Coulomb correla-
tion energy and negative exchange energy, those terms be-
ing the largest for the f orbitals among all types of atomic
orbitals. Therefore, the position of the 4f states is very
sensitive to the details of the calculations, for instance the
shape of the 4f orbitals which can themselves bear errors
due to the inaccuracy of the Coulomb correlations.

The second problem that could arise is directly related to
the particular aim of our study, the determination of optical
gaps. Indeed, in the LSDA-based methods, any valence
electron interacts with itself by means of the Coulomb
potential. This may not be of great importance in the case of
elementary solids, since the self-interaction (SI) only shifts
the valence states uniformly along the energy scale; but it
can introduce errors in determining the band gap between
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the Ln 5d-like cb and the S p-like vb, since the cb and the vb
have different space shapes and consequently different SI
errors. A number of methods to calculate SI corrections
have been proposed (11). Generally these methods use the
different k- and band-dependent SI corrected potentials, so
that their incorporation in computer codes is difficult. Up to
now, such studies have been limited almost exclusively to
pure metals (12).

The determination of the ground state of the electronic
structure of the y-Ln,S; phases with a LSDA-based method
seems to be a difficult task, and the characterization and
quantification of the band gap (which is related to excited
states and thus should take into account various electronic
configurations) go beyond the LSDA approximation.
Nevertheless, keeping in mind the various drawbacks of the
method, calculations were carried out on the Lns_ .S, series
in order to evaluate the evolution of the optical properties
as a function of Z, as a function of doping, and as a function
of vacancy content.

11.2. Computational Details

The LMTO-ASA method is especially well adapted to the
study of compact structures where the Wigner—Seitz spheres
almost completely fill the space. This is the case for the
Th;P, structure type. In open or lacunar structures, empty
interstitial spheres have to be introduced to prevent large
overlaps, misrepresentations of the potential, and lacks of
charge densities. In the calculations for the Ln,S; com-
pounds (atomic positions of the rare earth and sulfur atoms
taken from Ref. (2)), one rare earth atom out of six was
replaced by an empty sphere (E) to reach the LnsESg
(Lny g75S3) atomic composition (close to the original Ln,S;
stoichiometry and to be referred as Ln,S; thereafter). Such
a setting explicitly excludes the observed disorder associated
with the cation random distribution over the dodecahedral
sites.

The calculations were performed by using the tight-bind-
ing representation of the LMTO-ASA method (13a). The
Wigner—Seitz’s atomic sphere radii (see Table 1) have been
determined by using the automatic procedure reported in
Ref. (10). The usual LMTO-ASA criterion of totally filling

. TABLE1
Atomic Spheres Radii (A) Used in the LMTO-ASA Calculations

Compound r(Ln, E) r(S)
La;S, 2.00 1.58
La,S; 2.02 1.56
Ce;S, 1.92 1.63
Ce,S3 2.00 1.54
Pr,S; 1.98 1.52
Nd,S; 1.97 1.52
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the crystal volume by the atomic spheres was used, together
with the combined correction (13b). The sphere radii are
chosen under the requirement that the superposition of the
spherical potentials be the best possible approximation to
the full potential. As the combined correction introduces
a kinetic-energy error proportional to the 4th power of the
relative sphere overlap, the usual condition to get accurate
calculations is that the radial overlap for any couple of
spheres should be no more than 15% of the distance be-
tween the centers of the given spheres. This condition is
satisfied in the present case by using empty site spheres. The
atomic partial waves used in the calculations were 6s, 6p, 5d,
and 4f for Ln atoms, 3s, 3p, and 3d for sulfur atoms, and 1s,
2p, and 3d for the vacancies. However, the 6p Ln states, 3d
S states, and 2s and 3p vacancy states were not directly
included in the basis set but “down-folded” using the Low-
din’s perturbation technique incorporated in the TB
LMTO-ASA codes (13c). The k-space integrations were
performed with the tetrahedron method (14). The numbers
of k-vectors per irreducible wedge of the Brillouin zone used
in the various calculations were 134 for the La compounds
and 1034 for the Ce, Pr, and Nd compounds, which was
sufficient to get a slow, smooth convergence of the self-
consistency processes.

Spin-polarized calculations of the electronic band struc-
ture have also been performed for Ce,S;. The essential
change with respect to the results without a spin-polariza-
tion was a shift of the 4f minority spin states of 0.8 ¢V to
higher energies; no noticeable changes in the 4f<«<>cb and
vb <> cb energy gaps were observed. Therefore such calcu-
lations have been omitted for the other compounds.

III. RESULTS AND DISCUSSION
1I1.1. Density of States (DOS)

The calculations show, as for the EHTB calculations, that
the vb is mainly built up from the S 3p states in bonding
interaction with the Ln 5d states, while the cb is essentially
made up of the Ln 5d antibonding crystal orbitals. The total
DOS of LasS,, CesS,, y-La,Ss, and y-Ce,S5 are shown in
Fig. 3. If one excludes for obvious reasons the La com-
pounds, it can be seen that the sharp 4f band is located
within the vb <> cb band gap. The Fermi level is therefore
located within the 4f band. This is incompatible with the
metallic and optical properties of the Ln;S, phases. So we
have a good example of the breakdown of an LSDA-based
method. Nevertheless the calculations provide rational clues
toward the understanding of the electronic structure of the
intermediate, x > 0, Lns_ S, sulfides. For y-Ce,S3, i.e., the
lower limit of the Ce;_ .S, series, the S 3p-like vb is com-
pletely filled and the Ce 5d-like cb is empty, while the Ce 4f
band contains one electron per Ce atom. For x < 1/3, i.e.,
for higher Ce content, the additional electrons cannot
occupy the empty levels of the 4f one-electron band because
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of strong coulomb correlations. They could occupy the
upper Hubbard band, but it would be ca. 6 eV above the
lower 4f Hubbard band, that is, well above the 5d-like
states. Therefore, they occupy the 5d states and are localized
by an Anderson’s mechanism due to the rare earth sublat-
tice disorder. Such a mechanism leads to a hopping con-
ductivity for the Ln;_,S, compounds, as reported in
Ref. (16).

111.2. Gaps and Optical Properties

The establishment of reliable relations between the op-
tical properties and the electronic structures of the rare
earth sesquisulfides has for a long time been the quest of
many research groups (17-19). The present study adds some
qualitative and quantitative aspects to that aim. The most
relevant result is the quantification of the vb or 4f band «
cb energy gaps, as plotted in Fig. 4. It follows from our
results that the fundamental absorption onset for y-La,S5 is
provided by S 3p—La 5d (vb<> cb) excitations, while it
comes from 4f to 5d transitions for Ln = Ce, Pr, Nd. A no-
ticeable increase of the vb«>cb gap takes place between La
and Ce. Then, between Ce, Pr, and Nd, the gap value
changes smoothly. The 4f«< cb energy gap increase for the
heavier elements is related to the usual decrease of the 4f
state energies in the rare earth series. This is in agreement
with the XPS results (5). In y-Pr,S; and y-Nd,S;, the 4f
states are near the top of the vb, in coherence with magneto-
optic effect studies by Babonas et al. (18) and reflection
measurements by Zhuze et al. (19).

Due to the small difference between the vb«>cb gaps and
the experimental gaps found for the praseodymium and
neodymium compounds, it is not clear which values, the
vb<>cb or the 4f<—cb energy gaps, should be compared to
the experimental values. However, the trend in the variation
of the calculated 4f«>cb gaps reproduces quite well the
variation in the series of experimental gaps. The conclusion
is that in this series of compounds the 4 fstates seems to take
part in the chemical bonding, hybridizing with the 3p sulfur
states and pushing the valence band states to lower energy.

Figure 5 presents the band structure of La;S, calculated
with the TB LMTO-ASA method, around the Fermi level
and along the symmetry lines used in Fig. 1. It is worth
noticing that the band structure aspect is very similar to that
calculated with the EHTB approach for Ce;S,. The indirect
character of the band gap, between I" and H, is confirmed.

111.3. Sodium Doping

To model the sodium doping (insertion/substitution) the
calculations were performed on an unit cell of composi-
tion LnsNaSg (Ln = La and Ce). The formula LnsNaSg
(Ln, sNag 5S, = Ln; g75Nag 375S3) actually corresponds to
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FIG. 3. DOS of La;S,, Ce;S,, La,S;, Ce,S;. (states per Ry per Ln;,S;¢ or Ln;oS;6 unit cell).

the upper limit of the sodium content (2) and disregards the
statistical distribution. Due to their high energy, the 3s,p Na
states do not markedly change the band structures. How-
ever, various modifications can be noticed. Since there is an
effective charge transfer from the sodium atoms to the
cerium and sulfur spheres, the Coulomb correlation energies
of the Ce and S states increase. The more localized the
orbital, the larger the increase: the energy center of gravity
of the band is raised by ca. 0.17, 0.35, and 0.42 ¢V for the
sulfur s and cerium d and f'states, respectively. Based upon
this sole consideration, the optical gap is predicted to
increase for y-[Na]lLa,S; (vb<>cb gap) but decrease for
y-[Na]Ce,S; (4f<—cb gap). However, since the sulfur
p—cerium f, d state separation increases, the interaction is

reduced and so are the band widths (it is worth mentioning
that the hybridization of the cerium f states with the sulfur
p states, although very small, is about the same as that
between the cerium f and d states). This last effect prevails
for y-[Na]Ce,S; and leads to a slight global increase of the
4f—cb gap (ca. 0.2 eV), which is close to the experimental
findings of Mauricot et al. (2).

Chemically speaking, the sodium insertion/substitution
process increases the overall ionicity of the structure. This
leads for y-Ce,S; to a change of the material color from
maroon to red-orange, though a profound modification of
the y-Ln,S; initial color cannot be achieved in this way
because of the small changes in the density of states.
However, since the optical gap depends directly on the
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FIG. 4. Energy gaps as a function of the atomic number. See text for
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nature of the fundamental absorption edge, deeper color
changes could be realized through a partial substitution of
the cerium atom by other rare earth elements.

111.4. Sulfur and Metal Vacancies

When performing precise optical analyses, one usually
faces a more intricate band picture than the diagram given
by band structure calculations. For instance, the photocon-
ductivity spectra of y-La,S; (20), y-Ce,S; (21), y-Nd,Ss;,
7-Gd,S; (2b), and y-Dy,S; (22) all exhibit common peaks at
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FIG. 5. Dispersion curves along the main directions of the Brillouin
zone for LasS,.
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lower energy than the vb«> cb transition, probing so-called
impurity or localized states in the band gap. Through ther-
mally stimulated current experiments, Georgiobani et al.
(20) observed photoconductivity trap levels in y-La,Ss,
localized below cb. Using time-resolved fluorescence,
Mauricot et al. (23) observed slow decay fluorescence from
an emitting level localized below cb for y-La,S; and
y-Ce,S;. Except for La, 4f orbitals may provide levels near
the top of vb, but, as already shown, their positions shift
with Z. However, a common feature of these compounds is
the occurrence of intrinsic metal vacancies and the possibili-
ty of sulfur vacancies. In this section it is shown that the
metal and sulfur vacancies can give rise to localized states
near the top of vb and the bottom of cb, respectively.

To model the nonstoichiometry of the sulfur sublattice,
one sulfur atom of the extended y-La;S, structure has been
replaced by an empty sphere with an s orbital basis and
down-folded p and d orbitals, keeping the sphere radii
unchanged. This lacunar structure will be thereafter referred
to as La;,S;5. We also performed calculations using a unit
cell made up of five metal atoms, one vacancy in the metal
sublattice, seven sulfur atoms, and one vacancy in the sulfur
sublattice, i.e., an LasS,; composition.

In Fig. 6 the DOS for La;,S;5 and the relative projected
density of states per atom, PDOS/DOS, of the sulfur va-
cancies are reported. The PDOS/DOS curve, which gives
the integrated (over the Brillouin zone) orbital characters of
the given atom (vacancy) as a function of energy, is less
cumbersome than the usual more instructive “fat band”
curves, which give the orbital character weighted band
structure. Figure 7 presents similar curves (DOS and
PDOS/DOS of the lanthanum vacancy) calculated for
LasS, in the lower energy region.

The signature of localized states due to the presence of
vacant sites in metal and nonmetal sublattices in band
structure calculation has already been discussed in various
publications (24, 25). In Ref. (24) the effect of periodic va-
cancies in nonstoichiometric titanium oxide TiO;_,
(x =0.25) was analyzed by the Augmented Plane Wave
(APW) method. In Ref. (25) similar effects were looked for
in transition metal carbides MC;_,, (M =Ti, Zr, Hf;
x ranging from 0 to 0.4) with the KKR-CPA (Korringa
Kohn Rostoker—Coherent Phase Approximation) method.
In this last study it was found that for small x values
a narrow peak emerges in the density of states near the cb
and that the larger the x content, the wider the separation of
this peak from cb. Besides, when x approaches 0.2, a split-
ting of the vacancy peak occurs, which is also observed in
the APW calculations. The qualitative interpretation for the
vacancy state formation is as follows. The removal of a non-
metal atom from the lattice results in a breakdown of the
nearest-neighbors metal-ligand hybridization. This induces
a decrease in energy of the electronic state initially in cb
because it was antibonding with respect to the metal-ligand
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pair. Besides, if the distance between the neighbor metal
atoms is sufficiently small, a new metal-metal hybridization
across the vacancy site emerges which also lowers the en-
ergy of the local state. As a result, the local state drops down
from the continuum of the conductivity band. Moreover, an
antibonding counterpart of this localized state appears
above the top of the d band.

Figure 6 is a good demonstration of the foregoing specu-
lations. The S vacancy states are, as expected, high in energy
around 0.5-0.6 Ry. An S vacancy “sharp” impurity peak is
clearly visible at the bottom of cb at ca. — 0.12 Ry, while at
ca.0.35 Ry its antibonding counterpart is found. An analysis
of the La;S, and La;,S;5 energy curves (not shown in this
report) reveals a flattening of the bands near the bottom of
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FIG.7. DOS of lacunar LasS; and relative projected density of states per atom, PDOS/DOS, of the lanthanum vacancies of LasS; in the vb region.
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the conductivity zone in the I'-H and H-N directions, which
corresponds to the state localization.

Obviously, an analogous discussion can be carried out for
the vacancies in the metal sublattice. When a metal atom is
removed, a bonding state near the bottom of the valence
band disappears. Instead, a local state emerges at higher
energy inside the valence band. In addition, with the loss of
screening interactions, this local state can gain a certain
amount of sulfur—sulfur antibonding character, which fur-
ther raises its energy. A bonding counterpart should appear
at lower energy. In our calculation the metal vacancy states
are found in the 0.3-0.6 Ry region, but they are not impor-
tant for the optical properties. As predicted, local La va-
cancy impurity states appear at the top of vb at ca. 0.28 Ry,
as can be seen in Fig. 7, with the bonding counterpart being
found at the bottom of vb. The comparison between the
band structure of La;S, and La,S; also reveals that the
occurrence of the peak at the top of vb is related to a flatten-
ing of the bands along the I'-P-N direction, that is to
a localization of the states. Similar results were obtained
from the Ce derivative.

Finally, the band structure calculations show that local-
ized states near the bottom of cb and near the top of vb can
be present arising from vacancies in the nonmetal sublattice
and in the metal sublattice, respectively.

IV. CONCLUDING REMARKS

The results obtained with the EHTB methods are quali-
tatively good. However, ab initio TB LMTO-ASA calcu-
lations provide a much deeper insight into the electronic
structure of the Lns_ S, rare earth sulfides, in which the 4f
orbital participation in the chemical bonding has to be
taken into account. This allows a rationalization of a series
of properties of the doped and undoped y-Ln,S; (Ln = La,
Ce, Pr, Nd): electrical behavior, color origin and evolution,
and occurrence of trap levels revealed by photoconductivity
and fluorescence studies.
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