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Variation of the LDA +U method appropriate to f-state localization:
Application to magneto-optical properties
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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 CeSkwhich gives the magneto-optical behayiagrees well with experiment, suggesting that
the method correctly captures essential aspects of the electron correlation. The optical conductivity and ground-
state moment of CeTe, however, show poorer agreement with experiment than for CeSb.

The widely used LDA(local-density approximatignand  correction, since the LDA self-interaction is subtracted, and
LSDA (local spin density approximatipmethods for calcu- the Hartree-Fock self-interaction is zero. In the SIC method
lating electronic structure fail for highly correlated electron (in atoms, for example, the explicit subtraction of orbital
systems, and a number of modifications of these techniquezlf-interaction also lowers the eigenvalues of occupied
have been proposed to allow their application to such matecal) states, again by an amount on the ordetJd? (along
rials. Such modifications include the LD®J method:™  with a smaller lowering of the total energyrhe SIC method
self-interaction-correctéd® (SIC) calculations, and combi- has been applied to crystalline materials, including’ ®ef
nation of LDA calculated parameters with model its proper implementation for extended systems is somewhat
Hamiltonians’ Here we investigate a simple variation on the involved, due to the necessity of obtaining localized one-
LDA + U approach, appropriate for application to Ce and Ceelectron eigenstates, in addition to extended states. This sug-
compounds, and to some extent to actinide systems. We spgests a simpler form for the modified LDAU effective po-
cifically examine the resulting optical conductivity and tential:
ground-state moments for CeSb and CeTe, and briefly indi-
cate results for the atomic volume of fcc Pu. Vi = VA= UGl +Ur2s; (1)

The LDA+ U techniquée: designed for systems in which a
set of orbitals(typically d or f stateg 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 electron
electron interactions. This modified energy functional ha

wherei, j represent the orbital and spin quantum numbers,
andm;, mg, and|f) is a particular member of tHfemultiplet.

In this way one member of themultiplet is forced lower in
_energy(by U/2) and the remainder of thiestates are raised
é:)y U/2.[The method is then functionally very similar to the

explicit orbital dependence, and consequently the effectiv<.§IC"t)sel;ddoFt)Otlem""‘I thmeth@d,/vhelre thef ptseudopfote?tltal IS
one-electron potential has an orbital dependence, where gf@nstructed to lower (n€ eigenvalues ot a ofwior f) states

addition to the effective potential consists of spatially con-tO their SIC-aII_-eIectron Va'“?s’ but the_ psgudopotentlal IS
stant matrix elements/,, ., betweenf (or d) basis func- used as usual in bulk calculations, resulting in exterdied

tions. The eigenstates of the modified one-electron Hamilt bands, which are allowed to hybridize with all other states,

tonian are then obtained. The one-electron eigenstates are rRHt are lowered in energy. The present method also bears

localized functions, but remain Bloch states. The primar dome dres{em?lar;c%] :[IPh earll'er " calculatuzn? ]:Nght state-
effect is that the energy eigenvalues of the occupistates CcPendent potentia e projection operatdf) (f| deter-

are forced lower in energgby roughlyU/2), while unoccu- mines which membeff) of the f multiplet is the occupied

piedf states are raised in energy, thus, for example, provid-State‘ and we have arranged for any ch0|ce . th|s state:
ing the gap in Mott-Hubbard insulators. )= mAm m/mims), where the arbitrary amplitudes

For cerium systems, where the Ce localizes at mostfoneAm, ,m, are not calculated but set by hand. The original
electron per site, this process represents a self-interactidcDA +U method resulted in occupied states that were
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m;,m eigenstates. With the intention that the localized CeSb Cesb CeTe
states should be determined primarily by atomiclike energet-
ics, and with just one localized electron per site, itfte Ce
with a large spin-orbit interactiormore physically sound to
choose total angular momentum eigenstafesm; eigen-
state$ 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 theultiplet occu-
pied, the resulting charge density is no longer spherically
symmetric, and the associated effective potential would also
be asymmetric. The interaction of tHecharge with these
aspherical contributions to the potential represents a self- FIG. 2. The relative total energies, from the LBAJ calcula-
interaction that significantly distorts the relative energetics otion, for (a) CeSb with am; ,mg projection operatorib) CeSb with
occupying differing members of the multiplet. This was aj, m; projection operator, antt) CeTe with aj, m; projection
eliminated by including only the spherical average of the operator.
charge in the total charge density, while still calculating the
full potential arising from the crystal. In this way the aspheri-
cal contributions to the self-interaction are eliminated, whileization relative to CeSb. We examined the effect of changing
the crystal-field effects are retaing@his approach is similar U by roughly 0.5 eV, and found that the calculated results
to the method employédin Ref. 3) were not sensitive to small variations lth] Figure 1 shows

This variant of the LDA-U method was applied to the both the LSDA density of statesvith spin polarization and
compounds CeSh and CeTe, through modification of oufpin-orbit interaction includedand our “LDA+U" density
full-potential linear muffin-tin orbital techniqu®.[The spin  Of states for CeSh. The LSDA calculatidmputs the 4 band
moments were along th@01) axis for CeSb, and thé&l11) at the Fermi level, with a ndtoccupation of very nearly one
axis for CeTe, both with an NaCl structure. Thevalues and a total magnetic moment of less thanu1 The effect
were obtained from constrained LDA calculations, and weredf the “U” addition is clear: the one occupiefl state is
6.7 eV for CeSb and 6.0 eV for CeTe. The smaller value fofforced down in energy, below the valence band of states, and

CeTe is suggestive of a greater hybridization &mttlocal- the width of its band is quite narrow, indicating a lack of
hybridization. The band of unoccupiedf 4tates is raised

above the Fermi energy, remains within the band of valence
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T CeSb LSDA states, and maintains its bandwidth.
s ] The LDA+U density of states shown in Fig. 1 was ob-
- tained by occupying a=3, m;= 3, 4f state. Figure 2 shows
é ] the relative total energies obtained through occupation of
@8 ] m;,mg andj,m; eigenstates. They, ,mg energies closely fol-
2 low our result$® obtained using the original LDAU
'g%' ] method! (Other applications of the LDAU method to the
c optical properties of CeSb may be found in Refs. 3 and 4.
g The level splittings obtained with th®, ,mg occupations are
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FIG. 1. The density of states of CeSb, calculated in the LSD and Energy (eV)

LDA +U approximations. The dotted line is the total density of FIG. 3. The diagonal conductivity of CeSb from experiment
states, the solid line is théprojected density of states, and the (Ref. 16, an LSDA calculation(Ref. 12, and the present LDA
vertical-dashed line is at the Fermi energy. +U calculation.
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FIG. 4. The off-diagonal conductivity of CeSb from experiment
(Ref. 16, an LSDA calculation(Ref. 19, and the present LDA
+U calculation.
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FIG. 6. The off-diagonal conductivity of CeTe from experiment
(Ref. 18, an LSDA calculation(Ref. 12, and the present LDA
+U calculation.

far too large to reflect the experimentally observed
“crystal-field” splittings, and largely represent the expecta-
tion value of the spin-orbit term in the Hamiltonian for the
various m;,mg states. Thej,m; total angular momentum
eigenstates, however, are split ifjte 2 andj=3 sets, and
each set shows a degree of splitting compatible with the ob-
served magnitude of crystal-field splitting in CeSb. In addi-
tion, thej =3 energies are clearly lower than the lowest en-
ergy m; ,m, state. The set of sikx=3 states are split into a
higher—energymj=§ level, and an essentially degenerate
pair of m;=5 andm;=3 levels, roughly 1 mRy lower in
energy. The total magnetic moments of these states are
1.22ug (Mm;=3), 0.55ug (M;=3), and 2.225 (M;=3).
We note that of the two lowest energy states, one has a net
moment nearly equal to the experimehtaground-state
value of 2.Jug.

Figures 3 and 4 show the LSDA and “LDAU” results
for the diagonal and off-diagonal optical conductivity of
CeSb.(The LDA+ U results are again shown for the case of
j=% m;=35. Variation of m; within the j=3 multiplet did
not appear to significantly change the calculated conductiv-
ity.) The diagonal conductivities are similar for the two cal-
culations and in rather good agreement with experimiént.
The LSDA off-diagonal conductivity arises from the inter-
play of spin-polarization and spin-orbit coupling, and the
LSDA result shows substantial deviations from the experi-
mental off-diagonal conductivity. Analysis shows that the

FIG. 5. The density of states of CeTe, calculated in the LSD andEXcessive peaks around 1 eV arise from transitions involving
LDA+U approximations. The dotted line is the total density of f states, and the LDAU result improves the off-diagonal
states, the solid line is theprojected density of states, and the conductivity in the range 0.5-5 eV primarily by simply
vertical-dashed line is at the Fermi energy.

sweeping the states away from the Fermi energy, so as to
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not influence the calculated conductivity in this energythe LDA+ U method(again largely by simply reducing the
range. The calculated “LDA U” off-diagonal conductivity = magnitude in the low-energy regiprthe remaining conduc-
in this energy range is, however, in such remarkably goodivity fails to show the structure found experimentéﬂf/'gin
agreement with experiment that more subtle effects are alsthe CeTe off-diagonal conductivity.
captured. As the transitions responsible for this part of the Clearly, further work in this area could be very fruitful,
conductivity involve the nori-valence bands, and spin and and could include, along with other possible variations on
orbital polarization is introduced to the LDAU calculation  the method, a means to obtain an optimal hybridization
only through the forced occupation of one particdlatate, among thef states within thg multiplets, and so allow cal-
this agreement with experiment strongly suggests the LDAculation of the minimum energy ground state. It seems, how-
+U method is getting at least certain aspects of theever, that the LDA-U calculation would still fail to capture
localizedf/delocalized-valence hybridization qualitatively essential elements of the electronic structure of CeTe, since it
correct. failed to obtain a correct moment and failed to obtain good
The LSDA and LDA+U densities of states for CeTe are agreement with the off-diagonal conductivity.
shown in Fig. 5, and it can be seen that the lowering of the Extension of this method to structural properties of corre-
occupiedf state does not place it below the valence band, bukated systems also appears to be promising: We have recently
rather within what is a largely Te-derived band of states. applied this variation of the LDA U method to the struc-
The occupied band is consequently somewhat more broad-tural properties of Pias described in Ref. 20successfully
ened than in the CeSb calculation. The energy level diagrarobtaining the expanded atomic volume of fcc plutonium. The
for CeTe, shown in Fig. 2, is similar to that of Ce3lut the  LDA atomic volume for fcc Pu is about 30% smaller than the
order of levels within thes  multiplet is reversedThus the  experimental value. This LDAU method, however, using a
lowest-lying state in CeTe is the=3, m;=3 orbital, with a U value in the expected range of about 4 eV, gives a lattice
calculated net moment of 1.38 . This is suggestive of a constant of 8.6 a.u., compared to the experimental value of
reduced moment in CeTe, but fails to capture the net redud.77 a.u., or a volume that is 6% smaller than the experimen-
tion of moment found in CeTe: the experimental mom@ist  tal value. This success, much as in the case of the optical
0.3ug. (The LSDA total moment is 0.08ug, while that conductivity, is a result of the localized States being swept
obtained from a model Hamiltonian calculatidncorporat-  out of the valence band, and so out of participation in elec-
ing LDA-calculated parameters is 3, in close agreement tronic bonds. Further details will be reported elsewhere.
with experimen). Similarly, while the CeTe calculated off- The research at West Virginia University was supported
diagonal optical conductivityFig. 6) is greatly improved by by NSF Grant No. DMR 91-20333.
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