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Electronic structure of calcium hexaboride within the weighted density approximation
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We report calculations of the electronic structure of gaBing the weighted density approximatiGi'DA)
to density-functional theory. We find a semiconducting band structure with a sizable gap, in contrast to
local-density approximatiofLDA) results, but in accord with recent experimental data. In particular, we find
an X-point band gap of 0.8 eV. The WDA correction of the LDA error in describing the electronic structure of
Cab; is discussed in terms of the orbital character of the bands and the better cancellation of self-interactions
within the WDA.
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The discovery of ferromagnetism in the lightly doped particle humber is changed to include a single conduction
CaB; and SrB resulted in considerable experimental andelectront’8implying the need for a self-energy correction,
theoretical work aimed at understanding this unexpectedr at least an orbital dependent potential to obtain a realistic
phenomenon. The reported ferromagnetism is particularly redescription of band gaps.
markable considering that the material,;Cd.a,Bg, con- The many-body quasiparticl&W approximatiof® is
tains no elements with partially filledlor f orbitals, and even very successful in describing the band structures of insula-
more strangely, the ferromagnetism is associated with verjors. In particular the self-energy correction implicit in it
low doping levels €1%), andtherefore low carrier concen- corrects most of the band-gap errors in simple semiconduc-
trations, has a very low moment~(0.07 ug/La for x  tors and other materials as wéllHowever, its results for
=0.005), but a very high Curie temperatufig; as high as CaB; have differed depending on the formulation GW
600 K (Ref. 1). Further, a semiconducting material, with fer- being used. Pseudopotential basd/ calculations yielded
romagnetism of this type, could potentially be of importancea sizable 0.8 eV band gap & point, while recent all-
in producing room-temperature spintronic deviéés. electron GW result$! showed an unexpected increase in

Two different classes of theories were advanced early obband overlap relative to the LDA, perhaps related to the
in an effort to explain the strange ferromagnetism. The firstreatment of deep-core stafés?>
was based on the doping of an excitonic or like system, i.e., The electronic structure of CgBas also been the subject
an unconventional state in the parent, 4B’ and the sec- of some debate from an experimental point of view, although
ond was based on the ferromagnetic phase of the dilute elee-semiconducting electronic structure has become more gen-
tron gas-®°1In the first class, the ferromagnetism arises fromerally accepted now. de Haas—van AlphehivA) (Refs. 24
La induced doping of carriers into an excitonic ground stateand 25 and Shubnikov de HagSdH) (Ref. 26 experiments
This depends on a bare band structure that is semimetallic evere consistent with a semimetallic nature, while recent
very close to it, so that the prerequisite instability of Ga8  angle-resolved photoemission spectroscopy and resonant in-
an excitonic state can exist. The second class mentioned doekstic x-ray scattering measurements imply that C&Ba
not depend on such an electronic structure, but rather insemiconductor with a 1.(Ref. 29—-1.15(Ref. 28 eV band
volves a ferromagnetic instability of a low-density electrongap. Recently, Rhyeet al. reported transport, optical, and
gas, though this class of theories suffers from difficultiestunneling measurements all consistent with a 1.0 eV band
obtaining the very high reported valuestf . More pedes- gap for pure CaB They argued that the previously mea-
trian explanations for the observed ferromagnetism involvingsured semimetallic characteristics in g:\BSrBG, and Eug
defects and their interactions and also extrinsic effects havactually originate from boron vacancies.
been advanced more recenly!? We note that, as pointed out by Rodriguez and

This naturally resulted in a strong interest in the electronicco-workers:>2° the valence and conduction bands of GaB
structure of the parent compound GaBr-irst-principles cal- and the related hexaborides are of very different character,
culations within the local-density approximatiQoDA) pre-  namely, Bp valence bands and Ca derived conduction bands.
dicted that CaBand SrB are semimetals with a small over- This is reminiscent of the situation in the rare-earth trihy-
lap at X point of the simple cubic Brillouin zone, or very drides, e.g., YH. Those materials feature a semiconducting
small gap insulator+*® consistent with the excitonic theo- ground state, which is, however, predicted to be metallic in
ries being formulated at that time. However, it is well known the LDA due to a band overlap between nominally occupied
that the LDA often underestimates band gaps, and in someE derived states and nominally unoccupied metal states. In
extreme cases it can predict a semimetallic band structure fofH,, this error is understood to be due to incomplete can-
a semiconductor, one example being &én simple semi-  cellation of self-interaction errors on the H sites in the LDA.
conductors, the LDA underestimates of the band gaps ar€hese self-interactions lead & H band position that is too
understood as being associated with an extreme nonanalytiigh relative to the conduction bands, which is at least partly
and nonlocal behavior of density-functional theory as thecorrected inGW calculations’*~*3It should be noted though
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TABLE |. Theoretical and experimental lattice constantd) and internal parametes for CaB;. The
results denoted LAPWPW) were from the LAPW(plane-wavg calculations.

LDA (PW) LDA (LAPW) GGA (LAPW) WDA (PW) Experiment
4.08 4.09 4.15 4.13 4.15
X 0.201 0.202 0.202 0.206 0.207

that such self-interactions are a local effect, more akin in _

some ways to the on-site Coulomb effects that lead to Mott f n(r")G[|r—r'[,n(r)]dr"=—1. (2
insulating states in transition-metal oxides, than to the non-

local, nonanalytic discontinuities in density-functional theory The WDA is exact for both a one-electron system and the
that are important in simple semiconductdté\s such, the uniform electron gas, independent of the moGelsed, pro-
rare-earth trihydrides and perhaps GaBe interesting test Vided that it is monotonic and properly normalized. Because
cases for theories of correlated electron systems, includindie exactG function is not known, different forms @& have

density-functional based approaches. been tried® from which we chose the following one:
Here, we present results of first-principles calculations 4

based on the density-functional thedFT) within a non- G(r n)=c( 1—exp( _[L } 3)

local density approximation, namely, the weighted density ' N '

approximation(WDA).**=* The WDA uses a model pair- _ o . .
distribution function to incorporate nonlocal information IS choice yields good energetiestructural propertigsand

about the charge density into the exchange-correlation erf@nd structures for the rare-earth trihyd;?%ihis type of
ergy and potential, via an exact expression for the total en® Was derived from the Gunnarsson-Joneansatz, but it
ergy. Unlike GW and like approaches, the WDA is oriented has a _shorter range 'Fhan _the original one. Details pf the WDA
towards total energies rather than excitation spectra. As sucfprmalism used in this Brief Report can be found in Refs. 39
not surprisingly, it improves ground state properties, such a@nd 42. ) ) .
lattice parameters, relative to the LDA. Like the LDA, the 1 he calculations were done using a plane-wave basis with
WDA is exact for the total energy of the uniform electron PS€udopotentials. Thi grids for the Brillouin zone sam-
gas, but unlike the LDA it is also exact for single-electron plings during iteration to self-consistency were as dense as
systems, where it is self-interaction free. We emphasize that2< 12X 12, and the energy cutoff was 121 RyThe Ca

the WDA is a smooth nonpathalogical approximation toS€micore st_ates were treateo! as valence state_s for the purpose
density-functional theory, with only short-range nonlocality. ©f constructing Troullier-Martins pseudopotentials. Shell par-
It should be mentioned that the nonlocality of the self energyfitioning was employed as discussed in Ref. 38. We also did
in the GW approach is mostly short range. The WD calculations with the linearized augmented plane-wave
exchange-correlation potential is a standard orbital indeperf"€thod(LAPW) (Ref. 44 using the LDA and the general-
dent (for valence statéspotential, which different orbitals 12€d gradfé”t approximation(GGA) of Perdew and
feel differently only through differences in the spatial distri- CO-Workers.” The LAPW LDA results agreed well with the
butions of their charge densities. It does not include the disPlane-wave calculations. _ _
continuities that are present in the exact density-functional 1h€ crystallographic structure of CaBs simple cubic,
theory and are responsible for most of the band-gap corredvith Ca atoms located at cubic corners. The B atoms form
tion in simple semiconductors such as Si. Detailed calcula®ct@hedral cages around the cube center. The internal param-
tions for YH; and LaH have shown that the WDA can yield ©terx determines the_dlstance betwea B atom and the
insulating gaps of similar magnitude to tBW approxima- cubic center. Whep<—0.207, the intraoctahedral and in-
tion in these hydrides due to the better cancellation of selftéroctahedral B-B distances are equal. Our calculated lattice
interaction errors, while at the same time improving the qualconstanta and internal parametex within the LDA and

ity of ground-state propertiéé’. WDA are shown in Table | along with LAPW LDA and GGA
In the WDA the exchange-correlatidrc) energy expres- values. The WDA results are in excellent agreement with
sion is very similar to the general DFT form experimental data, while the LDA predicts a lattice constant

1.6% smaller, which is a typical LDA tendency. Thus, re-
flecting its origins in density functional theory, where energy
WDA n(ryn(r’) = , and density are primary variables, the WDA improves upon
Exe [n]:j J ———,—Gllr=r’.in(r)]drdr’, (1)  the LDA structure. The GGA, like the WDA, predicts a lat-
r=r’] tice parameter in excellent agreement with experiment, but
the band gap is small.
whereG is the approximate model coupling constant aver-  To facilitate comparison of the LDA and WDA electronic
aged pair-distribution function, ant(r) is the weighted den- band structures, we used the experimental valuesanfd x
sity which can be determined from the sum rule which stategor both the LDA and WDA. Figure 1 shows our results for
that the charge density in the exchange-correlation hole ithe band structures of CgBThe LDA (left pane) predicts a
unity. tiny band gap(slightly more than 0.1 eWat the X point,

193105-2



BRIEF REPORTS PHYSICAL REVIEW B59, 193105 (2004

CaB, (LDA) CaBg (WDA) YH; and LaH, resulting in a sizable band gap of 0.8 eV at
iy/ N X point. The calculated GGA band gap is only 0.19 eV. Par-

4
allel WDA calculations using the uniform electron g&s
2 function also yield a gap opening, though by a smaller
0 amount. The band gap in that case is 0.3 eV.
1,k \/ . Thus the WDA, with an appropriate choice @f predicts
4
6

< X

CaB; to be a semiconductor with a gap comparable to that
found in standardGW calculationd and in experimental

| PSSy spectroscopic measuremefts?® This shows that there ex-
i Z L Z ists a physical approximation to density-functional theory
8L / 1 -8k / 1 that is continuous and has only short-range nonlocality and

1oL 150l | that gives both a reasonable band-gap and ground-state prop-
M X T R MM X T R M erties (crystal structurgin agreement with experiment for
FIG. 1. Electronic band structure of CaRithin the LDA and Cabs. We. expeCt that WDA calculations would yield band-
WDA. gap opening in SrBas well.
In summary, WDA calculations predict that Cals a

semiconductor, and the calculated band gap is in excellent
which agrees with Ref. 21, while other LDA results show aagreement with recent experiments and quasipar@W
tiny overlap>'**>This small difference in band structure is calculations. Thus the WDA improves both the structural
due to different choices of the LDA scheme, chemig8yvs  properties and electronic structure of these hexaborides, im-
Ca) and lattice structure as well as the approximations inplying that the main error in the LDA description is associ-
using pseudopotentials. To check this we did well convergeéted with local self-interaction effects on B rather than the
general potential LAPW calculations within the LDA for two neglect of the nonanalytic discontinuity in density-functional
structures. The first is the same experimental structure d§eory across the band gap.
used for Fig. 1, and the second is a structure where we re-
laxed the intgrnal coordinatein_the LDA keeping t.he Igttice M. Gupta, R. Gupta, I. I. Mazin, and W. E. Pickett.
parameter flx_ed at the experlmental value. This yielded p j g g grateful for the hospitality of the University of
=0.2025. With the experimental value of=0.207 the pgris-Sud where some of the ideas leading to this work
LAPW calculations yielded a small band gap of 0.2 &V,yere developed. Work at the Geophysical Laboratory
while atx=0.2025 a semimetal with a 0.1 eV band overlapyas supported by Office of Naval Researd®NR)
is predicted. This implies that the structure is the key ingreGrants Nos. N000149710052, NO00014-02-1-0506 and
dient in reconciling the various results and also gives arN0001403WX20028. Work at the Naval Research Labora-
error estimate of~0.1 eV for our pseudopotential calcula- tory was supported by ONR. Calculations were done on the
tions. On the other hand, the right panel shows that withirCenter for Piezoelectrics by Desig@PD) computer facili-
the WDA, the bands are shifted, quite similar to the cases dfies.
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