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The electronic structure and mechanisms for the optical excitations of pure and Na-dopedg-Ce2S3 have been
investigated using first-principles local-density-functional theory. The energy-band structures from augmented-
spherical-wave calculations indicate that the S 3p→Ce 5d interband transitions give rise to absorptions in the
ultraviolet, whereas the observed red color ofg-Ce2S3 is associated with localized Ce 4f→5d excitations. The
cationic vacancies ing-Ce2S3 ~which is derived from the cubic Th3P4 structure! lead to the formation of
vacancy bands, which are split off from the top of the S 3p valence band. Na doping removes these vacancy
bands and homogenizes the band edges of the valence and conduction bands. As a consequence, the onset of
the f→d transitions is shifted slightly to larger energies and becomes sharper, which is consistent with an
observed change in the color ofg-Ce2S3 from maroon to red-orange upon doping with Na.
@S0163-1829~96!05028-X#

I. INTRODUCTION

At present, only few yellow and red pigments are avail-
able with high performance in their thermal, chemical, and
uv stability. Cadmium sulfoselenide and compounds such as
lead molybdate are currently the most widely used pigments
of this kind. These compounds have excellent performance
characteristics, but their toxicity is environmentally undesir-
able. Thus, driven by changes in legislation and government
regulations, there is a strong incentive to develop new
classes of inorganic pigments that are non-toxic and environ-
mentally more compatible while preserving or even exceed-
ing the optical, thermal, and chemical characteristics of
present high-performance pigments.

To this end, rare-earth sulfides and related compounds
have been proposed as promising candidates.1–3 Within this
class of compounds,g-Ce2S3 is particularly interesting since
alkali doping makes it possible to tune its color from maroon
to orange.2 So far, progress in the development of these pig-
ments has been mostly achieved by extensive synthetic ef-
forts combined with physical characterization such as x-ray
diffraction and optical measurements. Further systematic im-
provements are difficult without a detailed understanding of
the relationships between the chemical composition, the
crystallographic structure, and the optical properties of these
compounds. Due to the complex crystal structure, the exist-
ence of vacancies, and the presence off electrons, this un-
derstanding is still incomplete. In fact, even the fundamental
mechanism causing the color of these compounds is not
completely settled.

It is the aim of the present work to determine the elec-
tronic structure of cerium sulfide, to establish the role of the
f electrons in the optical transitions, and to investigate the
changes of the electronic structure induced by the doping
with alkali atoms. As prototypical compounds we have cho-
sen pure g-Ce2S3 and the alkali-doped compound
Na0.5Ce2.5S4.

2,3 As reference we have also performed calcu-

lations on Ce3S4. The results show that the optical transitions
in the visible spectrum can be understood by localized exci-
tations from Ce 4f levels into the conduction band of pre-
dominant Ce 5d character while the interband transitions
from the S 3p valence band into the conduction band lead to
absorptions above 3 eV in the uv range. The interband tran-
sitions can be directly interpreted from a one-particle band
picture, while total-energy differences between ground and
excited states of an atomic model are used to describe the
localized excitations involving thef states. A rigid band
model using the band structure of Ce3S4 is insufficient to
account for the details of the electronic structure ofg-Ce2S3
because of the presence of vacancies. A major effect of so-
dium doping is the elimination of the vacancies and a ho-
mogenization of the band edges.

Rare-earth sesquisulfides have fascinating optical and
magneto-optical properties and thus are the subject of a num-
ber of experimental studies. In the search for luminescence
devices, Scharmer, Leib, and Huber4 investigated Ce- and
Nd-doped lanthanum sulfides. For La2S3:Ce 1%:Nd 1%
these authors attributed the fundamental absorption edge at
460 nm to a direct band gap at 2.6 eV and associated the
broad absorptions centered at 540 and 470 nm with Ce
4 f→5d transitions. In a review of the optical properties and
electronic structures of rare-earth sesquisulfides and sesqui-
oxides, Zhuze and Shelykh5 reported that the optical gaps of
rare-earth sesquisulfides are between about 2.5 and 2.9 eV,
with the exception of Ce2S3, for which a value of 2.2 eV is
given. Furthermore, these authors discuss the potential role
of the lanthanide f electrons in the chemical bonding.
Gubanov and Ryzhkov6 pointed out that at the beginning of
the rare-earth series there could be a significant participation
of the f electrons in the chemical bonding, which falls off
with the stronger localization of thef levels for higher
atomic numbers. This is consistent with the photoemission
spectra of rare-earth sesquisulfides described by Kaciulis,
Latisenka, and Plesanovas7 who interpret a shoulder at about
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2.5 eV~with respect to the Fermi level! in the photoemission
spectrum of Ce2S3 as originating from the Ce 4f states. In
the sesquisulfides of Nd, Sm, Gd, and Dy this spectral fea-
ture is shifted to 5.6, 8.0, 9.5, and 10.0 eV, respectively, and
becomes an increasingly pronounced peak in the photoelec-
tron spectrum. Kimuraet al.8 have measured the reflectivity
spectrum of Gd2S3 in the energy range from 2 meV to 30 eV
and noted that the fundamental energy gap of this semicon-
ductor does not vary with temperature and thus is thought to
be due to direct transitions. This seems to contradict the
band-structure results of Takegahara, Kaneta, and Kasuya,9

who report an indirect gap for the isostructural Th3P4. As
will be shown below, this result may not be directly relevant
to the discussion of the rare-earth sesquisulfides. Recently,
Dagys and Babonas10 pointed out the special role of 4f→5d
transitions in Ce2S3 to explain the optical and electrical char-
acteristics. The fundamental optical transitions of typical
Ln2O3 and Ln2S3 compounds are thought to involve O 2p or
S 3p valence bands~Ln denotes lanthanide!. Earlier, these
authors had provided evidence from magneto-optical mea-
surements that the absorption edge in Ce2S3 at 2.2 eV may be
related to 4f→5d transitions and thus the absorption in this
particular energy region is a unique feature due to cerium.11

This interpretation is substantiated further by a study of the
optical and magneto-optical properties of~La22xCex!S3 crys-
tals by Dagys, Babonas, and Pulinskas.12 However, the ac-
curate experimental assignment of optical gaps of rare-earth
compounds is difficult, especially if only powders are avail-
able. Furthermore, the results are extremely sensitive to
small impurities by other rare-earth elements and great cau-
tion has to be exercised in the assignment of optical gaps,
unless the entire complex dielectric function on pure single
crystals has been measured. In fact, very recent optical mea-
surements by Witzet al.13 on single crystals of Ce2S3 and
Gd2S3 have revealed that the direct gap of the rare-earth
sesquisulfides is larger than 3.3 eV, i.e., substantially higher
than reported earlier by Zhuze and Shelykh.5 For the mixed
~La22xCex!S3 Witz et al.13 found a feature in the visible part
of the spectrum at about 2.2 eV that depends directly on the
Ce concentration and is absent for the pure La compound.

The first electronic-structure calculations for rare-earth
sesquisulfides in the Th3P4 structure have recently been re-
ported by Mauricotet al.14 These authors used a semiempir-
ical extended Hu¨ckel approach to calculate the energy-band
structure of Ce3S4. The results show a S 3p valence band
and a Ce 5d conduction band. With their choice of semi-
empirical parameters, these authors obtain an indirect gap of
about 2.5 eV, which is in the energy range reported by Zhuze
and Shelykh.5 The overall features of the energy-band struc-
ture resemble those of Th3P4 as reported earlier by Suzuki
et al.15 In the calculations of Mauricotet al.14 the 4f elec-
trons are not included. However, recent relativistic Hartree-
Fock calculations on isolated Ce atoms and ions have been
invoked by Dagys, Babonas, and Pukinskas12 to probe the
role of f→d transitions.

While the importance of the 4f levels in understanding
the optical properties of rare-earth sulfides has thus been well
established, there is still a lack of a consistent theoretical
approach that reconciles the band picture with the localized
nature of the rare-earthf electrons to explain the optical
spectra and color of rare-earth sesquisulfides. By choosing a

local-density-functional approach and a combination of a
band picture and total-energy differences within a localized
atomic model, we demonstrate a first-principles approach
that is free of the ambiguities of semiempirical and param-
etrized approaches, while still being computationally feasible
for the systematic investigation of a range of different cases.

II. STRUCTURAL MODELS AND COMPUTATIONAL
APPROACH

The parent structure of pure and alkali-dopedg-Ce2S3 is
Th3P4, which crystallizes in the cubic space groupI 4̄3d.

16 In
a recent systematic study by Mauricotet al.,14 the details of
the crystallographic structure of pure and alkali-doped rare-
earth sulfides have been mapped out. These experimental
structural results are used in the present calculations.

In the Th3P4 structure the cations form a body-centered-
cubic lattice with 12 cationic sites per unit cell@cf. Fig. 1~a!#.
All of these 12 sites are symmetry equivalent with a local S4
point-group symmetry@cf. Fig. 1~b!#. Each cation is sur-

FIG. 1. Schematic representation of the Th3P4 structure. The 12
cationic positions in the cubic unit cell are shown in~a!. Note that
there are three nearest-neighbor distances, which are marked in the
figure in angstroms.~b! displays the eight nearest-neighbor anions
around each cation with a local S4 symmetry. Note the two sets of
Ce-S distances given in angstroms.~c! shows a motif with threefold
symmetry along@111#, which reveals a distorted octahedral coordi-
nation of each sulfur atom.
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rounded by eight anions, as shown in Fig. 1~b!, with two
different nearest-neighbor distances. In the case of Ce3S4
these distances are 2.896 and 3.087 Å, respectively. Along
the @111# direction, S-Ce-S chains form a motif with three-
fold symmetry, as shown in Fig. 1~c!, revealing a distorted
octahedral coordination of the anions. The conventional cu-
bic unit cell of Ce3S4 contains 28 atoms and thus can be
written as Ce12S16.

The structure ofg-Ce2S3 is formally derived from Ce3S4
by removing one out of nine Ce atoms from the lattice. With
reference to the conventional unit cell,g-Ce2S3 can thus be
written as (VCe)11/3Ce102/3S16 with VCe indicating a vacancy
on the Ce sublattice. Obviously, one would need to triple the
conventional cubic unit cell of the Th3P4 structure to accom-
modate the stoichiometry ofg-Ce2S3. The vacancies are ran-
domly distributed14 and thus one can expect a statistical oc-
currence of different environments around each vacancy.
This can be rationalized by writing

~VCe!11/3Ce102/3S165
1
3 $2VCeCe11S161~VCe!2Ce10S16%.

~1!

If one uses the conventional cubic unit cell as reference~cf.
Fig. 1!, there is only one possibility to formVCeCe11S16, i.e.,
to introduce a single vacancy, since all Ce atoms in Ce12S16
are equivalent. Statistically, the arrangement with a single
vacancy carries twice the weight of the situation
~VCe!2Ce10S16, which represents two vacancies per unit cell.

Upon doping ofg-Ce2S3 with sodium, all vacancies are
filled with Na atoms and 1 out of 16 Ce atoms is replaced by
an alkali atom. This results in a stoichiometry of Na2Ce10S16
or Na0.5Ce2.5S4. Geometrically, this is equivalent to the va-
cancy structure~VCe!2Ce10S16 discussed previously. Substitu-
tion of two Ce atoms in the cubic unit cell leads to three
possibilities that correspond to replacing the central atom of
the cubic unit cell by a vacancy or a Na atom and then
substituting the first, second, or third nearest cation at 4.040,
4.828, or 7.480 Å, respectively@cf. Fig. 1~a!#. Calculations
have been performed for all of these possibilities. Na1 and
Ce31 have similar ionic radii~1.07 and 0.98 Å, respectively!,
hence the same anionic environment is assumed for the ce-
rium and sodium atoms consistent with the x-ray-diffraction
study by Mauricotet al.14 The structural data used for the
present calculations are summarized in Table I. For Ce3S4 we
have used the same relative sulfur positions~described by the
parameteru! as obtained from the recent crystallographic
measurements14 on g-Ce2S3 and Na0.5Ce2.5S4 rather than the
old values given by Zachariasen.16 However, as a check we
have also performed the calculations on Ce3S4 with the origi-
nal parameters given by Zachariasen.16 A change of the lat-
tice constant from 8.623 to 8.635 Å has no noticeable effect
on the energy-band structure, whereas a slight difference can
be seen between the casesu50.083 ~from Zachariasen16!
andu50.0725~after Mauricotet al.14!. These differences are
small compared to the changes induced by the vacancies. It
should be noted that the compoundsg-Ce2S3 and
g-Na0.5Ce2.5S4 are semiconductors, whereas Ce3S4 is
metallic.17 However, the issue of electrical conductivity of
cerium sulfides is outside the scope of the present paper and
will not be further discussed here.

The present electronic-structure calculations are based on
density-functional theory with the local-density approxima-
tion ~LDA !.18 This method is well known to give a good
description of the structural and electronic properties of a
wide range of solids including rare-earth compounds with 4f
electrons.19–24However, one has to be careful in distinguish-
ing between the fundamental quantities of density-functional
theory, namely, the total electron density and the total energy
and auxiliary quantities such as one-particle eigenvalues
~i.e., energy-band structures and densities of states!, as will
be discussed below. Spin polarization and magnetic effects,
while fascinating and important in their own right, are not
critical in the understanding of the purely optical properties
of Ce sulfides. For this reason, all calculations reported here
are non-spin-polarized.

We use the form of Hedin and Lundqvist25 for the local
exchange and correlation terms. The effective one-particle
Schrödinger equations of Kohn-Sham theory are solved with
the augmented-spherical-wave~ASW! method26 as imple-
mented in theESOCScomputer program.27 Relativistic effects
are included in a semirelativistic approximation as given by
Koelling and Harmon.28 The Ce 4f electrons are treated as
valence states. The ASW method, which is similar to the
linearized muffin-tin orbital method of Andersen,29 uses the
atomic sphere approximation~ASA!. In the ASA, the entire
space of the unit cell is spanned by overlapping atomic
spheres with a spherically symmetric potential in each
atomic sphere. The fairly dense Th3P4 structure lends itself
well to this approximation. With the choice of atomic sphere
radii as given in Table II the overlap between the spheres is
less than 13% of the total cell volume. The energy-band-
structure calculations that capture the itinerant aspects of the
electronic structure are complemented by fully relativistic
density-functional calculations on an isolated Ce atom in or-
der to understand intra-atomic excitations involving thef
electrons.30

III. RESULTS AND DISCUSSION

Figure 2 shows the LDA energy-band structures of
Ce12S16 ~i.e., Ce3S4! and the vacancy structuresVCeCe11S16
and ~VCe!2Ce10S16 that are models ofg-Ce2S3. The most
striking feature in all the band structures is a narrow set of

TABLE I. Lattice parametersa0 and crystallographic parameter
u defining the positions of the S atoms used in the present calcula-
tions. All structures are derived from the cubic Th3P4 structure of
space groupI 4̄3d. The symbolVCe denotes vacancies on the cat-
ionic sites as explained in the text. A detailed discussion of the
crystallography of this structure is given in Refs. 14 and 16.

Compound a0 ~Å! u

Ce3S4
a 8.623 0.083

Ce6S4
b 8.635 0.0731

g-Ce2S3
c 8.631 0.0731

Na2Ce10S16
c 8.6371 0.0725

VCeCe11S16, ~VCe!2Ce10S16, Na2Ce10S16
b 8.6371 0.0725

aReference 16.
bPresent work.
cReference 14.
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bands with a width of about 0.8 eV that originates from the
Ce 4f states. Because of their treatment as valence states,
these ‘‘f bands’’ are pinned to the Fermi level. Near the
bottom of thef bands one finds a noticeable dispersion, es-
pecially near the pointG @cf. Fig. 2~a!#. This dispersion is
less pronounced in the cases in which the conduction bands,
which have predominantly Ce 5d character, are more sepa-
rated from thef bands@cf. Figs. 2~b!–2~e!#. This hybridiza-
tion betweenf bands and conduction bands indicates some
participation of thef states in the chemical bonding as sug-
gested by Gubanov and Ryzhkov.6 The valence bands below
the f bands have predominantly S 3p character. For Ce3S4,
in which all cationic sites are occupied with Ce atoms, the
band gap between the valence and conduction bands is direct
and the LDA value is 3.1 eV.

The energy-band structures for the cerium sulfides with

vacancies on the cationic sublattice are shown in Figs. 2~b!–
2~e!. The overall features of these band structures are similar
to that of Ce3S4, but two important differences are evident
@cf. Figs. 2~a! and 2~b!–2~e!#: ~i! The energy of the top of the
valence bands depends strongly on the presence of vacancies
and ~ii ! the vacancies in the Ce sublattice give rise to ‘‘va-
cancy bands’’ that are split off from the top of the S 3p
valence bands. As a consequence, the fundamental gap be-
tween the valence and the conduction band diminishes sub-
stantially with increasing vacancy concentration. In the case
of a single vacancy@Fig. 2~b!# and in the structure with two
vacancies separated by 7.480 Å@Fig. 2~c!#, vacancy bands
are found slightly above the top of the valence bands. These
bands originate from Sp states that have dangling bonds into
the vacancy. Because of the lack of an attractive cation, the
one-particle energy of these states is higher than those of the
other Sp states. The vacancy bands are fairly flat except near
G, where the bands show a weak upward dispersion. In the
cases of a closer proximity of the vacancies, namely, 4.828 Å
@Fig. 2~d!# and 4.040 Å@Fig. 2~e!#, the vacancy bands are
split into several distinct bands due to interactions between
the vacancy states. Close proximity of the vacancies also
causes the bands to be shifted even further away from the top
of the valence bands towards smaller binding energies. Inter-
estingly, in the case of the nearest possible distance between
the vacancies of 4.040 Å@Fig. 2~e!#, the maximum of the
vacancy band is no longer atG, which would imply that the
lowest transition from this occupied band into the conduction
band would be indirect. However, since the vacancies in the
real crystal are presumably statistically distributed,14 the
translational symmetry is broken and the concept of direct vs
indirect band gaps loses its meaning.

Depending on the concentration and distribution of the

FIG. 2. Characteristic parts of the energy-band structures as obtained from local-density-functional augmented-spherical-wave calcula-
tions within the atomic-sphere approximation for~a! g-Ce3S4, ~b! VCeCe11S16, and~c!–~e! ~VCe!2Ce10S16 in three different arrangements of
vacancy pairs corresponding to the three nearest-neighbor distances between cationic sites shown in Fig. 1. For ease of comparison, all
energy band structures are shown fork points that correspond to a simple cubic structure.

TABLE II. Atomic-sphere radii used in the present augmented-
spherical-wave calculations with theESOCSprogram~Ref. 27!. The
relative overlap, i.e., the sum of the overlap between the atomic
spheres relative to the volume of the unit cell, is 12.4%. The num-
ber ofk points is determined by a constant real-space cutoff, which
leads to eightk points in the irreducible part of the first Brillouin
zone.

Compounds/Atoms RASA ~Å!

Ce3S4
Ce 1.895 76
S 1.650 59

VCeCe11S16, ~VCe!2Ce10S16, Na2Ce10S16
Ce,VCe, Na 1.896 48
S 1.650 74
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vacancies, the LDA band gap varies between 2.07 eV~two
vacancies in close proximity! and 2.62 eV. This constitutes a
substantial reduction compared with the LDA gap of 3.1 eV
for the vacancy-free Ce3S4 structure. For the interpretation of
the interband transitions ing-Ce2S3 one has to take into ac-
count the statistical distribution of the vacancies. From the
periodic models shown in Fig. 2 one deduces a LDA energy
difference between the highest valence states and the lowest
conduction states of about 2.1–2.6 eV. The smallest energy
difference, namely, 2.1 eV, comes from the case where two
cationic vacancies are in the closest proximity@cf. Fig. 2~e!#.
In g-Ce2S3 with disordered vacancies this arrangement of
vacancies is likely to occur. Thus the LDA gap of 2.1 eV
represents a lower limit for transitions between the valence
and conduction bands.~In this model, lifetime broadening
effects due to the lack of translational symmetry of the va-
cancies in a real crystal are not included.!

It is well known that the LDA band gap is typically
smaller by a factor of about 0.6 compared to the experimen-
tal value. With a LDA value of 2.1 eV as the lower limit for
the band gap, one would predict an experimental gap of 3.5
eV. The recently determined band gap of about 3.5 eV for
the interband transitions in cerium sulfide crystals13 would
thus be perfectly consistent with the calculated LDA ener-
gies. The initial states of the interband transitions with the
lowest excitation energies would involve mainly vacancy
states. Due to the statistical distribution of the vacancies and
the significant dependence of the gap energy on the local
environment of the vacancy, these transitions would not have
a very clear edge. At higher energies, the transitions would
start from itinerant S 3p states and thus would resemble the
direct interband transitions of perfectly ordered semiconduc-
tors with a direct band gap. Obviously, a rigid band model

using the energy bands of the fully occupied Ce3S4 structure
is inadequate to describe the surprisingly large changes
caused by the vacancies on the cationic sublattice.

In a second set of calculations, all cationic vacancies as
well as some Ce sites of the previous cases are occupied with
Na atoms, as explained in Sec. II@cf. Figs. 3~a!–3~c!#. For
Na2Ce10S16 the overall features of the energy-band structures
are very similar to the vacancy structures shown in Figs. 2~c!
and 2~d!. The major effect of Na doping is a stabilization of
the Sp states relative to the Ce 4f and the conduction bands.
This stabilization is plausible since in the alkali-doped com-
pounds each S atom is on average surrounded by more posi-
tive charges compared to the vacancy structure. This makes
the electronic potential for the S states more attractive and
shifts the valence bands to lower energies. In the Na-doped
structures one can see the remnants of the vacancy bands
@see, for example, Figs. 2~d! and 3~b!#. These states, how-
ever, now have Nas character and are closer to the top of the
valence band compared to the vacancy bands of the pure
sulfides. Na doping homogenizes the valence and conduction
bands in the sense that the variations in the band gaps, which
depend on the distribution of the vacancies@cf. Figs. 2~b!–
2~e!#, are less pronounced. As a consequence, the gap of the
interband transitions is predicted to increase by about 0.4 eV
upon doping ofg-Ce2S3 with Na.

As stated earlier, the local character of excitations involv-
ing the Cef states requires special attention and it can be
misleading to refer to a ‘‘position’’ of thef bands for the
following reason. If one considers a free Ce atom~cf. Fig. 4!
and one carries out self-consistent relativistic local-density-
functional calculations for different occupations of thef
states, one finds that the Kohn-Sham functional is minimized
for an effective occupation of 1.56 for thef states~provided

FIG. 3. LDA ASW-ASA energy-band structures forg-Na2Ce10S16 in three different arrangements of the Na atoms corresponding to the
three cationic distances shown in Fig. 1.
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that one accepts fractional occupations of atomic states!. In-
terestingly, this number of about 1.5f electrons in the
ground state of Ce is also found from the energy-band-
structure calculations on the cerium sulfides when thef
states are treated as bands. The promotion of onef electron
into ad state causes a change of the total energy by about 2.2
eV and one can refer to this excitation mechanism as an
f→d transition. Note that the one-particle eigenvalues for

the ground state of the Ce atom~cf. Fig. 4! do not permit
such an interpretation directly. In fact, the one-particle en-
ergy of the Ce 4f levels varies dramatically with the occu-
pation. For example, the removal of onef electron causes the
one-particle eigenvalue to drop by more than 5 eV. In con-
trast, the Ce 5d states exhibit a much weaker dependence of
the one-particle energies on the occupation. One could also
use Slater’s transition state concept31 and approximate the
total-energy difference of thef→d transition by a calcula-
tion with half an electron in the initial state and half an
electron in the final state. In that case, the 4f occupation
would be 1.06 and the difference between the 4f and 5d
states~as a difference between one-particle energies! would
be about 2.2 eV~cf. Fig. 4!, which is equal to the total-
energy differences.

It is reasonable to assume that the atomic character of the
Ce 4f electrons is similar in a free Ce atom and a Ce atom in
the sulfide because of the localized nature of the 4f states
~the radial expectation value of the Ce 4f functions is about
0.6 Å!. In contrast, the Ce 5d functions are much more ex-
tended~in the free atom they have a radial expectation value
of about 1.7 Å! and are more strongly influenced by the
chemical environment in the condensed phase. Therefore, the
agreement between the value of 2.2 eV obtained for thef→d
transition from a model calculation on an isolated atom and
the experimental absorption of cerium sulfide at exactly that
energy is probably fortuitous.

In order to check the sensitivity of the energy of thisf→d
transition on the chemical environment of Ce, we have car-
ried order further model calculations for a substantially
modified effective potential as shown in Fig. 5. To this end,
we have added the following artificial external potential to
the atomic Ce potential:

Vext~r !5Vs

1

e~r2r0!/b11
, ~2!

with Vs5210 eV,r 051.5 Å, andb50.2 Å. This amounts to
a shift by 210 eV of the effective potential in the inner
region of the Ce atom and no shift in the outer region with a
Fermi function providing a smoothness throughout the entire
radial region. The self-consistent calculations for the Ce
atom with occupationsf 1.56d0.44 and f 0.56d1.44 lead to a total-
energy difference for thef→d transition of 3.6 eV compared
to 2.2 eV for the unperturbed Ce atom. This sensitivity check
shows that even with a fairly strong perturbation of the ef-
fective potential of the Ce atom, the energy of the localized
f→d transition remains within the visible part of the elec-
tromagnetic spectrum. Thus the orange-red color of cerium
sulfides can be explained by excitoniclike transitions involv-
ing the promotion of a localized Ce 4f electron into states of
the conduction band with predominantly Ce 5d character. As
can be seen from Fig. 5, the changes in the total-energy
differences are reflected in the relative separation of the one-
particle eigenvalues. In fact, for the unperturbed Ce atom in
the ground state, the eigenvalues of the 4f and 5d states are
almost the same, whereas for the perturbed case the 5d states
are about 1.8 eV higher than the 4f states. Keeping this
correspondence in mind, the position of the bottom of the Ce
5d conduction band with respect to the bottom of the Ce 4f

FIG. 4. The upper panel shows the total energy of an isolated
neutral Ce atom as a function of the 4f occupation as obtained from
relativistic numerical atomic calculations. The minimum of the total
energy corresponds to anf occupation of about 1.56. The change in
the total energy upon promotion of onef electron into a 5d state
amounts to about 2.2 eV and is interpreted as the basic mechanics
for the optical absorption in the visible part of the spectrum. The
lower panel shows the local-density-functional one-particle eigen-
values. It can be seen that the 4f one-particle energy depends dra-
matically on the occupation of this level. Upon thef→d promotion
the 4f one-particle eigenvalue drops by more than 5 eV, whereas
the total energy changes only by about 2 eV. The spin-orbit splitting
of the f andd levels is indicated on scale, showing that spin-orbit
effects are fairly small.
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bands provides a relative measure~but not an absolute value!
for the excitation energy of the localizedf→d transition.

The influence of alkali doping on the energy-band struc-
ture and consequently on the color of cerium sulfide pig-
ments can be seen from a comparison between the energy-
band structures of the vacancy structuresVCeCe11S16,
~VCe!2Ce10S16, and the Na-doped cerium sulfide pigment
Na2Ce10S16 ~cf. Figs. 2 and 3!. Na doping homogenizes the
energies of the final state in the following way. In the un-
doped Ce2S3 one can assume a statistical distribution of the
vacancies with domains resembling the situation described
by a single vacancy@cf. Fig. 2~b!# and by two vacancies
@Figs. 2~c!–2~e!#. In the Fig. 2~b!, which is statistically pre-
dominant, the bottom of the conduction band is located at
about 0.8 eV and in the Figs. 2~c!–2~e! it is at about 1.2 eV
above the Fermi level. The lowestf→d transitions would
thus be spread over a range of at least 0.4 eV. Na doping
brings the bottom of the conduction band uniformly to about
0.9 eV, thereby creating a sharper edge in the absorption
spectrum and shifting the lowest possible transition slightly
towards higher energies, i.e., shorter wavelength. This would
be consistent with an observed shift32 in the color ofg-Ce2S3
from maroon to red-orange upon doping with Na. The effect
of alkali doping on thef→d transitions is indirect because
the wave functions involved in the transition are predomi-
nantly localized on specific Ce atoms, which are separated
from the vacancies or alkali dopents by sulfur atoms. Con-
sequently, the influence is very subtle and close to the rela-
tive accuracy of the present theoretical and computational
approach.

IV. SUMMARY AND CONCLUSION

In this study we have shown that the electronic mecha-
nism that controls the key optical properties of inorganic
pigments such as alkali-doped cerium sulfides can be ex-
plained by first-principles local-density-functional calcula-
tions. The major results of the present investigation can be
summarized as follows.

~i! The color of pure and alkali-dopedg-Ce2S3 has its
electronic origin in localizedf→d transitions, which are ex-
citoniclike transitions from Ce 4f states into the conduction
band of predominantly Ce 5d character. A theoretical de-
scription of these excitations is given by calculations of total-
energy differences within a localized atomic model. Solid-
state effects influencing the energies of these transitions are
obtained from band-structure calculations by analyzing the
energy difference between the Ce 4f bands and the Ce 5d
conduction bands.

~ii ! The interband transitions from the S 3p valence bands
into the Ce 5d conduction bands lead to absorptions in the
ultraviolet. Forg-Ce2S3 these transitions are at wavelengths
shorter than about 350 nm.

~iii ! The presence and geometric arrangement of vacan-
cies on the cationic sublattice ing-Ce2S3 have a strong in-
fluence on the size of the gap between the valence and con-
duction bands. In particular, the presence of two adjacent
cationic vacancies can reduce the band gap by about 1 eV
compared to the vacancy-free Ce3S4 structure.~Thus a rigid
band model based on the band structure or density of states

of Ce3S4 in the perfect Th3P4 structure would be inadequate
for a quantitative description ofg-Ce2S3.!

~iv! The doping ofg-Ce2S3 with alkali metals homog-
enizes the band edges by suppressing the vacancy bands and
the variations in the band gap due to different vacancy dis-
tributions. As a consequence, it is predicted that upon Na
doping of g-Ce2S3, the interband transitions are shifted to
larger energies by about 0.4 eV. The effect is indirect and is
mediated by the S 3p component of the conduction bands
~which are predominantly of Ce 5d character!. The elec-
tronic origin of this shift is the energetic stabilization of the
S 3p levels when the vacancies are filled with electropositive
atoms such as Na.

In contrast to compound semiconductors such as CdS and
CdSe, where the color is controlled by interband transitions,
the transitions from the anionic valence band into the cat-
ionic conduction band in cerium sulfides occur in the ultra-
violet and the color of cerium-based pigments is explained in
terms of atomiclikef→d transitions. In other words, the
color is largely an intrinsic property of cerium rather than a
band-structure effect.

Based on the methodology presented in this study, it
seems to be possible to use first-principles density-functional
theory within the local-density approximation to predict the
color of novel compounds or at least to point to the key
electronic features that determine the optical transitions in
the visible and ultraviolet parts of the spectrum. If this ap-
proach is to be used as a quantitative predictive tool, then
three major issues still have to be settled:~i! one has to be
able to predict the structural and thermodynamic stability of

FIG. 5. Effective potential~in eV! of an unperturbed Ce atom
~solid black line! and a perturbed potential as described in the text
~solid gray line!. Vext denotes the external potential used to perturb
the system. Total-energy differences related to thef→d promotion
are denoted byDE and DE8 for the unperturbed and perturbed
systems, respectively. The one-particle eigenvalues for the 4f and
5d states are drawn as horizontal lines. For clarity, only the
j -average is shown and not the spin-orbit splitting. Note that the
change of the total-energy differences is reflected in the relative
displacement of the one-particle eigenvalues.
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a newly proposed compound, in principle, by exploring all
possible crystal structures;~ii ! absolute values for transition
energies need to be calculated, which requires explicit
approaches to excitation energies, possibly along the lines
of a GW ~Green’s function with Columbic screening!-like
approach33 for interband transitions and supercell total en-
ergy calculations for localized transitions; and~iii ! the evalu-
ation of absorption and reflection spectra requires the explicit
calculation of the complex dielectric function. All of the
above listed points are, at least in principle, solved. For ex-
ample, a simulated annealing total-energy technique would
be able to predict stable structures,GW techniques have
been demonstrated for semiconductors,33 and the calculation
of optical matrix elements has already been successfully
demonstrated for a number of solid-state systems, for ex-
ample, in the context of magneto-optics.34 However, com-
plex structures such as doped cerium sulfides with a combi-
nation of itinerant and localized phenomena still represent a
substantial theoretical and computational challenge and in-
tense efforts are required to refine the tools and approaches
used in the present work.

Furthermore, despite the successes of theoretical and
computational approaches to describe the complex electronic
structure of compounds such as Na-dopedg-Ce2S3, one
should keep in mind that the perceived color of a compound

involves a wealth of different intrinsic as well as extrinsic
effects, such as particle size and surface effects, that are not
amenable to a quantitative theoretical description. Thus the
close dialog between the experimentalists and theoreticians
is crucial to ensure a deeper understanding of the complexity
of optical excitations upon which it should be possible to
design and develop novel compounds with superior perfor-
mance, better environmental compatibility, and more cost-
effective synthesis routes.
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