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Application of an on-site self-interaction-corrected method to Ce and thex-Ce surface
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A restricted implementation of the self-interaction-corrected density-functional method is described, and
applied to thea-y transition in fcc Ce and to the-Ce surface. The method, based on a full-potential linear
muffin-tin orbital method, does not allow full minimization of the local-density approximation—self-
interaction-corrected energy functional, but does contain all of the fundamental energetics of electron local-
ization. This allows an essentially parameter-free, yet economical, determination of whether localization is
energetically favored. Application of this method to they transition in Ce achieves good agreement with
other self-interaction-corrected calculations, while the Ce surface provides a good demonstration of the utility
of the method. The calculations predict a monolayer of localizethtes on the surface, and the resulting
surface relaxation is examinef50163-18209)01332-9

Rare-earth and actinide materials often exhibit a highlyKohn-Sham method, by minimizing an energy functional
correlated electronic structure, characterized primarily bywith respect to variations in a set of occupied, orthonormal,
varying degrees ofstate localization. This localization, and one-electron states. The SIC energy functional is, however,
changes in the localization, affect a number of observablenade explicitly interaction free for each orbital, with the
properties, including structural properties. One well-studiedesult that the states are determined using an orbital-
example is the isostructural-y transition in fcc cerium, in  dependent effective potentialV;(r)=V pa(r) —Vgc(r),
which the material undergoes a 17% volume collapse fronwhere the correction to the LDA effective potentidk,c, is
the high-volumey phase to the lower-volumer phase. the Hartree and exchange-correlation potential calculated
While the nature of the transition has been the subject ofrom theith state’s density. This correction is zero for ex-
some controversyone proposed theory is that this is a Mott tended states, but may be substantial for localized states.
transition, with the Ce #i changing from a localized to de- The computational difficulties arise from the fact that any
localized, hybridized state. Another example in Ce is thdocalized states are not Bloch statasd should, in principle,
surface ofa-Ce, which photoemission d&tsuggest are more be calculated using a supercell approa@nd from the re-
v-like in electronic structure, with a localization of those quirement that all of the orbitals, while calculated from dif-
states at or near the surface. ferent effective potentials, must still form a set of orthogonal

Standard LDA(local-density approximationcalculations — states’®
fail to describe such transitions between delocalized and lo- The approximate SIC method employed here is a varia-
calized states, and it is well known that this is due to thetion on the ‘f in core” approach td localization, and makes
failure of the LDA energy functional to obtain the decreasethe assumption that the localizégtates are confined to one
in Coulomb energy that results from localization, which in atomic site. In this case, the form of the localifextates can
turn is closely related to the LDA's inclusion of substantial be obtained reasonably well by calculating ftetates as are
self-interaction energies. Perdew and Zurgeave intro- the core states, by solution of the Dirac equation in a spheri-
duced a self-interaction-correctg®IC) density-functional cally averaged potential. Thisn core technique for localiz-
method, and several recent calculations of rare-arimd  ing the f states has been in use for some tfin¥,and has
actinid® properties have applied this SIC method with goodbeen shown capable of predicting equilibrium volumes and
success. In particular, SIC calculations of #ey transition  bulk moduli in systems where it is assumed that filkeare
in Ce have reproduced the volume collapse, and other progecalized, including fcc Ce. This is becausia core does, of
erties, fairly well. Use of the SIC method has been limited,course, remove thodestates from the bond-forming valence
however, by the difficulty of its full incorporation into cal- band. It is usually accompanied by complete removaf of
culations of extended systems. The SIC method describedasis functions from the valence basis $&tmethod similar
here, while approximate in some respects, contains all of thto thef in core method has been applied to the actinides in
essential physics of localization, and is easily implementedRef. 12. An LDA+U approach to actinides has also been
within an all-electron density-functional program, with es- investigated?3
sentially no cost in computational requirement§his Simply putting thef’s in core in LDA calculations has two
method is in essence quite similar to a method, described ioentral drawbacks, which are addressed by the present
Ref. 7, that has been developed and applied largely toethod. First, without any self-interaction correction, the
crystal-field splittings and magnetic properties. There arecalculated energy does not contain the decrease in electro-
however, several technical differences between the twatatic energy obtained by localization, and so cannot be used
methods). to predict whether or not localization is favorable. This de-

In the self-interaction-corrected density-functional ficiency is easily addressed by including the self-interaction
method® the ground-state density is obtained, as in thecorrection for the coré’s much as in atomic calculatioris,

0163-1829/99/6(15)/105883)/$15.00 PRB 60 10588 ©1999 The American Physical Society



PRB 60 BRIEF REPORTS 10 589

using the spherically averaged density of a cbi®ate to ]
determine the SIC potential and energy. ] o LDA
The second drawback is the all or nothing aspect of the ] e SIC-LDA

technique, wherein if even one localizédtate is occupied,
the valence states are forced to lose dllcharacter. Here a ]
method was developed which allows moving dn&ectron G
at a time from valence to core. This is accomplished by E> ]
including in the valence Hamiltonian, for each occupfed £ ]
core statdf;), the projection operatdg,|f;)(f;|, whereEg =S ]
is an arbitrary large energ200 Ry herg so that the corre- E
spondingf state is effectively unavailable for occupation by Wi
the valence states. This partial retentiorf character in the
valence basis séabsent in the method of Ref) Was found
to have a non-negligible influence on the calculated results,
including equilibrium volumes and crystal-field splittings.
Thus this self-interaction correctédn core technique con-
tains all the major features of localization: the localiZed L B B BN B B
taken out of bonding hybridizations; the decrease in electro- 110. 130. 150. 170. 190. _210. 230. 250.
static energy is included; and all of the occupied states re- Volume (a.u.)
main (Iargelw orthogonal, without extrane(_)us con_str_alnts. FIG. 1. Calculated energy of fcc cerium as a function of atomic
This method does not, however, contain a variational de- ) :
N . ) . volume, for both the LDA calculation and the SIC-LDA calculation
termination of thg SiC Iocallzed_ state: Thetates are €1gen- - ith one localized electron per atom. The dotted line is the tangent
states of a spherically symmetric potentiaith nonspherical to both curves.
corrections as described belpwot the periodic LDA poten-
tial plus SIC potential. Nonetheless, as long as orthogonahe nonspherical components of the localidestates elec-
states are occupied, a correct evaluation of the SIC-LDAron density were not included in the self-consistent electron
energy functional will provide an upper bound for the energydensity, and therefore not in the state’s self-interaction cor-
of the localized system, and so can be used to search for thiection.
onset of localization. Since the localized states are not varia- This simplified SIC method was applied to they phase
tional, their construction—that is, the choice for the spheri-transition in bulk fcc Ce, and to th@01) surface ofa-Ce. A
cally symmetric potential—is to some extent arbitrary. Infull-potential linear muffin-tin orbitalLMTO) method* was
this work the spherically averaged effective potential wasused; with the § and 5 semicore states included in the
used out to the point where this function reached a maxivalence set; with §, 5p, 6d, 7s, and 7% “double-<” basis
mum, typically at about half of the nearest-neighbor distancéunctions and a “single<” 4 f basis function; and with in-
(and outside the muffin-tin radiusBeyond that radial dis- clusion of spin-orbit matrix elements. As in other SIC calcu-
tance, the potential was kept constant. In addition, a smoottations of thea-y transition?® the low volumea phase is
potential barrier was included beyond this point. This wasassumed to be represented by the standard LDA calculation,
done not only(as in the light actinides, to be described in aand the LDA energy versus volume curve is shown in Fig. 1.
later publication to provide bound states, but also to preventThe calculated equilibrium lattice constant is 8.57 a.u., about
overlap with neighboring localized states, and so maintair6% smaller than the experimental value of 9.16 'aWihile
orthogonality between them. For Ce, thatates are fairly this difference is larger than usually obtained by LDA calcu-
well contained near the parent nuclear site, and so the shapations, it appears to be in good agreement with some other
and even to some extent the existence, of the barrier did ndtill-potential calculations.
have a significant effect upon calculated results. Figure 1 also shows the energy of the SIC-LDA calcula-
As in other SIC implementatiorfs, another question to tion with one localizedf electron, representing the larger
be addressed concerns whitlstates to localize. Here the volume y phase. An examination of the relative energies
localized states were allowed to be any linear combination obbtained by localizing total angular-momentum eigenstates
the 14 members of thEmultiplet, and the final choice was confirmed that the spin-orbit interaction dominated other ef-
made through minimization of the total energy, examiningfects, withj=5/2 andj=7/2 states being split in energy by
the most physically motivated linear combinations, includingabout 25 mRy. Within theé =5/2 multiplet, linear combina-
total angular-momentum eigenstates and members of irrgions giving members of thE; doublet and’g quartet were
ducible representations of the point grodiBor a singly oc-  examined. Here, while the “bare crystal-field” splittirithe
cupiedf state, or for any occupation which is less than a fullexpectation value of the nonspherical components of the po-
representation of the point group, the projection operator intential), was on the order of 1 mRy, the final energies were
cluded in the one-electron Hamiltonian does not posses thguch closer, due to the differing cost in energy of projecting
full Oy point-group symmetry of the lattice. The setlof "2 orI'y functions out of the valence set. The total energy
points were chosen accordingly, but on@y, compatible \yas 0.2 mRy lower, at equilibrium, fdf; occupation, and
terms were kept in the potential and densitiyinally, the  these are the energies given in Fig. 1. The equilibrium lattice
interaction of the localized states with the nonspherical constant is again about 6% smaller than the experimental
components of the potential were included through firstygye (a calculated 9.18 a.u., compared with theCe
order perturbation theoryAE=3,(f;|8V(r)|f;); however, experimentdi value of 9.75 a., with the result that the
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volume collapse is in good agreement with experiment. Theurface atomlower in energy than that with no localization,
calculated volume collapse is 18.6%, while the experimentaind 21 mRy lower in energy than the two-localized-layer
value is roughly 17%. Other SIC calculatiisof the a-y  surface. The finding that localization is energetically favored
transition have obtained volume collapses of around 24%. lfor just one layer is in agreement with a LDA plus orbital-
is not clear to what extent this small difference between calPolarization examination of the same systerand in agree-
culated results is due to the “on-site” approximation, or ment with experimentswhich indicate localization occurs at
other considerations, such as the fact the earlier SIC calcuibe surface, although for an undetermined number of layers.

lations have been based on atomic-sphere-approximation |he increased volume of the phase implies that the lo-
implementations of the LMTO method, rather than a full- calized surface layer is under compression, and it has been
potential method ' suggestet? that this might result in surface reconstruction.

The negative slope of the tangent line shown in Fig. 1 iSHere, only the effect on surface relaxation has been exam-

. : Ined, for both the delocalized and the one-localized-layer cal-
th? predicted pressure required _for the zero-temperature tra'c{;[llations. Both were found to have inward relaxations, com-
sition, and the calculated value is equaH@2 kbar. This is

o - 4 mon to many metallic fcc systems, with the delocalized
g’ngeff;nﬁz;erg ?ngthaé:aéfptnlgrri]r?ei![gl V\?ATE; c())fﬂl ::gg:'l surface relaxation being found to be5.2% of an interlayer

spacing, and for the localized system, an inward relaxation of

These values are all relatively close, corresponding to uni-_3 304" The respective relaxation energies were 1.9 and 0.7
form shifts in the SIC-LDA energy curve on the order of 5 mRy per surface atom.

mRy and again it is not possible to distinguish the contribu- |, conclusion, a simplified form of a self-interaction-

tion of the on-site approximation versus full-potential andcorected calculation has been developed which is easy to
other numerical considerations. It can be concluded that, fofynlement within an all-electron LDA method, and is com-
Ce, the current method provides a good reproduction of oth&gytationally economical. It allows examination of whether
implementations of the self-interaction correction. _ on-site electron localization is energetically favored, and also
_ The efficiency of the current method allows the examina-o\s some means of including partial localization since, in
tion of more complicated systems, of which localization atgystems with multiplef occupation, one electron at a time
the Ce surface provides a good example. T0@) surface  may he moved from localized to delocalized states. For the
of a-Ce was calculated using a nine-layer, repeated slal,. transition in Ce, the method was able to reproduce ear-
constructed with the calculated bulk equilibrium lattice con-jier siC results in which the on-site restriction was not im-
stant. The slab calculation was performed three times: withhoseq, obtaining comparable values for both the volume col-
no f localization, with the surface monolayer given localized|apse and transition pressure. Application to éh€e surface

f states, and Wit.h the surface a_nd subsurface layers localizegyows that the SIC description of localization in Ce predicts
The three relative total energies for the unrelaxed surfacg y-like monolayer at thé001) surface.

clearly indicate that localization at the surface is favored, but
only for the surface layer, and not for subsurface layers. The This work was supported by NSF Grant No. CHE-
unrelaxed surface with one localized layer is 17 miRgr  9708517.
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