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We have investigated electronic and magnetic properties of the pyrite-typeuSmg the linearized muffin-
tin orbital band method. We have obtained the ferromagnetic ground state with nearly half-metallic nature. The
half-metallic stability is studied by using the fixed spin moment method. The non-negligible orbital magnetic
moment of Co 8 electrons is obtained as =0.06ug in the local spin-density approximatidghSDA). The
calculated ratio of the orbital to spin angular momelnjdS,=0.15 is consistent with experiment. The effect

of the Coulomb correlation between Cal Zlectrons

is also explored with the LSDA U method. The

Coulomb correlation at Co sites is not so larges 1 eV, and so Cosis possibly categorized as an itinerant
ferromagnet. It is found that the observed electronic and magnetic behaviors pt@o®e described better

by the LSDA than by the LSDAU.

I. INTRODUCTION

Transition-metal disulfides ofMS, (M=Fe, Co, Ni,
etc.) with the pyrite structure show a variety of physica
properties. Electronic and magnetic properties of thg,

has been qualitatively explained by the successive filling o

the e5 band of metal ions. In the NaCl-type structure of
pyrite MS,, divalent metal ions oM?* are located at the
center of octahedron formed by,%S dimers. Hence, the
M-3d bands are split intd,, and ey subbands due to large
crystal field. TheM-3d electron configuration varies from
15465 15,65 . tot5 e for FeS, CoS, and NiS. All of them
are in the low-spin state§=0, S=1/2, andS=1 for FeS,
CoS,, and NiS, respectively. With fully occupiedgg and
completely empt;eg bands, Fegis a semiconductor with an
energy gap oEy=0.8 eV! CoS is a ferromagnetic metal
with Tc=120 K22 NiS, is an antiferromagnetic insulator
(Ty=40 K) with a half-filled eg band due to the large on-
site Coulomb correlatiofr®

CoS, are known to be well described by the itinerant elec-
tron model’*° Further, the dynamical susceptibility mea-

|sured by the inelastic magnetic neutron scattéfimgd op-

tical propertie¥’ are analyzed based on the itinerant band

]model.

Using the linearized atomic orbitals band method, Zhao
et al'® have found that CosSis close to half-metallic in the
sense that the occupation number of the minority-sgjn
band is very small compared to that of the majority-sgjn
band. More recently, Hobbs and Hafffehave studied the
ground-state cohesive properties of G@Rd obtained simi-
lar results using the projected augmented wave band method.
In fact, recent experimental reflectivity data have been con-
sistently interpreted under the assumption of half-metallic
CoSZ.12 In contrast, the linearized muffin-tin orbitdlMTO)
band calculation by Yamadat al*® gives rise to the normal-
metallic ferromagnetic ground state with a partially filled
minority-spiney band.

To clarify the above-mentioned issues and to resolve the

Despite extensive studies on these systems, the electronififerences between existing band calculations, we have re-

and magnetic properties of Co%@re not fully understood
yet. The issues for CgS3o be resolved aré) whether it is a
strongly correlated electron systefii, whether it is classi-
fied as an itinerant electron ferromagnet, &iiid whether it
is a half-metal or not. It is considered that Cd 8tates in

examined electronic and magnetic properties of LoSing
the LMTO band method. Both the local spin-density ap-
proximation(LSDA) and the LSDA+U approximatiof® are
employed to explore the effect of the Coulomb correlation
interaction between Codelectrons. The von Barth—Hedin

CoS; are just at the boundary of the localized and delocalform of the exchange-correlation potential is utilized. Fur-
ized regime’. Magnetic measurement using polarized neutronher, the fixed spin moment method is used to check the
diffraction indicates that most of the magnetic moment iSgiapjlity of the half-metallic state. We have also estimated
localized at Co site8.The analysis of photoemission spec- the orbital contribution to the total magnetic moment in
troscopy(PES data for Cog in terms of the cluster model cqs, using the fully relativistic calculations in which the

calculations yields a large Coulomb correlation parameterspin-orbit coupling is simultaneously included in the self-
U=3.0-4.2 e\’ According to the magnetic circular di- consistent variational loo,

chroism(MCD) measurements, a non-negligible orbital mag-
netic moment is observed for CalZlectronsl ,/S,=0.18
(Ref. 7 and 0.14 Such an unquenched orbital moment is
exceptional, considering the low-spin state of Ca &ec-
trons in Co$ with a large crystal-field splitting of 1D, Formally, the LSDA+U Hamiltonian is constructed as
=25 eV. On the other hand, transport properties offollows:

I. COMPUTATIONAL DETAILS
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wheren; . is thed occupation number matrix of spin and
Hae=—3UN(N—1)+3I= ,N9(N°—1) with N°==_ng

DENSITY OF STATES (states/eV)

and N=X_N?. The screened Coulomb interaction 510
V(mm';m’m”) is related to the Slater integr&K by St
2l m\

V(mmr;mumm)zz Ck(lm,Im”)Ck(Im"',lm')Fk, (2) 0 L W o
whereck(Im,Im’) is a Gaunt coefficient. Two main param- St ]
eters in the LSDA-U method are the Coulomb and the
exchangel interactions. The relations of these parameters to 0 . . .
the Slater integrals are given by =F° and J=(F? 20 -15 -10 5 0 5

+F%)/14. The ratio ofF*/F? is known to be constant around ENERGY (eV)
0.625 for most 8 transition-metal atom¥ We have used FIG. 1. The LSDA DOS of pyrite CoSat each atomic site. The

parameter values ofU=0.0-4.0 eV with a fixedJ {5 peaks at the highest binding energy sidgper panel are

=0.89 V. bonding and antibonding Ss3ands, respectively. The antibonding
The crystal structure of pyrite Ce$s cubic with the lat-  s3pg* band is located at about 2.5 eV abdge. The spin split

tice constant ofa=5.528 A, and the space group is Co 3d bandst,, ande,, are formed between Sp3and S po*

T8(Pa3). There are 24 symmetry operations. The four Cobands(lower panel. The e, band nearE; manifests the nearly

atoms are located at positionsa) (0,0,0, (1/2,0,1/2, (0,1/  half-metallic nature of Cos

2,1/2, and (1/2,1/2,0. The eight S atoms are at positions

(8¢c): (u,u,u), (U+12u,u+1/2), (u,u+12u+1/2), and metallic nature and the exchange splitting~1.0 eV are
(u+1/2u+1/2u), where we have used the position param-prominent for theey band.

eter ofu= *=0.389. To improve the packing ratio, 24 empty = The present results are slightly different from those of
spheres are introduced at positions ¢R4For the Brillouin  existing calculation$®!® In Ref. 13, the SPo* band is at
zone (BZ) integration, the tetrahedron method is adopted~1.5 eV aboveEg which is lower than the present result by
with 80 k points sampling in the irreducible BZ wedge. The about 1.0 eV, whereas, in Ref. 15, the states of the &3
LMTO basis functions are included up te=2 for Co, and  band is smeared out by too strong hybridization with &go

=1 for S and empty spheres. bands. The bremsstrahlung isochromat spectr(BhS)
shows clear double-peak structure at about 1.0 and 2.5 eV
lIl. ELECTRONIC STRUCTURES AND MAGNETIC aboveEg,?° which is more consistent with the present result.
PROPERTIES That is, the 1.0-eV peak corresponds to the minority-ggin

band and the 2.5-eV peak to $8* band. The occupation

In Fig. 1, we show the LSDA density of states obtained afof the minority-spiney band is only 0.04 electrons/Co, re-
the experimental lattice constant. Because of the strong cqtecting that Co$ is almost half-metallic. This feature is in
valent bonding nature of S-S dimers, each S band can bggreement with that obtained by Zhabal® In the analysis
identified with molecular orbitals. The two peaks in the high-of the reflectivity data in terms of the half-metallic Gg'S
est binding energy side are the bonding Sr3and the anti-  the minority-spine, band is assigned at about 1.5 eV above
bonding S 3¢* bands, respectiveff. The broad band of E_. This is close to but a bit higher than the present LSDA
about 6-eV width betweer 4 and—10 eV consists mainly result.
of S 3p, which is a mixture of o, 3p7, and p=* bands. Figure 2 is the LSDA total energy as a function of the
The antibonding SBs* intradimer band is located at about |attice constant. The ferromagnetic ground state is lower in
2.5 eV above the Fermi enerdst. The spin split bands of energy than the paramagnetic state even far below the ex-
Co t,, are located betweer-1 and —3 eV below Eg,  perimental lattice constant ai=5.528 A, represented by
while the Coey band is neakg. It is seen that Co@bands  the arrow. The minimum of the total energy is located near
are formed in the energy range between [5&d S o™ the experimental lattice constant for both the paramagnetic
bands. Thet,y band is nearly dispersionless with very nar- and the ferromagnetic states, and thus the LSDA seems to
row band width, whereas the, band neaiE is dispersive  describe well the cohesive bonding properties of CiThe
with a relatively large band width of about 2.5 eV due to ferromagnetic ground state is lower in energy by about 10
strong hybridization with the Sggo* band. The nearly half- mRy than the paramagnetic state at the experimental lattice
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FIG. 2. The LSDA total energy as a function of lattice constant. E
The arrow indicates the experimental lattice constant. The ferro- E
magnetic ground state is lower in energy than the paramagnetic §
state far below the experimental lattice constant. i 5t .
54}
. . -
constant. The energy difference between the ferromagnetic £
and the paramagnetic states decreases with decreasing the e l
lattice constant. This is contrary to the result of Yamada 0
et al’® in which the paramagnetic is stable near the experi- 0 1 5 5 1
mental lattice constant and the ferromagnetic state becomes FIXED SPIN MOMENT (1)

stable only fora>5.57 A. As they pointed out, it seems to
be ascribed to the small numberlopoints they used. Onthe  FIG. 3. The behavior of the spin magnetic moment at each site
basis of the total-energy curve shown in Fig. 2, the observetupper panéland the total energflower panel with varying the
metamagnetic transition behavior under the high magnetitotal spin magnetic momer¥ (ug) in the unit cell. The arrow
field, the high external pressure, and the chemical pressudenotes the normal-metallic ferromagnetic ground state Wth
by substituting Se in place of S can be qualitatively =3.66ug.The half-metallic state with integevl =4.00ug is very
understood?®?! close in energy to the normal-metallic ground state.

By using the fixed spin moment method within the LSDA,
the total energy is evaluated with varying the magnetic mothe the local environment. In the LSDA, we have obtained
ment in Co$ (Fig. 3. For all the fixed spin moments, the spin and orbital magnetic moments per Co atqg,
0.00ug<M=4.00ug, the ferromagnetic state is stable as=0.80ug andu =0.06ug, respectively(Table ). This pro-
compared to the paramagnetic state. The spin direction of guces the ratio of ,/S,=0.15, which is close to the MCD
atoms is always parallel to that of Co. The ground state isneasurement ok,/S,=0.18 (Ref. 7) and 0.1£ The total
found for M=3.66ug (denoted by the arrow which is a  magnetic moment per Co atomy=0.86up in the LSDA is
normal ferromagnetic metal and lower in energy by about 1@lso in agreement with the experiment.
mRy than the paramagnetic state. It is noticeable that the Both the spin and orbital magnetic moments increase with
half-metallic state with exact integer magnetic moment of
M =4.00ug is very close in energy to the normal-metallic ~ TABLE I. Calculated spin and orbital magnetic momenig
ground state. The total-energy difference between th@ndu, (us) of CoS for various Coulomb correlatiod (eV) (J is
normal-metallic ground state and the half-metallic state idixed as 0.89 eV). All the results are from the relativistic calcula-
less than 0.1 mRy because of quite small electron occupatiofPns-M+u(xs) is the total magnetic moment per formula unit. The
of the minority-spine, band in the ground state. Thus, it is total magnetic moment per Co atom,,=0.86u5 and the ratio of
expected that, with only a small number of hole doping, thek2/S,=0.15 in the LSDA is consistent with experimental data.
half-metallic state can be realized in Go'$

In general, a polycrystalline half-metallic system is ex-Y M Co S
pected to show large magnetoresistaf®dR) behavior. It g 0.90 Us 0.76 0.04
arises from the activated electron tunneling mechanism at the " 0.06 0.00
grain boundary with the applied external magnetic fiéllo 1 o 1.06 i 0.88 0.04
our knowledge, there has been no report available on the MR oy 0.10 0.00
measurement for CgSTherefore, the MR measurement on , g 1.13 1t 0.93 0.03
polycrystalline Co$ and FgCo, _,S, is desirable to exploit L 0.14 0.00
the correlation between the half-metallic nature and the MR 121 e 101 0.00

We have applied the LSDA and the LSBAJ methods

. . 2 .
to explore the Coulomb correlation effect on the magnetic HL 0-20 0.00
. . . 1.25 Us 1.07 —-0.03
properties. The observed magnetic moments per Co atom aré 0.25 0.00
in the range of 0.84—0.945 .32 The orbital magnetic mo- M : :
ment in Co$ is obtained by including the spin-orbit cou- Lspa 0.93 s 0.80 0.04
pling in the total Hamiltonian. In the LSDAU calculations, m 0.06 0.00

we have used fixed (=0.89 eV), which is insensitive to
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increasing the Coulomb correlation parametér For U the itinerant Stoner modéf. Also, inelastic magnetic
=3.0 eV, the minority-spirey band moves to higher-energy neutron-scattering data aboWe exhibit the Stoner excita-
states and CoSbecomes completely half-metallic. Fot  tions stemming from the itinerant electrolsOn the other
=4.0 eV, the minority-spirey band is formed at about 2.0 hand, based on the PES studies, it is claimed that the elec-
eV aboveEr. However, the discrepancy of the total mag- tronic structure in the paramagnetic phase should be de-
netic moment between the experiment and the theory bescribed by the local band picturé® Hence, further studies
comes significant folJ=2.0 eV. Moreover, the ratio of are necessary to ascertain this point.
L,/S,=0.31 for U=2.0 eV is too large compared to the
experimental value§® This finding suggests that the size of
the on-site Coulomb correlation in Co to be rather small
U=<1 eV, and the LSDA gives a better description of Gb 3 We have investigated the electronic and magnetic proper-
states in CoS Note that the local-density approximation re- ties of the pyrite-type CoSusing the LMTO band method.
sults for Fe$ show an excellent agreement with PES andWe have found the following resultéi) CoS, does not be-
BIS data?®?* In addition, the weak satellite feature in the long to the strongly correlated electron system, because the
PES of Co$ (Ref. 5 seems to be consistent with the presenteffect of the Coulomb correlation at Co sites is rather small,
results of rather small Coulomb correlatibh U=1 eV, (ii) CoS can be categorized as an itinerant elec-
Finally, let us remark on the electronic structure of goS tron ferromagnet, since the band width of @g state is
in its paramagnetic phas@ £ Tc). As mentioned in the In- larger thanU and the exchange splittingy, (i) CoS; is
troduction, it is an unresolved issue. The question is whethenearly half-metallic in that the half-metallic state is very
the exchange splitting in Cod3bands persists abovig. or  close in energy to the normal-metallic ground state. A non-
not. The present study reveals that the width of theego negligible orbital magnetic moment of Cod3electrons is
band is larger than both the Coulomb correlation interactiorobtained asu; =0.06ug in the LSDA, which is consistent
U and the exchange splittingy . It thus suggests that the Co with experiment. Accordingly, the electronic and magnetic
3d electrons neaEg will behave as itinerant to manifest properties of CoSare described better with the LSDA than
Stoner-type magnetic phenomena at the finite temperatur&ith the LSDA+ U.
Indeed, there are such evidences from several experiments.
Resonance PES data for Cd Bands taken at temperatures
across the magnetic transition indicate a slight but noticeable
spectral change between the paramagnetic and the ferromag- The authors would like to thank Jin Ho Park for helpful
netic phases, reflecting the long-range spin-exchangdiscussions. This work was supported by the KOSEFI9-
effect?® Optical spectra abov&. are described well using 2-114-002-% and in part by the Korean MOST-FORT fund.
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