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The electronic structure, optical spectra, and x-ray magnetic circular dichroism (XMCD) of CoS, were
investigated theoretically from first principles, using the fully relativistic Dirac linear muffin-tin orbital band-
structure method. Densities of valence states, and orbital and spin magnetic moments are analyzed and dis-
cussed. The origin of the optical and XMCD spectra in the CoS, compound is examined. The band-by-band
decomposition of the optical conductivity spectrum is presented and the interband transitions responsible for
the prominent structures in the spectra are identified. The calculated results are compared with available

experimental data.
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I. INTRODUCTION

Pyrite-type 3d transition-metal dichalcogenides MS, (M
=Fe, Co, Ni, etc.) exhibit a wide variety of interesting elec-
trical and magnetic properties.! The transition-metal 3d elec-
tron configuration varies from tggeg and tggei, to tggei for
FeS,, CoS,, and NiS,, respectively. FeS, is a semiconductor
with a band gap of £,~0.9 eV,? CoS, is metallic and orders
ferromagnetically below 7.~ 120 K, NiS, is an antiferro-
magnetic insulator with E,~0.3 eV (Refs. 4 and 5), and
Ty=40 K.° The transition-metal ions in these compounds
are divalent and have a tendency to take low-spin states:
FeS, is nonmagnetic (S=0) and CoS, has a saturation mo-
ment of 0.85uy/Co (Ref. 3) close to that of S=1/2. NiS, is
a high-spin (S=1) compound.” NiSe, (Ref. 8) and CuS,
(Ref. 9) are Pauli-paramagnetic metals.

CoS, has been considered as a candidate for a half-
metallic ferromagnet (HMF), a metal for spin-up electrons
and a semiconductor for spin-down electrons. The rapid de-
velopment of magnetoelectronics intensified the interest in
such materials. Adding the spin degree of freedom to the
conventional electronic devices has several advantages such
as nonvolatility, increased data processing speed, decreased
electric power consumption, and increased integration
densities.!®!! The current advances in these materials are
promising for engineering spintronic devices in the near
future.!!

CoS, has good lattice-constant matching with many semi-
conductors (GaAs, Si, ZnS, etc.) as reported by Kirczenow.!?
Despite extensive theoretical and experimental studies of
Co08S,,'>? its electronic and magnetic properties are not fully
understood. Some of the experimental studies performed for
CoS, are inconsistent with the theoretical prediction of a
half-metallic character. Yamamoto et al.>> observed signifi-
cant reflectivity spectral changes at 120 K, and ascribed this
temperature variation of reflectivity to the half metallicity of
CoS,. However, the point-contact Andreev reflection mea-
surement on the sulfur stoichiometric polycrystal?’ showed a
relatively low-spin polarization of 56%, implying that CoS,
is not half metallic. Polarized neutron-diffraction measure-
ment on polycrystalline CoS, by Brown et al.?® also showed
that the half metallicity was not found in the ferromagnetic
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phase. Recently Takahashi et al.? reported ultrahigh reso-

lution (A=7 meV) photoemission spectra (PES) on CoS, to
study the temperature-induced change of the electronic struc-
ture across the Curie temperature. These PES results appar-
ently disagree with the model of the electronic structure pro-
posed by Yamamoto et al.?? from the optical study. The PES
clearly shows that the bottom of e, subband is located be-
low Er in the ferromagnetic phase while the optical study
proposed a totally unoccupied e, subband located above Ep.
The partially filled e, subband is consistent with the ob-
served saturation magnetic moment of 0.74u,"3 0.85u,%
and 0.87up,”” which requests a partially filled e,| band in the
ferromagnetic phase. A relatively small (~58 meV) Stoner-
like excitation observed by inelastic neutron scattering?® also
favors the partially filled e, band. All these results show that
a partially filled e, band plays an important role in charac-
terizing the ferromagnetic property of CoS,.

The electronic structure calculations based on density-
functional theory (DFT) show contradictory results for the
half-metallic character of CoS,. Takahashi et al.,?® using the
full-potential linearized augmented plane-wave (FLAPW)
method, obtained normal metallic ferromagnetic solution
with partly occupied e, subband. Shishidou et al.* were
able to obtain a half-metallic character of CoS, by using the
FLAPW method combined with the generalized gradient ap-
proximation (GGA) (Ref. 31) for the exchange-correlation
potential. Zhao et al.'” and Kwon et al.?* state that the CoS,
is almost half metallic. Hobbs and Hafner?* have studied the
ground-state cohesive properties of CoS,, and obtained simi-
lar results using the projected augmented wave method.
Kwon et al.** investigated the electronic structure of CoS,
using the local spin-density approximation (LSDA) and tak-
ing into account the effect of the Coulomb correlation be-
tween Co 3d electrons by the LSDA+ U method. The Cou-
lomb correlation at Co sites was found to be relatively small,
U=1 eV, and therefore CoS, may possibly be categorized
as an itinerant ferromagnet. It was found that the observed
electronic and magnetic behaviors of CoS, can be described
better by the LSDA than by the LSDA + U method.

In the present study, we focus our attention on the optical
properties and x-ray magnetic circular dichroism (XMCD) in
the alloy CoS,. The optical spectra of CoS, have been inves-
tigated by several authors.>'%??> The x-ray magnetic circular
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FIG. 1. (Color online) Schematic of the pyrite structure of CoS,
illustrating the linkage of the CoSq octahedra. S-S dimers are
marked by thick line.

dichroism in the ferromagnetic CoS, alloy has been mea-
sured at the Co L, ; and M, 3 edges by Miyauchi et al.,'® and
at the Co Ly 3, M,3, and S L, 3 edges by Muro er al.' By
analyzing the Co 2p XMCD spectra with use sum rule, Muro
et al.'® evaluated (1,)/(s.) of Co as 0.18.

One should mention here that calculations based on DFT
are not strictly applicable for excited-state properties, such as
optical and XMCD spectra. DFT are developed to calculate
the ground-state properties—magnetic moments, equilibrium
volume, or bulk modules. Nevertheless, the electronic struc-
ture obtained from such calculations is often compared with
optical, magneto-optical, or XMCD data, and good agree-
ment between experiment and calculations is frequently
observed.?? In the limit of complete screening of the excited
state, one would expect ground-state density-functional cal-
culations to be able to describe the spectra well.

This paper is organized as follows. Section II presents a
description of the CoS, crystal structure and the computa-
tional details. Section III is devoted to the electronic struc-
ture, and optical and XMCD spectra of the CoS, compound
calculated in the fully relativistic Dirac linear muffin-tin or-
bital (LMTO) band-structure method. The calculated results
are compared with the available experimental data. Finally,
the results are summarized in Sec. IV.

II. CRYSTAL STRUCTURE AND COMPUTATIONAL
DETAILS

The schematic crystal structure for CoS, is presented in

Fig. 1. Due to its space group 7% (Pa3, number 205), the
cobalt atoms are located at the corners and the face centers
of a cube, and eight S atoms are located at the positions
of i(u,u,u;u+%,%—u,ﬁ;ﬁ,u+%,%—u;l—u,ﬁ,u+% ), in
which u=0.389 is a structural parameter.>> The most impor-
tant feature of the pyrite-type structure is that the nearest-
neighbor S atoms interact covalently to form a S-S dimer
(marked by thick green line in Fig. 1). Divalent Co** cations
are located at the center of an octahedron comprised of S3~
anions. Each sulfur is shared by three different octahedra and
a single dimer. The sulfur-cobalt interatomic distance in the
octahedra is 2.325 A while the sulfur-sulfur dimer S-S dis-
tance is 2.112 A.
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The details of the computational method are described in
our previous papers,’*33 and here we only mention some
aspects specific to the present calculations. The calculations
(corresponding to zero temperature) were performed for the
experimentally observed lattice constant a=5.538 A using
the spin-polarized fully relativistic (SPR) LMTO
method.?¢37 We used the Perdew-Wang3® parametrization for
the exchange-correlation potential. Brillouin-zone (BZ) inte-
grations were performed using the improved tetrahedron
method?®® and charge self-consistently was obtained on a grid
of 249 k points in the irreducible part of the BZ. To improve
the potential we include additional empty spheres. The basis
consisted of transition metal s, p, d, f, and S s, and p and d
LMTOs.

The absorptive part of the optical conductivity tensor was
computed from the energy-band structure by means of the
Kubo linear-response theory.*® The dispersive part of the
conductivity tensor is then obtained via the Kramers-Kronig
transformation. To incorporate the intraband contribution to
the optical conductivity tensor, we use the phenomenological
Drude model*! with intraband Drude relaxation time 7y
=0.6 eV. We mention that, furthermore, we have convoluted
the calculated spectra with a Lorentzian whose width is 0.5
eV to approximate lifetime broadening.

In order to simplify the comparison between calculated
and experimental x-ray absorption spectra (XAS), phenom-
enological background intensity was added to the calculated
XAS. The background spectra are caused by different kinds
of inelastic scattering of the electrons promoted to the con-
duction band above the Fermi level (scattering on potentials
of surrounding atoms, defects, phonons, etc.). The problem is
also well known in x-ray photoemission spectroscopy. The
calculation of these processes from first principles is ex-
tremely difficult and has not been solved properly up to now.
However, the background spectrum can be easily described
phenomenologically.*>*? In the present work the background
intensity was approximated using a simple method describe
in our previous paper.>® A similar procedure was proposed by
Rohler.*

It should also be mentioned that at photon energies far
above the absorption edge the states with the next principal
quantum number, e.g., Co 4d states in the case of absorption
at the Co L, 5 edge, contribute appreciably to the final-state
wave function. As these states were not included into the
LMTO basis set, the absorption intensity at high photon en-
ergies is underestimated in the calculations. The inclusion of
the phenomenological background contribution compensates,
at least to some extent, for this lack of the calculated XAS
intensity.

Finally, the finite lifetime of a core hole was accounted for
by folding the XMCD spectra with a Lorentzian. The widths
of the K, L,, and L core-level spectra, with I'x=1.19 eV,
FL2=1.14 eV, and I"L3=O.41 eV for Fe and I'x=0.52 eV,
FL2:0.09 eV, and FL}£O.O9 eV for S, were taken from Ref.
45. The finite apparative resolution of the spectrometer has
been accounted for by a Gaussian of 0.6 eV.

III. RESULTS AND DISCUSSION

A. Energy band structure

The total and partial densities of states (DOSs) of CoS,
are presented in Fig. 2. The results agree well with previous
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FIG. 2. (Color online) The partial [in states/(atom eV)] density
of states of CoS,. The Fermi energy is at zero.

band-structure calculations.!”?*?> The occupied part of the
valence band can be subdivided into several regions. S 3s
states appear between —17.2 and —11.8 eV. Because of the
strong covalent bonding nature of S-S dimers, each S band
can be identified with corresponding molecular orbitals. The
two peaks in the highest binding-energy side are the bonding
S 350 and the antibonding S 3so™ bands, respectively.'>?4
The broadband of about 6.5 eV width between —8 and
—1.5 eV consists mainly of S 3p, which is a mixture of 3po,
3p, and 3p7" bands. The antibonding S 3po™ intradimer
band is located at 2.5 eV above the Fermi energy. S 3d states
are situated above 4.65 eV and separated from the antibond-
ing S 3po™ band by energy gap of 2.45 eV.

The crystal field at the Co site (S¢ point symmetry) causes
the d orbitals to split into a singlet a,, and two doublets e,
and e,. The cubic component of the crystal field at the Co
site 1s strong enough for the a,, e,, and e, orbitals to form
two separate nonoverlapping subbands. We present in Fig. 2
DOS of 1,, orbitals as a sum of the a, and e, orbitals.

Co 3d bands are formed in the energy range between S 3p
and S 3poa” bands. Co t,, bands are located between —1 and
-3 eV below the Fermi energy Ey while the Co e, bands
cross Ep. The 1,, bands are nearly dispersionless with very
narrow bandwidth, whereas the e, bands near E are disper-
sive with a relatively large bandwidth of about 2.5 eV due to
strong hybridization with the S 3po™ band. The nearly half-
metallic nature and the exchange splitting A, ~ 1.0 eV are
prominent for the e, band. CoS, is almost half metallic in the
LSDA approximation. This feature is in agreement with that
obtained by Zhao et al.,'” Kwon et al.,** and Takahashi et
al.? The electronic structure and the magnetism of CoS, are

’
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FIG. 3. (Color online) The energy-band dispersion in fat-band
representation, and Co 3d (red solid curve) and S 3p (blue dashed
curve) partial density of states [in states/(atom eV)] of CoS, calcu-
lated by the LSDA approximation.

closely related to the occupancy of the e, states.

To show more clearly the degree of the Co 3d-S 3p hy-
bridization, we present in Fig. 3 the energy-band structure of
CoS, in fat-band representation. The size of the marker is
proportional to the weight of the corresponding state in a
Bloch wave function. The hybridization between the Co 1,,
and S 3p states is quite weak; however, as can be seen from
the picture there is a strong hybridization between the Co e,
states and the S 3po™ ones. Three energy bands in the 1.5—
2.5 eV energy region above the Fermi level are predomi-
nantly of the S 3pc™ character. Although the energy bands
between 0.7 and 1.5 eV are mostly derived from the Co e,
states, the empty band closest to the Fermi energy is almost
pure S 3p band in the vicinity of the I' symmetry point.

B. Optical spectra

After the interpretation of the band structure above, we
turn to the optical properties. In Fig. 4 the experimental'®
imaginary part of the dielectric function &,,,, and the optical
reflectivity and imaginary part of the energy-loss function
Im[-1/&(w)] of CoS, are compared with the theoretically
calculated spectra within the LSDA approach in a wide en-
ergy range.

The experimental features of the optical functions are rea-
sonably well reproduced in the LSDA calculations except for
the energy shift toward smaller energies of the prominent
peak in the theoretically calculated energy-loss function. One
of the possible reasons for this is the use in our calculations
of the linear band-structure method LMTO with a fixed set of
linearization energies (E,), which can produce a shift in the
energy-band position for the high energy interval (over 20
eV). The theoretically calculated optical reflectivity spectrum
of CoS, is larger than the experimental measurements. One
of the possible reasons for this is a nonideal sample surface,
in which roughness can reduce the optical reflectivity.
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FIG. 4. (Color online) The diagonal part of the dielectric func-
tion ¢,,, optical reflectivity, and energy-loss spectrum of CoS, cal-
culated in the LSDA approximation compared with the experimen-
tal data (Ref. 16) (open circles).

To explain the microscopic origin of the optical properties
of CoS, in terms of individual electronic transitions, we de-
composed the calculated o, spectrum into the contributions
arising from separate interband transitions. This can be done
because the corresponding bands are well separated in en-
ergy. As one may see in Fig. 5, the first peak A situated at 0.5
eV originates completely from the Co e,; — Co ¢, interband
transitions. To avoid misunderstanding, we should mention
that here and in the following, when talking about d —d(p
— p) transitions, we mean that the energy bands involved in
the transitions have predominantly d(p) character. However,
the contribution of p(d) states to these bands is sufficient to
provide a significant transition probability through optical
dipole matrix elements. The next feature B at 2.2 eV comes
from the Co tng—>C0 €1 the Co t2g1—>Co €l and the
Co e,y — S p1 interband transitions. The peak C arises from
the S p—Co e, and Co 1,,—S 3po™ in both the spin-up and
spin-down channels. The peak D is mostly derived from the
S p—S p and also Co t,,— (S 3d,Co 4s,Co 4p) interband
transitions. The high energy peak F is from the Sp
—(S 3d,Co 4s,Co 4p) transitions. In real optical experi-
ments interband transitions are obscured by broadening from
intraband Drude-like transitions and lifetime effects.

The largest discrepancy between the theoretically calcu-
lated and experimentally measured spectra occurs at the 0-5
eV energy range. Figure 6 presents the theoretically calcu-
lated and experimental®? optical reflectivity, and theoretical
conductivity spectra in this energy interval. Overall, the
spectral shape of the experimental optical reflectivity spec-

PHYSICAL REVIEW B 78, 094409 (2008)

— €g-> €4 Up
T tog > €q Zp
B thy =-> €4 down
60 C D - t2§ -> SZ

= | B p >S4
€ 40 +

(&)

G

o 20 A

o

z

2 0

=

©

3 60

c

Q

8]

T 40

9

=

o

O 20 u

0
0

Energy (eV)

FIG. 5. (Color online) The decomposition of the absorptive part
of the diagonal optical conductivity o-ix of CoS, into partial inter-
band transitions; p stands for S 3p, and e, and t,, are Co orbitals.
The origin of the peaks A—F is discussed in the text.

trum is qualitatively reproduced by the LSDA calculations.
However, the positions of the calculated prominent peaks of
the optical reflectivity, which correspond to the peaks A, B,
and C in optical conductivity spectrum, are shifted toward
higher energies as compared to the experiment.

The positions of the peaks A, B, and C are sensitive to the
bonding-antibonding splitting of the po states of S-S dimers,
and to the crystal-field splitting between Co 1,, and ¢, bands,
which can be illustrated by varying the value of the internal
structural parameter u or the lattice constant. With the de-
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FIG. 6. (Color online) Contributions of different interband tran-
sitions to the absorptive part of the diagonal optical conductivity,
and optical reflectivity spectrum of CoS, calculated for different
structure parameters u in comparison with the experimental mea-
surements (Ref. 22) (open circles). Peaks A-C correspond to those
in Fig. 5
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crease in u, the S-S separation within a dimer increases,
which results in reduction in the po bonding-antibonding
splitting. The Co-S distance in a CoS¢ octahedron also in-
creases but to lesser extent so that the t,,—e, splitting is
almost unaffected by the variation of u. The increase in the
lattice constant, on the other hand, leads to strong decrease in
the 1,,—e, splitting, which is determined by the strength of
the Co d—S p hybridization.

The coupling of the structural parameter u to magnetic
order and band structure was observed earlier.*®*’ It should
be noticed that the parameter u in pyrite-type 3d transition-
metal dichalcogenides varies in quite a wide range according
to different experimental measurements (Au=0.007 and
0.008 for FeS, and CoS,, respectively). We found that the
dimer S-S distance increases from 2.113 A for the experi-
mental #=0.389 to 2.302 A for the ¥=0.380 in CoS,.

Decreasing « from 0.389 to 0.380 leads to the shift of the
peak C in o,, toward lower energy by 0.7 eV and improves
the agreement with the experiment in the position of the
corresponding peak of the optical reflectivity spectrum (Fig.
6). Similar conclusion was made by Wu et al.*’ They used
angle-resolved and energy-dependent photoemissions from
high-quality single-crystal samples to study the band struc-
ture of the CoS,. The experimental data suggest the presence
of at least one Fermi-level crossing along the I'—X line,
which is absent either in LSDA or in GGA, and is unlikely to
appear if correlations were included. They therefore suggest
that the disagreement with the experiment may be due to a
slight error in the S-S bonding-antibonding splitting. It was
shown that the sulfur bands notably shift down when the S-S
separation is increased, and for the decreased value in u
=0.387 they cross the Fermi level in both spin channels. It
was suggested that the half-metallic gap in CoS, may be
controlled by the bonding-antibonding splitting in this dimer
rather than by exchange splitting on the Co atoms.

As can be seen from Fig. 6 the decrease in the u value
indeed improves the energy position of the peak C. However,
the positions of the peaks A and B did not changed. The latter
two peaks arise from the interband transitions between the
Co 3d bands (see Fig. 5). Therefore LSDA calculations pro-
duce incorrect relative energy positions of Co #,, and e,
bands. Recent angle-integrated PES measurements of CoS,
by Takahashi et al.?® with He I« (21.218 eV) and He Ila
(40.814 V) photons place the Co t,, states at around 1 eV
binding energy while the Co e, states are found in close vi-
cinity of the Fermi energy. In our LSDA calculations, the
Co 1,, states lie at 1.9 eV below the Fermi energy, similar to
the results obtained by the FLAPW method.?®

Figure 6 shows the theoretically calculated optical reflec-
tivity spectrum for reduced lattice constant of a=5.9 A. The
occupied Co t,, states became narrower for this lattice con-
stant and shift upward by 0.8 eV. The Co e, states are
changed to lesser extent. As can be seen from Fig. 6 the
increased value in lattice parameter leads to energy shift of
the peaks B and C toward smaller energy, in better agreement
with the optical reflectivity experiment. The energy position
of the Co 1, states for reduced lattice constant a=5.9 A s
equal to —1.1 eV, in good agreement with the PES
measurements.®

One of the possible reasons for the observed discrepancy
between the optical and PES measurements, and the LSDA
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calculations might be nonexact treatment of the electron ex-
change and correlations. One should mention that, although
the self-energy correction frequently improves the agreement
between theory and experiment, the renormalization of qua-
siparticle energies mostly affect the widths of the energy
bands.*® In our particular case the LSDA approximation fails
to produce correct relative Co1,,—e, energy-band split,
which is determined by the strength of the nearly octahedral
Se environment. With the increase in the lattice constant S
atoms move further away from Co, which reduces the
Co 3d-S 3p hybridization strength and, therefore, the
Co 1,,—e, splitting.

For better understanding of the electronic structure of
CoS,, the correlation effects should be appropriately in-
cluded in the theoretical model and these corrections should
also affect the Co 3d—S 3p hybridization strength.

The present band-structure calculations disagree with the
model of electronic structure proposed from the optical study
by Yamamoto et al.?? in two points: the position of e,| sub-
band and splitting of #,, states in the ferromagnetic phase. As
clearly seen in Figs. 2 and 3, the bottom of e, subband is
located below E in the ferromagnetic phase while the model
based on the optical study proposed a totally unoccupied e,
subband located above Ef. A non-half-metallic ferromagnetic
state is consistent with the observed saturation magnetic mo-
ment of 0.85uz.%" A relatively small (~58 meV) Stoner-like
excitation observed by inelastic neutron scattering?® also fa-
vors the partially filled e, band. Finally the partially filled
e, subband is well reproduced by the PES measurements by
Takahashi et al.?®

The optical study also proposed that the 1,, states should
split into two subbands with up and down spins, respectively,
in the ferromagnetic phase. However, from our LSDA calcu-
lations, we found quite small exchange splitting of the 7,,
states (Fig. 2). As clearly seen in Fig. 5 interband transitions
o= e, and 1, — e, occupy the same energy interval. It is
inconsistent with the resonant photoemission results,*> which
indicate that the f,, bands do not show any temperature-
induced change even across 7.

C. X-ray magnetic circular dichroism spectra

The x-ray magnetic circular dichroism in the ferromag-
netic CoS, alloy has been measured at the Co L, ; and M, ;
edges by Miyauchi et al.,'® and at the Co Ly3, M;3;, and
S L, 3 edges by Muro at al."®

1. Co L, 3 x-ray magnetic circular dichroism spectra

Figure 7 shows the calculated isotropic x-ray absorption
and XMCD spectra of Co at the L,; edges in the LSDA
approach together with the experimental data.'® The contri-
bution from the background scattering is shown by dotted
line in the upper panel of Fig. 7.

The experimental Co XAS has a pronounced shoulder at
the L; peak shifted by about 4-8 eV with respect to the
maximum of higher photon energy. This feature is due to the
transitions from 2p core level to empty Co 4s states sepa-
rated from the antibonding S 3po™ and Co e, bands by an
energy gap (see Fig. 2). This structure is less pronounced at
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FIG. 7. (Color online) Upper panel: x-ray absorption spectra of
CoS,; at the Co L, 3 edges calculated in the LSDA approximation
(full line) and experiment (Ref. 19) (circles). Experimental spectra
were measured with an external magnetic field of 1.1 T. Dotted line
shows the theoretically calculated background spectrum. Lower
panel: theoretically calculated (full line) and experimental (Ref. 19)
(circles) XMCD spectra of CoS, at the Co L, 3 edges.

the L, edge, which can be ascribed to the lifetime broadening
effect. The lifetime of the 2p;,, core hole is shorter than the
2ps,, core hole due to the L,L;V Coster-Kronig decay.

The XMCD spectra at the L, 5 edges are mostly deter-
mined by the strength of the spin-orbit coupling of the initial
2p core states and spin polarization of the final empty
3ds 5, states. Moreover, the exchange splitting of the 2p
core states as well as the SO coupling of the 3d valence
states are of minor importance for the XMCD at the L, ;
edge of 3d transition metals.*?> The LSDA calculations repro-
duce the experimental Co L, 3 XMCD spectra very well al-
though the calculated magnetic dichroism is somewhat too
high at the L, edge in comparison with the experiment.

In magnets, the atomic spin M, and orbital M; magnetic
moments are basic quantities, and their separate determina-
tion is therefore important. Our LSDA calculations produce a
local spin and orbital magnetic moments of 0.734u; and
0.032up on a Co site with M;/M;=0.044, i.e., {[,)/(s,)
=0.088. The sulfur spin moment is equal to 0.043up,
whereas the calculated S orbital moment is vanishingly
small.

Using the magneto-optic sum rules for the Co L, ; spectra,
the orbital magnetic moment at the Co site was estimated as
0.06u5 with the (I,)/(s.) ratio of 0.18.!° These results were
obtained by neglecting the magnetic-dipole moment 7, and
the overlap between the 2ps,, and 2p;,, absorption bands.

The value of the Co orbital magnetic moments derived
from the experimental XMCD spectra is considerably higher
in comparison with our band-structure calculations. There
are two possible sources for the discrepancy between the
theory and the experiment.

It is a well-known fact that LSDA calculations are inac-
curate in describing orbital magnetism.*>>? In the LSDA, the
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Kohn-Sham equation is described by a local potential that
depends on the electron-spin density. The orbital current,
which is responsible for M, is, however, not included in the
equations. This means that, although M is self-consistently
determined in the LSDA, there is no framework to determine
simultaneously M, self-consistently. To calculate M; beyond
the LSDA scheme, we used the rotationally invariant
LSDA+U method.’! We used U=J=0.89 eV for the
transition-metal sites. In this case U.y=U—-J=0 and the ef-
fect of the LSDA+ U comes from nonspherical terms, which
are determined by F?> and F* Slater integrals. This approach
is similar to the orbital polarization (OP) correction derived
by Brooks and co-workers,’?3* and Mavromaras et al.>> The
LSDA+OP calculations produce orbital magnetic moments
equal to 0.052up with M;/M=0.065 ({I.)/(s,)=0.13), in
good agreement with the experimental data.'”

On the other hand, it is well known that the XMCD sum
rules are derived within an ionic model using a number of
approximations.™ It is interesting to compare the spin and
orbital moments obtained by applying the sum rules to the
theoretically calculated XAS and XMCD spectra with the
directly calculated LSDA values. We found that the sum
rules reproduce the spin and orbital magnetic moments
within 44% and 62%, respectively. The largest error comes
from the energy dependence of the radial matrix elements.*
We applied the sum rules to the theoretically calculated
XMCD spectra, neglecting the energy dependence of the ra-
dial matrix elements. This approximation reduces the dis-
agreement in spin magnetic moments to 9% and, in the or-
bital moment, to 8%. These results show that the energy
dependence of the matrix elements may strongly affect the
values of the spin and orbital magnetic moments derived by
applying the sum rules to experimental XMCD spectra.

2. Co M, 3 x-ray magnetic circular dichroism spectra

Figure 8 shows the calculated isotropic x-ray absorption
and XMCD spectra of Co at the M, 3 edges in the LSDA
approach together with the experimental data.'®!® As ob-
served in Fig. 8, the Co 3p;/, and 3p,, absorption spectra are
mixed because of the small spin-orbit splitting. Therefore,
the analysis of the XMCD spectrum is rather difficult in this
region. An intensive structure is observed in the energy re-
gion just below the absorption edge in the experimental
XAS, which is not reproduced theoretically. This structure is
caused by the Fano effect due to an interference between the
direct photoemission from the 3d state and the super Coster-
Kronig decay following the 3p — 3d core excitation.'® Such
complicated process is not included theoretically in this
study.

The Co M,; XMCD spectra, besides the preedge struc-
ture, consist of two major peaks. The positive peak at around
1 eV is formed by the M5 spectrum and the higher energy
negative peak at 3.5 eV corresponds mostly to the M, one.
There is additionally a small positive structure at 5 eV in
Ref. 19 and at 6.5 eV in Ref. 18. This structure is less pro-
nounced in the theoretically calculated spectrum.

3. S L, 3 x-ray magnetic circular dichroism spectra

Figure 9 presents the calculated XAS as well as XMCD
spectra of the CoS, alloy at the S L, ; edges compared with
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FIG. 8. (Color online) Upper panel: experimental (Ref. 18)
(circles) x-ray absorption spectra of CoS, at the Co M, 3 edges and
calculated spectra in the LSDA approximation (thin full line for the
M edge and dashed thin line for the M, one). Dotted line shows the
theoretically calculated background spectra; full thick line is the
sum of the theoretical XAS and background spectra. Lower panel:
theoretically calculated XMCD spectra at the M5 (full line) and M,
(dotted line) in comparison with the experimental spectra of Refs.
18 (open circles) and 19 (full circles).

the experimental data.!” The SO splitting of S 2p level is
even smaller compared with the Co 3p one; therefore the
S 2p3;, and 2p,,, absorption and XMCD spectra strongly
overlap. We display in Fig. 9 the XAS and XMCD spectra as
a sum of the L3 and L, ones.
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FIG. 9. (Color online) Upper panel: experimental (Ref. 19)
(circles) x-ray absorption spectra of CoS, at the S L, 3 edges and
calculated spectra in the LSDA approximation for different struc-
tural parameters u (dotted line for #=0.389 and full line for u
=0.380). Lower panel: theoretically calculated XMCD spectra at
the S L, 3 edges for different structural parameters u in comparison
with the experimental spectra (Ref. 19) (open circles).
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The experimentally measured S L,; x-ray absorption
spectrum consists of two peaks separated by an energy gap.
This reflects the energy distribution of the corresponding S
partial DOSs (see Fig. 2). The first fine structure closer to the
edge is formed by the transitions to the 3po™ states while the
more intensive structure above 4.5 eV is due to S 2p —3d
interband transitions. There is a small disagreement in the
energy position of the fine structures in both the low and
high energy peaks. Similarly to the case of the optical spec-
tra, we suggest that the disagreement with the experiment
may be due to a slight error in the S-S bonding-antibonding
splitting. To illustrate the consequences of this possible error,
the internal structural parameter u was varied in order to
understand its effect on the XAS and XMCD spectra. We
found that decreasing u from 0.389 to 0.380 leads to the shift
of the S 3p and 3d partial DOSs toward lower energy, and
improves the agreement with the experiment in the position
of fine structures of the x-ray absorption spectrum (Fig. 9).
The decreased value in u also improves slightly the energy
position of peaks C and D in the XMCD spectra. One should
mention that the reduced value in the lattice constant a
=5.9 A, which improves the Co I, —e, splitting almost does
not affect the shape of the XAS and XMCD spectra, which
reflect the energy distribution of empty energy states.

For the energies higher than 8 eV, the theory shows some
additional oscillating structures while the experimental spec-
trum is a smooth function of energy. The oscillatory behavior
of the high energy part of the theoretical spectrum above 8
eV may possibly be damped by the quasiparticle lifetime
effects, which is not taken into account in our calculations.

4. Co and S x-ray magnetic circular dichroism spectra
at the K edge

The x-ray absorption and XMCD spectra in metals at the
K edge in which the s core electrons are excited to the p
states through the dipolar transition usually attract only mi-
nor interest because p states are not the states influencing
magnetic or orbital order. Recently, however, understanding
p states has become important since XMCD spectroscopy
using K edges of transition metals became popular. The K
edge XMCD is sensitive to the electronic states at neighbor-
ing sites because of the delocalized nature of the p states. It
is documented that sizable XMCD signals can be detected at
the K edge of nonmagnetic atoms such as sulfur, oxygen, and
nitrogen in ferromagnetic EuS,’® Eu0O,”’ and GdN.>%-°

There are no experimental measurements of the XAS and
XMCD spectra at the Co and S K edges of CoS,; therefore
we present only the theoretically calculated spectra in Fig.
10. The main x-ray absorption in Co XAS occurs above 4 eV
with relatively low intensity in 0—4 eV energy range above
the K edge. The most intense x-ray absorption in S K XAS is
at low energy less than 4 eV because the absorption in this
energy range is due to the S 1s— 3pc™ interband transitions.

The S 3p—Co 3d hybridization and the spin-orbit interac-
tion in the 3p states play crucial roles for the S K edge di-
chroism. The K XMCD spectra originates in the orbital po-
larization of the empty p states, which may be induced (1) by
the spin polarization of the p states through the spin-orbit
interaction and (2) by the orbital polarization at neighboring
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FIG. 10. (Color online) Upper panel: theoretically calculated
x-ray absorption spectra of CoS, at the Co (full line) and S (dashed
line) K edges. Lower panel: theoretically calculated XMCD spec-
trum at the S K (dashed line) and Co K edges, taking into account
only dipole allowed E; transitions (full line) and only quadrupole
s—d transitions (dotted line). Dichroic signal at the Co K edge is
multiplied by factor of ten.

sites through hybridization. We calculated the K XMCD
spectrum at the S site with the spin-orbit interaction (SOI)
turned off separately for the S 3p and the Co 3d states. We
found that the K XMCD spectrum changes slightly when the
SOI on the S site is turned off while the spectrum almost
disappears (reduced its intensity almost two orders of mag-
nitude) when the SOI on the Co site is turned off. This indi-
cates that the SOI on Co site influences the orbital mixture of
S 3p states through the S 3p—Co 3d hybridization. It is im-
portant to note that the S K dichroic signal is expected to be
one order of magnitude larger than at the S K edge in CoS,.

We investigated also the effect of the electric quadrupole
E, and magnetic-dipole M transitions for the Co K XAS and
XMCD spectra. We found that the M, transitions are ex-
tremely small in comparison with the E, transitions and can
be neglected. The E, transitions are much weaker than
electric-dipole transitions E; and almost invisible in the
XAS. As can be seen from Fig. 10 these transitions slightly
modify the intensity of the low energy peak in the K XMCD
spectrum near the edge. The intensity of quadrupole E, tran-
sitions does not exceed 3.5% in a whole energy interval.
However, in the energy region with predominantly Co e,
states at 0-3 eV above the Fermi-level, E, transitions con-
tribute up to 27% to the whole XMCD signal.

The experimental measurements of Co and S XAS and
XMCD spectra at the K edge are highly desirable.

IV. SUMMARY

We have studied the electronic structure, optical proper-
ties, and x-ray magnetic circular dichroism of the CoS, com-
pound by means of the ab initio fully relativistic spin-
polarized Dirac linear-muffin-tin-orbital method.
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The experimental features of the optical functions are rea-
sonably well reproduced in the LSDA calculations except for
the energy shift toward higher energies of the prominent
peaks in the theoretically calculated optical spectra at the 05
eV energy range. The disagreement with experiment might
be due to a small error in the S-S bonding-antibonding split-
ting, and in the widths and energy position of the Co 3d
bands. We show that the decrease in the structure parameter
u improves the energy position of the peak at around 3.5 eV
in the optical reflectivity spectrum. However, the energy po-
sition of the other lower energy peaks that arises from the
interband transitions between the Co 3d bands does not
change. One of the possible reasons is nonexact treatment of
the electronic exchange and correlations. It seems quite
likely that the use of a more appropriate approximation for
the self-energy can give rise to a shift of the quasiparticle
energy bands originated from the transition metals d states,
and, as a result, give rise to a better agreement between the
theory and the experiment.

Our LSDA band-structure calculations show that the CoS,
is almost a half-metallic ferromagnet with the partially filled
e, subband. This result is in consistence with the point-
contact Andreev reflection?’ and PES (Ref. 26) measure-
ments with the observed saturation magnetic moment of
0.85u3° and with the inelastic neutron-scattering
measurements.?’ All these experimental results indicate that
the e, band in CoS, is partially filled.

The LSDA calculations show good agreement in the
shape of the Co x-ray absorption spectra at the L, ; edges
with the experimental measurements. They also reproduce
the observed high energy shoulder at the L, 5 peaks situated
at 5-9 eV above the edge. This feature is due to the transi-
tions from 2p core level to empty Co 4s states separated
from the antibonding S 3pco™ and Co e, bands by the energy
gap. The LSDA calculations reproduce the experimental
Co L, 3 XMCD spectra reasonably well although the calcu-
lated magnetic dichroism is somewhat too high at the L,
edge in comparison with the experiment.

The Co 3ps, and 3p;, absorption spectra bands are
mixed because of the small spin-orbit splitting. An intensive
structure is observed in the energy region just below the
absorption edge in the experimental XAS, which is not re-
produced theoretically. This structure is most likely caused
by the Fano effect due to an interference between the direct
photoemission from the 3d state and the super Coster-Kronig
decay following the 3p — 3d core excitation. Such compli-
cated processes were not considered theoretically in this
study. The Co M,; XMCD spectra, besides the preedge
structure, consist of two major peaks. The positive peak at
around 1 eV is formed by the M5 spectrum and the higher
energy negative peak at 3.5 eV is mostly due to the M, one.

The S 3p—Co 3d hybridization and the spin-orbit interac-
tion in the 3p states play a crucial role for the S K edge
dichroism. We found that the S 3p orbital polarization origi-
nates mainly from the large spin polarization at neighboring
Co atoms through the S 3p—Co 3d hybridization. This
mechanism is different from the XMCD in transition-metal
compounds in which the 4p orbital polarization is induced
mostly by the 4p spin polarization at the atom itself through
the SOI.
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Due to the delocalized nature of the p states and wide
extend of p wave functions, K XMCD spectra are very sen-
sitive to the surrounding environment and, hence, the K
XMCD spectroscopy can be used as an effective probe that
can detect details of magnetic interatomic interactions in
transition-metal compounds.
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