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The half-metallicity of Cog, important for its possible use in spintronic applications, is investigated by
means of density functional full-potential linearized augmented plane wave calculations within both the local
spin-density approximatiofdLSDA) and the generalized gradient approximati@GA). In contrast with
earlier and our own predictions employing the LSDA, we find that Je$learly half-metallic with use of the
GGA for the exchange-correlation functional. While the GGA induced modifications of the band structure are
significant, they are limited to only thg,, state which is responsible for producing the half-metallicity, while
leaving all other features the same as those obtained by LSDA. We address the recently measured reflectivity
spectra and rectify the assignments given for their underlying optical transitions.
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Recently, half-metallic ferromagnets are attracting in-shows that it is half-metallic: A linear combination of atomic
creasing attention since a high degree of spin polarization isrbitals(LCAO) approach by Zhaet al° showed that CoS
expected for the conducting current, which is necessary fojust misses being half-metallic, i.e., a small portion of ¢ge
the new class of industrial applications—called state is occupied. Using the linear muffin-tin orbi@MTO)
“spintronics.”t? Pyrite-type Co$, a ferromagnetic metal, is method with the atomic sphere approximation, Yamada
receiving revived interest with a focus on its possibleet al* argued that CoSis a normal metal whereas Kwon
half-metallicity>~® While the relatively lowT¢ of CoS,, 120 €t al® showed that it is nearly half-metallic in accordance
K, makes it difficult to exploit Cog for practical applica- With the result by Zhaet al o
tions, it is still much higher than liquitt, temperature so To address the uncertainty among the first-principles cal-

that Co$ can be utlized as laboratory instruments. culations and to examine the possible half-metallicity of

Kirczenow? proposed theoretically that an interface betweerﬁgﬁll;/ Vg(raecFi)seéfO{lm?p?otg?tri]gl-sltirr?g;:irzee dca;%ﬂ;tg)nqz dbi/)lr;::g

CoS, and a semiconductor is a promising candidate for idea 2 " ;
spin filters even if Cogis not half-metallic. Now, its pos- wave® (FLAPW) method. In addition to employing the

sible half-metallicity may be seen to follow from a simple LSDA for the exchange-correlatioiXC) functional, we ex-

iderati it y | y T 2~ that ai a7p amined the effect of the generalized gradient approximation
consideration ot ItS vaience as 4S,) that gives a GGA) correction. We show that the GGA greatly modifies
electron configuration. Since the crystal field is so strong th

e i i ) e band structure of CgSand results in a half-metallic
the 3d state is in the low-spin state with fully occupiégy  ground state. The origin of this change may be explained in

statest;geg (S=1/2), only oneey electron is responsible for terms of the anisotropic GGA correction to the XC potential,
the magnetism. If the occupation of teg state in the metal which pushes up only the,, state relevant to the half-
is restricted to the majority-spin state, then in this simplemetallicity.
picture, Co$ is a half-metallic ferromagnet. For the calculations, we adopt the Hedin-Lundqvist
Although Co$ has been extensively studied, there still parameterizatiofi for the LSDA XC functional and the GGA
exists a contradiction about its electronic structure. Dynamiformula of Perdevet al1* Core states were treated fully rela-
cal susceptibility measurements showed that CieSlassi- tivistically and valence states scalar relativistically. Muffin-
fied as an itinerant ferromagneHowever, a magnetic form tin (MT) sphere radii were chosen to be 2.3 and 1.9 a.u. for
factor analysis showed that the magnetic moment distribu€o and S, respectively. The cutoff of the plane-wave basis
tion is localized on the Co atonisPhotoemission spectros- was 12.3 Ry, producing about 830 plane waves and a star-
copy showed slight spectral changes between the paramafynction cutoff of 100 Ry. Spherical harmonics witl=8
netic and ferromagnetic phase$. Takahashi etal®  were used inside the MT spheres. Tkoint summation
interpreted this change with supposing that é3e band is  was performed by the tetrahedron method usingK:p8ints
partially filled in the ferromagnetic phase. On the other handin the irreducible wedge. The unit cell contains four Co at-
Yamamotoet al* measured reflectivity spectra and found oms and eight S atoms, for which we have used the experi-
significant changes & ; from a fitting analysis, they con- mental lattice parametera=5.524 A andu=0.389%°
cluded that Cogis half-metallic with theey, state located The density of state€DOS) calculated within the LSDA
far aboveEg . is displayed in Fig. 1. Molecular-orbital states, originating
While several first-principles calculations based on the lofrom the dimerization of S atoms, are seen at the deepest
cal spin-density approximatiof.SDA) to density functional binding energy: 8¢ (bonding and 3c* (antibonding
theory have been attempted to study goBone of them states at-16 and—13 eV, respectivelyS3p valence bands
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FIG. 1. Spin-projected LSDA DOS. The shaded area represents FIG. 3. Same as Fig. 2 but for minority spin. See text for details.

the Co 3 states. - .
hybridized bands and@®™* bands are pushed up in energy

by between 0 and 0.3 eV.
The most prominent and enlightening change in Fig. 3 is
seen for the band indicated As, from R throughI'. For a

are very broad and spread out betwee8 and —3 eV.

Around Er, there exist exchange-split Cod3states. At
about 2 eV, do* states of the S-S dimer are clearly seen. . .

k . : ; clear comparison, we display the calculated LSDA and GGA
X\;?czrz;:ggsmaﬂti?hn g;\f/fgr%necee;e\r’wéhné?gyl‘ggsci)ﬁgrr:g I;;\nger bands in Fig. 4. Around thR point, the eigenvalue shifts
S-related occupied states than does the present FLAPW cqre quite large, about 0.3 eV, and its wave functions contain

; : : : a lot of the Coe, component with a weight of about 80%.
culation by about 2 eV. Since the pyrite structure is far fromOn the other har%d the eigenvalue shifi'as almost zero. 8
close-packed and the packing fraction by the touchin ' 9 '

spheres is only 43.5%, we believe it is crucial to treat the gmev, and its wave function has no Ca 8haracter. Thus it

interstitial region in a reasonable way—for instance, usinq(i:?n?t:de t‘z algn};\a;thg;e e;f;ct:tteof the GGA s very significant but
gl :

plane waves. In addition, the full-potential method is prefer- In Fig. 5, the LSDA and GGA DOS's are blown up just

able for a better description of the uniaxial S-S dimers.
Band dispersioff aropundE for the spin-up(majority) arounc_j EF.' In the .LSDA DOS, 0.006 electrons/Codre

state is shown in Eiq. 2 ThQF bands are narrow and full occupied in the spin-down state due to the electron-pocket
ied. The. b % : Ig ivelv broad and well hvb Bé formation seen in Fig. @). With the GGA, there is no spin-

occupied. Thes, bands are relatively broad and well hybrid- down DOS a€(: it is clearly half-metallic with the relevant

ized with theS3p states. The LSDA and GGA dispersions states pushed Fu by about 0.2 eV,

are astonishingly identical with each other: only small energy Nowp let us rgisg a quesfion' What is the origin of the

differences 60'1 ?V) are seen f(_)r thig, and 3.30* bands. eigenvélue shift for thee,, state ? The GGA exchange

The band dispersion for the spin-dowminority) state is energy’ has an enhancement factor compared to the LSDA

displayed in Fig. 3. With the LSDAFig. 3@)], a small elec- e ) X ; )
tron pocket is formed around thR point (indicated by which is a function of the scaled density gradient given by

circles in the figurgthat destroys the half-metallicity. Unlike V| 1 IVn|
the case of the spin-up dispersion, the effect of the GGA 5= = , (1)
correction is dramati¢Fig. 3(b)]. Although the occupieth 2ken 2(372)18 p3

bands are not changed significantly, the unoccupgigdp wheren is the electron density of each spin.dfbecomes

larger, the GGA can gain exchange energy. The self-

-\-\«”/ o ]3pa* consistent LSDA valence-electron density is plotted in Fig.
T 03—
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FIG. 2. Majority-spin band dispersion by tli@ LSDA and (b) FIG. 4. Comparison of the dispersion of the minority band
GGA. Notation of high-symmetrk-points and lines is from Zhao between the LSDAsolid line) and GGA(broken ling. See text for
et al. (Ref. 10. details.
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FIG. 7. Contour map oAV, =VSEA—VLSPA for the Co atomic
region in the same plane as Fig. 6, for tt@ spin-up and(b)
spin-down state. Positivgull line) and negativébroken ling con-
tours are drawn at-0.4, 0.6, =0.9, and+1.35 eV. The frame
height is 4 a.u.
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nator of Eq.(1)] and consequently the scaled density gradi-
ents will be larger. Thus a GGA modification for the spin-

down state is expected along the Co-S bonding direction in
order to exclude they, electrons and gain exchange energy.

) ) To confirm this reasoning, we plot in Fig. 7 the difference
6. A section of the(110) plane is shown, where we can see of the XC potential AV, .= VGCGA— VLEDA for the region of
X Xi '

both the Co-S bond and S-S dimerization. The spin-up de”the Co MT sphere. HereySCA

. ins. in additi he full ; | <« was obtained by a single
sity n; contains, in addition to the fully occupiei, elec- iteration GGA calculation from the converged LSDA density
trons, a large number of th&, electrons whose wave func-

S o ) . note that the inputs for calculating,. are the same for
tion Is extended along the Co-S direction. T“‘#S'_S quite (LSDA and GGA. FI):or the spin-up stz%(ec, the GGA correction
spherical around the Co nucleus and we can notice the Cof ot significant. In the case of the spin-down state, how-
tribution of thee, electrons to Fhe Co-S bonq. ever, theO,, symmetry is emphasized by the GGA, and an
In the case of the LSDA spin-down density, however, Weespecially strong repulsive potential for thegy state is
. on]y a feweg elegtrons so than, around the.Co achieved in the large region that spreads to the neighboring S
nucleus is rather asphericalose to thet,; symmetry with toms. This is the origin of the eigenvalue shift for
a strong depression along the Co-S direction. If we can exp tate which we have seen in Figs. 3 and 4. It should be noted

the small number oy, electrons from the occupied state, that employing the full-potential method is essential in order

the following changes are expected around the Co nucleus ify paye siich an anisotropic GGA modification as presented
the Co-S direction: thangulargradient ofn| [numerator of Fig. 7(b).

Eq. (1)] will be magnified with a more emphasized depres-
sion (completet,, symmetry; n; will be smaller[denomi- 60 . . T T

FIG. 5. DOS's just aroundEg to examine the half-metallicity
calculated by théa) LSDA and (b) GGA. The shaded area repre-
sents the Co @ state.
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FIG. 6. Contour map of the LSDA valence charge density plot-
ted in the(110) plane passing through both Co-S and S-S bofajs:
spin-up and(b) spin-down density. Successive contours are given FIG. 8. GGA DOS's for thda) paramagnetic antb) ferromag-
by nop™ ! with ny,=0.01 electron/a.l’, p=1.4, and m netic phases. Supposed optical transitions for the reflectivity spectra
=1,2,...,10. Thdrame height is equal to the lattice constant.  (Ref. 4 are indicated by arrows.
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We briefly mention the recently measured reflectivity reason why they reached such a simplified, and hence, inad-
spectra, where significant spectral changes were observed beguate picture for the FM phase.
tween the paramagneticPM) and ferromagnetic(FM) In conclusion, we have investigated the half-metallicity of
phase$. Above Tc, there are two peaks in the spectrum CoS, with highly precise first-principles FLAPW calcula-
located at 1.6 and 3.4 eV, which were assigned tottje tions. The LSDA calculation shows that Cofiist misses
—€y and tyy—3p* optical transitions, respectively; these peing a half-metal in accordance with some of previous
correspond well with the results of the present calculation.gjcylation1° With the GGA, however, it is clearly half-
[See Fig. &)]. BelowTc, the fpectrum becomes broad with metallic with only the ey states pushed up in energy.
no clear peak. Yamamotet al.” performed a fitting analysis  cjearly, experimental investigations into the half-metallicity
and argued that there are two transitions: the- e, transi- 4t o3, with the Andreev reflection technigtfeare highly
tion in the spin-up channel at 1.5 eV followed by thg  {esjrable. The present result strongly contrasts with the GGA
—3p* in the spin-down channel at 2.6 eV. This is strongly jmplementation for the itinerant ferromagnet Fe, where the
inconsistent with the expected transitions from our Ca'?“"”"energetic stability among various structures is greatly im-
tion — below 2 eV, thet;g—ey transition should occur in - hroved by the GGA while no significant change is seen for
both spin channel$1.5 eV in the spin-down and 1.8 eV in e pOS(the LSDA is good enough to give the correct band
up) and there are in alht least fourtrans_,mons[Flg. 8] structure of Fl° Although CoS$ is an itinerant ferromagnet,
The broad spectral feature observed in the FM phase mape GGA effect appears to be rather similar to those for

originate from the spin-dowtyy— €, transition since they;  gtrongly correlated transition-metal oxid9¢?
DOS remains relatively high well above threshold. In addi-

tion, the spin-upey— 3p* transition (not indicated in the We thank W. Mannstadt, J. Medvedeva, Y. J. Zhao, and K.
figure) might contribute to the observed broad spectral feaNakamura for assistance. Work was supported in part by a
ture. Now, Yamamotoet al. assumed only two oscillator grant of HPC resources from the Arctic Region Supercom-
strengths in the fitting procedure and this may be the maiputing Center.
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