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A variation of the local density approximation (LDA)⫹U method, appropriate for application to cerium
f-state localization, and its implementation within a full-potential linear muffin-tin orbital method is described.
The method, functionally similar to the self-interaction-corrected–pseudopotential method, is applied to a
calculation of the optical conductivity and ground-state magnetic moments of the compounds CeSb and CeTe.
We also briefly discuss application of the method to the equilibrium volume of fcc plutonium, giving about
94% of the experimental volume, a significant improvement over LDA results. We find that the off-diagonal
conductivity of CeSb 共which gives the magneto-optical behavior兲 agrees well with experiment, suggesting that
the method correctly captures essential aspects of the electron correlation. The optical conductivity and groundstate moment of CeTe, however, show poorer agreement with experiment than for CeSb.

The widely used LDA 共local-density approximation兲 and
LSDA 共local spin density approximation兲 methods for calculating electronic structure fail for highly correlated electron
systems, and a number of modifications of these techniques
have been proposed to allow their application to such materials. Such modifications include the LDA⫹U method,1–4
self-interaction-corrected5–8 共SIC兲 calculations, and combination of LDA calculated parameters with model
Hamiltonians.9 Here we investigate a simple variation on the
LDA⫹U approach, appropriate for application to Ce and Ce
compounds, and to some extent to actinide systems. We specifically examine the resulting optical conductivity and
ground-state moments for CeSb and CeTe, and briefly indicate results for the atomic volume of fcc Pu.
The LDA⫹U technique,1 designed for systems in which a
set of orbitals 共typically d or f states兲 is highly localized,
modifies the LDA energy functional by subtracting the LDA
‘‘f-f’’ interactions, replacing them with on-site, atomiclike
interactions, using a Hartree-Fock form for the electronelectron interactions. This modified energy functional has
explicit orbital dependence, and consequently the effective
one-electron potential has an orbital dependence, where the
addition to the effective potential consists of spatially constant matrix elements, V m,m ⬘ , between f 共or d兲 basis functions. The eigenstates of the modified one-electron Hamiltonian are then obtained. The one-electron eigenstates are not
localized functions, but remain Bloch states. The primary
effect is that the energy eigenvalues of the occupied f states
are forced lower in energy 共by roughly U/2兲, while unoccupied f states are raised in energy, thus, for example, providing the gap in Mott-Hubbard insulators.
For cerium systems, where the Ce localizes at most one f
electron per site, this process represents a self-interaction
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correction, since the LDA self-interaction is subtracted, and
the Hartree-Fock self-interaction is zero. In the SIC method
共in atoms, for example5兲, the explicit subtraction of orbital
self-interaction also lowers the eigenvalues of occupied 共local兲 states, again by an amount on the order of U/2 共along
with a smaller lowering of the total energy兲. The SIC method
has been applied to crystalline materials, including Ce,7 but
its proper implementation for extended systems is somewhat
involved, due to the necessity of obtaining localized oneelectron eigenstates, in addition to extended states. This suggests a simpler form for the modified LDA⫹U effective potential:
V i, j ⫽V LDA
i, j ⫺U 具 i 兩 f 典具 f 兩 j 典 ⫹U/2␦ i j ,

共1兲

where i, j represent the orbital and spin quantum numbers,
and m l , m s , and 兩f典 is a particular member of the f multiplet.
In this way one member of the f multiplet is forced lower in
energy 共by U/2兲 and the remainder of the f states are raised
by U/2. 关The method is then functionally very similar to the
SIC-pseudopotential method,8 where the pseudopotential is
constructed to lower the eigenvalues of atomic 共d or f 兲 states
to their SIC-all-electron values, but the pseudopotential is
used as usual in bulk calculations, resulting in extended d or
f bands, which are allowed to hybridize with all other states,
but are lowered in energy. The present method also bears
some resemblance to earlier calculations with statedependent potentials.10兴 The projection operator 兩f典 具f兩 determines which member 兩f典 of the f multiplet is the occupied
state, and we have arranged for any choice for this state:
兩 f 典 ⫽⌺ m l ,m s A m l ,m s 兩 m l m s 典 , where the arbitrary amplitudes
A m l ,m s are not calculated but set by hand. The original
LDA⫹U method1 resulted in occupied states that were
9867

©2000 The American Physical Society

9868

BRIEF REPORTS

m l ,m s eigenstates. With the intention that the localized
states should be determined primarily by atomiclike energetics, and with just one localized electron per site, it is 共for Ce
with a large spin-orbit interaction兲 more physically sound to
choose total angular momentum eigenstates 共j, m j eigenstates兲 for the occupied state. Our general expression for the
multiplet member to be occupied allows exploration of the
various choices.
One additional step was taken in our paper to eliminate a
significant source of self-interaction in the calculated total
energies. With one arbitrary member of the f multiplet occupied, the resulting f charge density is no longer spherically
symmetric, and the associated effective potential would also
be asymmetric. The interaction of the f charge with these
aspherical contributions to the potential represents a selfinteraction that significantly distorts the relative energetics of
occupying differing members of the multiplet. This was
eliminated by including only the spherical average of the f
charge in the total charge density, while still calculating the
full potential arising from the crystal. In this way the aspherical contributions to the self-interaction are eliminated, while
the crystal-field effects are retained. 共This approach is similar
to the method employed11 in Ref. 3.兲
This variant of the LDA⫹U method was applied to the
compounds CeSb and CeTe, through modification of our
full-potential linear muffin-tin orbital technique.12 关The spin
moments were along the 共001兲 axis for CeSb, and the 共111兲
axis for CeTe, both with an NaCl structure. The U values
were obtained from constrained LDA calculations, and were
6.7 eV for CeSb and 6.0 eV for CeTe. The smaller value for
CeTe is suggestive of a greater hybridization and f delocal-

FIG. 1. The density of states of CeSb, calculated in the LSD and
LDA⫹U approximations. The dotted line is the total density of
states, the solid line is the f-projected density of states, and the
vertical-dashed line is at the Fermi energy.
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FIG. 2. The relative total energies, from the LDA⫹U calculation, for 共a兲 CeSb with a m l ,m s projection operator, 共b兲 CeSb with
a j, m j projection operator, and 共c兲 CeTe with a j, m j projection
operator.

ization relative to CeSb. We examined the effect of changing
U by roughly 0.5 eV, and found that the calculated results
were not sensitive to small variations in U.兴 Figure 1 shows
both the LSDA density of states 共with spin polarization and
spin-orbit interaction included兲 and our ‘‘LDA⫹U’’ density
of states for CeSb. The LSDA calculation13 puts the 4 f band
at the Fermi level, with a net f occupation of very nearly one
and a total magnetic moment of less than 0.1 B . The effect
of the ‘‘U’’ addition is clear: the one occupied f state is
forced down in energy, below the valence band of states, and
the width of its band is quite narrow, indicating a lack of
hybridization. The band of unoccupied 4 f states is raised
above the Fermi energy, remains within the band of valence
states, and maintains its bandwidth.
The LDA⫹U density of states shown in Fig. 1 was obtained by occupying a j⫽ 52 , m j ⫽ 52 , 4 f state. Figure 2 shows
the relative total energies obtained through occupation of
m l ,m s and j,m j eigenstates. The m l ,m s energies closely follow our results14 obtained using the original LDA⫹U
method.1 共Other applications of the LDA⫹U method to the
optical properties of CeSb may be found in Refs. 3 and 4.兲
The level splittings obtained with the m l ,m s occupations are

FIG. 3. The diagonal conductivity of CeSb from experiment
共Ref. 16兲, an LSDA calculation 共Ref. 12兲, and the present LDA
⫹U calculation.
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FIG. 4. The off-diagonal conductivity of CeSb from experiment
共Ref. 16兲, an LSDA calculation 共Ref. 12兲, and the present LDA
⫹U calculation.

FIG. 5. The density of states of CeTe, calculated in the LSD and
LDA⫹U approximations. The dotted line is the total density of
states, the solid line is the f-projected density of states, and the
vertical-dashed line is at the Fermi energy.
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FIG. 6. The off-diagonal conductivity of CeTe from experiment
共Ref. 18兲, an LSDA calculation 共Ref. 12兲, and the present LDA
⫹U calculation.

far too large to reflect the experimentally observed15
‘‘crystal-field’’ splittings, and largely represent the expectation value of the spin-orbit term in the Hamiltonian for the
various m l ,m s states. The j,m j total angular momentum
eigenstates, however, are split into j⫽ 27 and j⫽ 52 sets, and
each set shows a degree of splitting compatible with the observed magnitude of crystal-field splitting in CeSb. In addition, the j⫽ 25 energies are clearly lower than the lowest energy m l ,m s state. The set of six j⫽ 25 states are split into a
higher-energy m j ⫽ 32 level, and an essentially degenerate
pair of m j ⫽ 52 and m j ⫽ 12 levels, roughly 1 mRy lower in
energy. The total magnetic moments of these states are
1.22 B (m j ⫽ 23 ), 0.55 B (m j ⫽ 21 ), and 2.22 B (m j ⫽ 25 ).
We note that of the two lowest energy states, one has a net
moment nearly equal to the experimental16 ground-state
value of 2.1 B .
Figures 3 and 4 show the LSDA and ‘‘LDA⫹U’’ results
for the diagonal and off-diagonal optical conductivity of
CeSb. 共The LDA⫹U results are again shown for the case of
j⫽ 25 m j ⫽ 52 . Variation of m j within the j⫽ 25 multiplet did
not appear to significantly change the calculated conductivity.兲 The diagonal conductivities are similar for the two calculations and in rather good agreement with experiment.17
The LSDA off-diagonal conductivity arises from the interplay of spin-polarization and spin-orbit coupling, and the
LSDA result shows substantial deviations from the experimental off-diagonal conductivity. Analysis shows that the
excessive peaks around 1 eV arise from transitions involving
f states, and the LDA⫹U result improves the off-diagonal
conductivity in the range 0.5–5 eV primarily by simply
sweeping the f states away from the Fermi energy, so as to
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not influence the calculated conductivity in this energy
range. The calculated ‘‘LDA⫹U’’ off-diagonal conductivity
in this energy range is, however, in such remarkably good
agreement with experiment that more subtle effects are also
captured. As the transitions responsible for this part of the
conductivity involve the non-f valence bands, and spin and
orbital polarization is introduced to the LDA⫹U calculation
only through the forced occupation of one particular f state,
this agreement with experiment strongly suggests the LDA
⫹U method is getting at least certain aspects of the
localized-f/delocalized-valence hybridization qualitatively
correct.
The LSDA and LDA⫹U densities of states for CeTe are
shown in Fig. 5, and it can be seen that the lowering of the
occupied f state does not place it below the valence band, but
rather within what is a largely Te p-derived band of states.
The occupied f band is consequently somewhat more broadened than in the CeSb calculation. The energy level diagram
for CeTe, shown in Fig. 2, is similar to that of CeSb, but the
order of levels within the j⫽ 25 multiplet is reversed. Thus the
lowest-lying state in CeTe is the j⫽ 25 , m j ⫽ 32 orbital, with a
calculated net moment of 1.38 B . This is suggestive of a
reduced moment in CeTe, but fails to capture the net reduction of moment found in CeTe: the experimental moment18 is
0.3 B . 共The LSDA total moment13 is 0.08 B , while that
obtained from a model Hamiltonian calculation9 incorporating LDA-calculated parameters is 0.3 B , in close agreement
with experiment.兲 Similarly, while the CeTe calculated offdiagonal optical conductivity 共Fig. 6兲 is greatly improved by
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failed to obtain a correct moment and failed to obtain good
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obtaining the expanded atomic volume of fcc plutonium. The
LDA atomic volume for fcc Pu is about 30% smaller than the
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