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Charge-transfer properties and electron dynamics in ferromagnetic CoS,
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We investigated the element-specific electronic structure and charge-carrier dynamics of a single-crystal
ferromagnet CoS, with complementary x-ray spectroscopy techniques. Hard x-ray photoemission (HAXPES)
is used to provide crucial information on the bulk electronic structure and chemical bonding in CoS, that is
compared against the isoelectronic paramagnet CoSe,. The Co 1s core-level line shows several satellite features
for CoS,, showing explicit charge-transfer processes and local screening of the core hole by S ligands, whereas
no such features are observed in CoSe,. The satellite structures indicate the electronic configuration of divalent
Co?* as a combination of d®L and d°L? in addition to the nominal ionic d state, where L represents an S 3p hole.
We employ resonant Auger spectroscopy across the S K-edge for CoS, to obtain electron delocalization times
to adjacent Co atomic sites. The fast carrier dynamics are attributed to strongly screened Coulomb interactions
and hence a facile carrier delocalization. The strong hybridization formed between the Co 3d and S 3p states
with pronounced charge-transfer character reflects a self-doped system with a finite density n of holes at the
sulfur site (L"), in line with recent models that indicate a negative charge-transfer energy for CoS,. In addition
to HAXPES data, we also report on experimental and theoretical L-edge x-ray absorption and x-ray magnetic
circular dichroism data for CoS, that demonstrate multiconfiguration effects in the excitation process. To enable
a direct comparison of the experimental spectra, we used density functional theory calculations to obtain the
projected density of states to describe the ground-state electronic structure. The existence of fast carrier dynamics
and strong charge-transfer properties, demonstrated in this study, highlights the unique nature of CoS, with a
wide potential in topological spintronics applications and integration in energy-related device platforms.
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Pyrite-type 3d transition-metal dichalcogenides MS;
(M = Fe, Co, Ni, Cu) exhibit a wide variety of interesting
electrical and magnetic properties [1-5]. Within this family,
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FIG. 1. Crystal structure of CoS, (a) and CoSe, (b). CoS,
exhibits a pyrite crystal structure with a CoSs octahedra corner
connected through S atoms which are also bonded to S atoms on
neighboring octahedra, forming a S-S dimer bond. The magnetic
moments for CoS, shown in red arrows are oriented along the (001)
axis.

CoS; has been experimentally confirmed to be ferromag-
netic and extensively studied for its magnetic properties
and purported spin polarization [6—8]. Previous studies have
suggested that CoS, is a half-metallic compound that is
completely spin-polarized due to its low-spin state of Co>*
(configuration: tg’ge;) [9]. However, a previous comprehen-
sive experimental and computational study revealed that CoS,
hosts a minority-spin electron pocket that leads to a peak in
the minority-spin density of states (DOS), which would make
CoS; a minority-spin conductor [10]. This same study also
detected a topological line node and Weyl points in the vicin-
ity of the Fermi level (Er), which gives rise to topological
Fermi arc surface states that cross Er. These novel attributes
make CoS; a promising platform to probe topological phe-
nomena in an accessible material that can be used in all sorts
of electronic applications, from new magnetic memories to
spin injector junctions [11]. In addition to its electrical and
magnetic properties, CoS; has attracted significant interest as
a promising anode material for both Li- and Na-ion batteries
due to their high specific capacity [12]. More recently, both
CoS; and CoSe, have been shown to be promising material
systems in energy-related applications such as dye-sensitized
solar cells (DSSCs), supercapacitors, and as electrocatalysts
in an oxygen evolution reaction (OER) [13-15].

CoS; and CoSe, are pyrite-type cubic compounds that are
regarded as isostructural within the same cubic space group
(Pa3), as shown in Fig. 1. In CoS,, the Co atom is octahe-
drally coordinated by S ions, which also form S-S dimers
[see Fig. 1(a)]. The Co 3d electrons are in the low spin state
Co?* with an ordered moment of ~0.78 g /Co, close to the
value expected for an S = 1/2 system [8]. The general elec-
tronic structure of this system has previously been studied in
detail using several varying density functional theory (DFT)
methods, which yield contradictory ground-state properties,
specifically with respect to its claimed half-metallic electronic
structure [16,17].

Photoemission experiments have mainly focused on angle-
resolved photoemission spectroscopy (ARPES) [18-21] or
with photon energies limited to 100-1500 eV, where the
inelastic mean free path of the photoelectron can be ex-
pected to be close to a minimum of 1 nm, resulting in
a very surface-sensitive probe. In this context, it is highly
important to elucidate the bulk electronic state and charge-

transfer properties of CoS, by means of bulk-sensitive hard
x-ray photoemission spectroscopy (HAXPES). A detailed un-
derstanding of the complex interaction between the formation
of atomic multiplets and the effects of charge-transfer screen-
ing can be revealed through HAXPES [22,23], providing
valuable information on the chemical bonding and electronic
structure of CoS,. A second aim in using HAXPES is to
describe the charge-carrier dynamics of CoS, through an indi-
rect method that relies on some other dynamic process to act
as an internal clock using core-level photoemission processes.
Using the core-hole-clock (CHC) method within the resonant
Auger spectroscopy (RAS) framework with core excitations
of the respective ions, the dynamics of electron delocalization
to the neighboring atomic sites can be estimated [24-29].
This technique combines the chemical specificity of x-ray
absorption with time resolution reaching into the subfem-
tosecond timescale.

Herein, we perform an extensive x-ray spectroscopy in-
vestigation to provide insight into the electronic structure
properties, and we report specifically on the nature of charge-
transfer effects and the role of ligand hybridization for cobalt
disulfide (CoS;) and its similar paramagnetic metal, cobalt
diselenide (CoSe;). Hard x-ray photoemission spectra reveal
the presence of at least two satellite structures that can be
identified as a ligand-to-metal charge transfer (LMCT). Here
the relative magnitude of the LMCT is defined as Acr =
E(d"t'L'Y —E(d"), where L is an S 3p hole. Resonant pho-
toemission (ResPES) taken across the sulfur K-edge shows
a partial density of states that lies far below the Fermi level
(EF), indicating that states close to Er are largely composed
of Co 3d character. RAS at the S K-edge was used to study
the electron dynamics in CoS, from the CHC method, and
it shows that the delocalization timescale of electrons in the
conduction band can be estimated to be 150 as. Our exper-
imental findings imply a negative charge transfer for CoS,
established in previous reports, and they highlight the impor-
tance of ligand holes on its electronic structure and carrier
dynamics.

II. EXPERIMENTAL AND COMPUTATIONAL DETAILS

High-quality single-crystal samples of CoS, and CoSe;
measuring 5 mm x 5 mm x 0.5 mm were synthesized through
the high-temperature flux method as previously reported [30].
Magnetic measurements were performed using a commercial
SQUID magnetometer (MPMS XL, Quantum Design, USA)
in a zero-field-cooled protocol with the magnetic field ap-
plied parallel to the plane of the sample. Field-dependent
magnetization M versus H up to 7 T was performed in the
paramagnetic (PM) phase (at 300 K) and the ferromagnetic
(FM) phase (at 5 K).

X-ray magnetic circular dichroism (XMCD) and x-ray
magnetic linear dichroism (XMLD) experiments were per-
formed at the BOREAS beamline [31] at the ALBA syn-
chrotron in Barcelona, Spain. The spectra were acquired by
measuring the total electron yield (TEY) with an incidence
angle that is parallel to the sample normal, where the surface
normal is oriented along the (001) crystallographic direction.
Data were collected at 2 K with an applied field of 2 T parallel
to the sample normal. The low-temperature dichroic spectra
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are obtained by calculating the difference between absorption
spectra recorded with circularly (linear) right- (horizontal)
and left-hand (vertical) polarized light, respectively. The ob-
tained spectra were then normalized to an edge jump of 1 for
each respective measurement.

Hard x-ray photoemission (HAXPES) measurements were
made at the KMC-1 beamline [32] using the high kinetic
energy end station HIKE [33] at Helmholtz-Zentrum Berlin
(BESSY II). Electron kinetic energy was recorded with a
Scienta R4000 hemispherical electron analyzer. X-ray absorp-
tion (XAS) was recorded in total fluorescence yield (TFY)
using a Bruker fluorescence detector. The photon beam was
linearly polarized horizontally and oriented perpendicular to
the sample normal [(001) plane] for sensitivity to the in-plane
electronic structure. By rotating the sample toward grazing
incidence from the sample basal plane, the polarization can
be chosen to vary the in-plane and out-of-plane components
of the electronic structure. Measurements were performed at
a base pressure 10~ mbar range and 100 K for both sam-
ples. The binding energy was calibrated using the Fermi edge
of an Au reference. To extract information from the Auger
spectra, we first determined the line-shape parameters for
the two separate features and determined them separately in
photon energy regions where only one of them is present. The
accuracy of the reported charge-transfer times is dependent
on fitting uncertainties and choice of fitting parameters, and
therefore we estimate this uncertainty to be A x? < £15%.

The electronic structure was calculated using density func-
tional theory (DFT) with two complementary approaches: (i)
with the projector augmented wave (PAW) method [34,35] as
implemented in VASP [36,37], and (ii) with an all-electron,
full-potential method based on linear muffin-tin orbitals [38].
Spin-polarized calculations were performed in the local spin
density approximation (LSDA) with the lattice parameter
fixed to 5.52 10%, and Brillouin zone integration with a 7 x
7 x T k-grid and Gaussian smearing of 0.05 eV. This leads
to a net magnetic moment of 0.90 ug per Co atom, in ex-
cellent agreement with the experimentally reported value
below.

The LSDA + U calculation incorporated a lattice parame-
ter 5.52 A and Hubbard U and J parameters having a value
of 7 and 0.9 eV, respectively, and the exchange correlation
functionals are Hedin-Lundqvist with von Barth—-Hedin inter-
polation and random phase approximation (RPA) scaling. The
Brillouin zone integrations were performed in a k-mesh of
12 x 12 x 12 and Fermi smearing of 0.0068 eV. The Heisen-
berg intersite exchange parameter (J) is calculated by using
Lichtenstein-Katsnelsen-Antropov-Gubanov (LKAG) formu-
lation [39,40]. For the first few nearest neighbors (NNs), the
values of the J-parameters are positive, bearing the values
of 0.49 and 0.21 mRy for the first (3.76 A) and second
(5.32 A) NN, indicating the prevalence of a long-range FM
order within the system. The extracted critical temperature
(T,) for the FM-paramagnetic transition by using Monte Carlo
simulation is ~140 K, which is close to the experimentally
measured 7, reported below.

To compare the obtained XAS and XMCD spectra, we
have used the combined DFT and multiplet ligand field the-
ory (DFT+MLFT) method to theoretically compute the x-ray
spectra. In this method, the projection to the Co 3d orbitals

is used to compute the projected density of states, the hy-
bridization function, and the spin-orbit coupling parameters.
To compute the L, 3 edges, the core hole is created at the Co
2p core levels, and they are included in the solution of the
single-impurity Anderson model (SIAM) [41,42]. The bare
higher-order Slater-Condon integrals (F', G) corresponding to
the L-edge x-ray spectroscopy are obtained with the corre-
sponding modified basis sets, where the core hole is placed at
the respective levels. After solving the SIAM, these integrals
and hybridization functions are used to obtain the x-ray spec-
tra. The double-counting corrections used in this calculation
are formulated using the concept of charge-transfer energy
[43]. Here, the inversion of the local Green’s function, con-
necting the hopping parameters from impurity to bath, is used
to calculate the hybridization of the projected Co 3d orbitals
with the ligands. A combination of the DFT-derived single-
particle Hamiltonian, the Coulomb interaction terms between
the impurity 3d orbital and relevant bath states, and a 2p core
spin-orbital state are used to construct the SIAM. The strong
spin-orbit coupling of the core states leads to a splitting of the
L, 3 edges of the absorption spectrum. To take into account
the effect of screening, the extracted bare F' and G parameters
are screened to 80% of their bare values. The zeroth-order
parameters F¢¢ and F are taken to be equal to the Hubbard
U (6 eV) and 1.3U (7.8 eV) respectively. The values of the
higher-order F and G parameters are F{/¢ = 9.09¢V, Ff? =
5.84eV,GM =3.71eV,Gi =2.11eV, and F* =5.11eV.
The spin-orbit splittings of the core 2p and valence 3d levels
are calculated as 9.85 and 0.09 eV respectively.

III. RESULTS
A. CoS; magnetization and XMCD

First, we establish the magnetic properties of single-
crystal CoS; by combining conventional magnetization mea-
surements with XMCD measurements. The ferromagnetic
ordering temperature for CoS, is at 122 K with a sharp
first-order-like phase transition as widely reported [8,44] and
shown in Fig. 2(a). The magnetization hysteresis shows a
saturation field of approximately 100 mT with a saturation
magnetization of ~0.9ug shown in Fig. 2(b). The Co L-edge
XAS with circular right (6, CR) and left (¢ ~, CL) -polarized
light and the corresponding XMCD (ot —0 ™) spectra were
taken at 2 K and with an applied field of 2 T, well below
the magnetic ordering temperature and above the saturation
field as shown in Fig. 2(c). The spectral profile of the aver-
aged XAS spectra is in good agreement with our calculated
spectrum for a Co?" state and consistent with a low-spin state
configuration of tgge; [top panel in Fig. 2(c)]. The features at
6-8 eV above the L3 and L, edges are due to the transitions
to the unoccupied Co 4s conduction bands, according to the
calculated density of states in the corresponding energy re-
gion above the Fermi level that are well separated from the
antibonding S 3s and Co e, bands by an energy gap [1,45].
CoSe; shows a similar spectral profile to that of CoS, but with
no magnetic dichroic signal. Using the sum-rule relations for
spin (mg) and orbital moment (my ), we derived a spin moment
of (mg) =~ 0.78 up and (my) ~ 0.047 up for a total magnetic
moment of (m,) = 0.83 = 0.083 g, in line with previously
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FIG. 2. (a) Temperature-dependent magnetization for CoS, with
various applied fields. The inset shows a first derivative curve show-
ing a ferromagnetic onset at T =~ 122K. (b) M vs H curves at
room temperature and 5 K measured perpendicular to the sample
(001) plane. (c) Upper panel: The gold and blue curves are the aver-
aged XAS experimental and calculated spectra, respectively. Middle
panel: XMCD spectra of CoS, taken with right and left circularly
polarized light at 2 K with an applied field of 2 T. Bottom panel:
Experimental and calculated XMCD spectra. The calculated spectra
are shifted vertically for clarity (for details, see the text).

reported values [1,45] and in agreement with the experimental
saturation moment of 0.9up shown in Fig. 2(b). These values
are also in line with our calculated spin-magnetic moments
of Co and S, which are 0.84 and 0.02up, respectively, and a
Co orbital contribution of 0.09p. The magnitude of the local
spin moment at the Co site is reduced to 0.78 g compared to
the ionic value S = 1 by strong Co 3d—S 3 p hybridization.
The calculated XAS spectra using the LSDA + U+MLFT
method highlighted in Fig. 2(c) exhibits a branching ratio of
the L3 and L, edges equal to 3.5. This value deviates from the
nominal value of 2, which is expected from an essentially un-
correlated, single determinant theory (such as LSDA). Hence,
Fig. 2(c) points to a more complex electronic structure, where
the excitation process that creates a hole in the Co 2p shell
induces multiconfiguration effects, with multiplet features that
are considered for both experimental and theoretical results.

B. Core-level HAXPES

Figure 3(a) shows the Co 1s core levels for both CoS, and
CoSe, taken at 9000 eV and 100 K, which establishes some
key ingredients in the electronic structure of the ground state.
The CoS; 1s spectrum yields an asymmetric main-line peak at
7709.2 eV binding energy (Ep) marked by a solid line and two
satellite features at 3.8 and 8.6 eV separated from the main
peak, respectively, as indicated by dashed lines. A sudden
creation of a localized core hole triggers a dynamical charge
response in the photoemission final states, which amounts to

(a)Co1s - (b) Co 2p
® CoS, Co 2p3,
—M- CoSe, ® CoS,
——
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I E=38eV z
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FIG. 3. (a) Co 1s HAXPES spectra taken at 9000 eV and at
100 K for both CoS; and CoSe,. The dashed line indicates the energy
separation of the satellite features for CoS, from the main line at
7709 eV. (b) Co 2p spectra taken at 4000 eV. Both sets of spectra are
normalized to maximum intensity of the main line.

a charge transfer from surrounding ligands as well as distant
Co ions to the excited Co site, conventionally referred to as
charge-transfer (CT) screening [46]. The ls excitation, with
negligibly weak core-valence interaction, is thus better suited
to examine and quantify the charge-transfer effect. The 1s
main line can be ascribed to final states with a linear weighted
combination of cd’, cdL', and c¢d°L?, where ¢ and L denote
a ls core hole and a hole in the valence band, respectively.
The charge-transfer satellites correspond to a local screening
of the core hole from S 3p bands.

While the 1s level should give rise to only one peak, the
observation of multiple satellite peaks suggests that at least
three different states contribute to the ground and final states
in the photoemission process, namely the nominal valence
of 3d” (Co**) with at least two additional states [47]. The
charge-transfer satellite peaks indicate a CoS, ground-state
electronic structure with admixture with at least three different
configurations to the ground state 3d’, 3d®L!, and 34°L?
configurations, where the latter two represent ligand-hole con-
tributions.

Both samples show an asymmetry in the ls main line
towards the high binding energy side that are fingerprints of
local metallic screening from sulfur/selenium ligands in the
final state [48,49]. The Co ls spectrum for CoSe, exhibits
no satellite features, which indicates that the charge-transfer
screening process during the photoemission process is largely
due to metallic screening from states at E rather than through
adjacent ligands. The linear combination of multiple ground
states for CoS, shows experimental evidence that links strong
hybridization between Co 3d and S 3p states in contrast with
CoSe,, despite being nearly isostructural and isoelectronic.
The Co 2p signal shown in Fig. 3(b) shows no distinguish-
able charge-transfer satellite peaks, which are obscured by
the overlap of spin-orbit splits and multiplet effects common
to 2p photoemission spectra [48]. The broad peaks found at
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FIG. 4. (a) Valence-band spectra for CoS, and CoSe, taken with
4000 eV and 100 K and normalized to area. (b) Resonant photoemis-
sion spectroscopy (ResPES) taken at the S-K edge showing the S-K
XAS (top panel) and the corresponding valence-band photoemission
at selected excitation energies in the XAS spectrum.

805 eV Ep and 820 eV Ep for both samples are due to plasmon
excitations, which were shown to obscure the 2p;, satellites
in a previous Co 2p study [20].

C. Valence band

In Fig. 4(a) we compare the valence band for both
CoS; and CoSe, measured at a photon energy of 4000 eV,
corresponding to a photoemission probing depth of about
9 nm [50]. As noted above, the spectra measured at this
photon energy are less surface-sensitive than previously
reported valence-band ARPES data or spectra at lower photon
energies (hv < 1500 eV). The spectra share similar gross
features, namely peaks A and B positioned at similar Eg. On
the lower-energy side, a tail extends from around a peak at
1.8 eV (labeled B) up to the Fermi level (Er) with a small
feature at 0.2 eV Ep (labeled C). The VB peaks labeled B and
C towards the Er are assigned to narrow Co f,, and e, bands
as determined from previous photoemission findings [21,51].
For CoSe,, for peaks labeled B and C at 1.8 and 0.2 eV,
respectively, are assigned to Co 3d states with #,, symmetry,
while the shoulder peak C near EF is attributed to Co 3d states
with e, symmetry [52]. Furthermore, the valence-band spectra
for CoS, remain qualitatively the same when the photoemis-
sion signal is acquired at varying experimental geometries,
suggesting similar orbital symmetry of the valence electrons
and with a negligible dependence on in-plane and out-of-plane
states (see Fig. S1 of the Supplemental Material [53]). This
isotropic orbital occupation symmetry of the Co 3d shell is
validated in the x-ray magnetic linear dichroism data (XMLD)
(see Fig. S1 [53]) and exhibits a negligible linear dichroism
signal for both CoS, and CoSe,. To experimentally verify
the role of sulfur states in the valence band, we performed
resonant photoemission (ResPES) across the S K-edge.
The top panel of Fig. 4(b) shows the XAS spectrum taken

across the S K-edge along with colored labels that mark the
excitation energies for the ResPES measurements. The bottom
panel in Fig. 4(b) shows the valence-band spectra in the S
1s—3p core absorption region (hv = 2460—2490eV). These
spectra were normalized by the photoelectron intensities of
the shallow Co 3s core level, which does not contribute to the
resonant process. No marked change near the valence-band
edge (3-0 eV Ep) is found and is energy-independent across
the different energies. Notably, the enhanced spectra taken
at the S K resonance (2475 eV) are located in the range of
20-3 eV, and they are classified with S 3p and S 3s character,
with peaks at 17 and 13 eV corresponding to S 3s bonding and
antibonding states from S-S dimer pairs in CoS,, similar to the
states found in recent HAXPES spectra for NiS; [3] and CuS,
[5]. The difference between on-resonance (2475 eV) and
off-resonance (2470 eV), as depicted by the gray shaded area
in the bottom panel, reflects the partial spectral weight (PSW)
of S 3p states. This result signifies the presence of dominant
Co 3d partial DOS near the VB edge with little S contribution.
It is worth noting that previous studies have identified CoS,
to be a negative charge-transfer compound [2,54] driven
largely by a p-band that is metallic and self-doped with holes.
Although S 3p spectral intensities are not pronounced at the
valence-band edge from this spectra, recent reports suggest
that ligand hole states are accommodated in the S antibonding
orbitals that lie just below and above the Fermi level [2,3,5].
The strong hybridization between Co 3d —S 3p states near the
Fermi level will be presented later.

D. Resonant Auger spectroscopy

We access the site- and element-specific ultrafast carrier
dynamics in CoS; by monitoring competing decay channels
following an x-ray absorption from the S 1s level into the
conduction band. This method uses an intrinsic timescale
due to the core-hole lifetime (I'¢y) of a specific atomic level,
which allows us to interpret electron-electron correlation ef-
fects and their role in excited electron dynamics. Figure 5(a)
illustrates the principles of resonant Auger processes with
several possible relaxation pathways after resonant excitation.
If the incident x-ray photon energy fw exceeds the S ls
ionization threshold (nonresonant case), a 1s photoelectron is
ejected into the continuum, followed by electron relaxation
in the form of normal Auger decay, where one 2p electron
fills the S 1s vacancy, while another 2p electron is ejected
as a normal Auger electron (NA) that is independent of the
incident photon energy, resulting in a two-hole final state.

In contrast, the resonant case can proceed with the pro-
moted electron remaining in the excited state during the
subsequent relaxation process, leaving a final state with two
holes and one spectator Auger (SA) electron. Here, a linear
relation can be observed between the energy of the incident
photon and the spectator Auger electron kinetic energy. If the
excited electron delocalizes during the relaxation process on a
timescale shorter than the core-hole lifetime (a few femtosec-
onds), a two-hole zero-electron final state is reached with the
Auger electron feature identical to the normal Auger decay
case, designated as the charge-transfer channel. The compet-
itive kinetics of electron delocalization and known core-hole
decay manifest themselves directly in the relative intensities

165115-5



MAHMOUD ABDEL-HAFIEZ et al.

PHYSICAL REVIEW B 112, 165115 (2025)

(a) Tdelocalization ~= T1s 2484
————— 2482
Valence S
Conduction 72— B > ] 2480 ©
T T T — >\
777777 1s ——0— Kmef\c En%rgY (ei (1) 3
Spectator Tdelocalization Tls(liw 2478 8
Decay Ll
2476 &
1)
| v £
< — 2474 o
,,,,, Kinetic Energy (eV)
Core Excitation Valence :Q:Q§ Tdelocalization << Tis 2472
15—N - 2470
orma
Agor | 2105 2110 2115 2120 2125 2130
e Kinetic Energy (eV)
E;, = 4000 eV AEi= 2476.5 eV fE, =2478¢eV| @ ]
(C) Above lonization (d) Near Resonance (e) After Resonance _g 3.0 = (f) Charge Transfer
S = Time
(D —
— 8 25
) ® Exp e A Exp 2 A FExp £ ~
5 —Fit 5 — Fit S — Fit S 3
. . . = 204
o) 1 NA No. 1 o] I NANo. 1 _r% I NANo. 1 QE_, B
L & [INA No. 2 — I NA No. 2 ]
[1NANo. 2 = .
E=) oy SA =) SA = 1.5
c c c [} ]
[0} Q 9 iy .
£ £ £ S 1.0
= ]
& 0.5
S .
< ]
l'_ — U |||||||||||||||||||||||
LN L L L [T T
2112 2116 2120 2124 2112 2116 2120 2124 2112 2116 2120 2124 2476 2477 2478

Kinetic Energy (eV) Kinetic Energy (eV)

Kinetic Energy (eV) Photon Energy (eV)

FIG. 5. (a) Schematic overview of the working principle of the core-hole clock spectroscopy where photoexcitation drives several different
Auger processes along with charge delocalization or charge-transfer processes. Depending on the core-hole lifetime, 7,, and the delocalization
time, Telocalization. different spectator and normal Auger electron signal-intensity ratios are obtained. (b) Resonant Auger intensity maps of S
KLL photoemission for CoS,. (c)—(e) Resonant photoemission spectra of S KLL are recorded at the photon energy at 4000, 2476, and 2478 eV,
respectively. The experimental spectra are shown in red dotted markers, the overall fit are in black solid lines, fits for normal Auger (NA) are
in green and purple, and the resonant spectator Auger (SA) that linearly disperses is in gold. (f) Calculated charge-transfer times plotted as a

function of incident energy.

of the resonantly shifted spectator Auger (SA) and normal
Auger (NA) features. This approach is used to investigate the
ultrafast electron dynamics in CoS,.

Figure 5(b) shows the resonant contour plot of Auger emis-
sion intensity as a function of photon excitation energy across
the S K-edge. The Auger map shows two prominent struc-
tures, namely the KL,L, ('Sy) and the KL,L; ('D,) Auger
channels at 2107 and 2116 eV kinetic energy, respectively
[27,28,55,56]. These features appear at constant kinetic en-
ergy and are indicated by vertical dashed lines in Fig. 5(b),
whereas direct incoherent features disperse with excitation
energy as indicated by a dashed purple line. The intensity map
in Fig. 5(b) shows a strong resonant enhancement of the sulfur
'D, Auger feature when the photon energy is tuned to the
absorption maximum, shown on the right axis of Fig. 5(b).

The distribution between the different channels and their rel-
ative intensities is directly related to the electronic lifetimes
and charge transfer in the conduction band of CoS; to adjacent
atomic sites. The delocalization time is obtained directly from
the ratio of the integrated spectator Auger and normal Auger
components to the S KL,Ls (' D,) feature as

Isa
Tdeloc = I_ X TS 1s,
NA

ey
where 7, is the core-hole lifetime of § 1s, and Isn and
Ina are the intensities of the spectator and normal Auger
contributions respectively. The natural lifetime of the S 1s
core hole is calculated to be 7, = 1.27fs [57]. The normal
Auger spectrum taken at a photon energy of 4000 eV was
fitted far above the ionization threshold to obtain a fixed
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energy position for the normal Auger peak (2116.3 eV), as
shown in Fig. 5(c). Figure 5(d) shows the Auger spectra at
2476.5 eV, which corresponds to just after the absorption
maximum in the S K-XAS curve on the right axis of Fig. 5(b).
The intensity of the spectator Auger feature is nearly that
of the normal Auger feature, indicating a long-lived excited
electron that screens the core-hole decay. At 2478 eV, the
spectator Auger is shifted by an equal amount in photon
energy in comparison with the spectra taken near resonance
at 2476.5 eV (spectator shift of 1.5 eV).

Our spectral decomposition analysis and fits are repeated
from near resonance to after resonance to yield the evolution
of delocalization time using Eq. (1) and plotted at selected
energies in Fig. 5(f). After resonance at 2476.5 eV, the charge
transfer is observed to exhibit normal exponential decay with
a higher excitation energy. The intensities of Isp and Ina vary
over the investigated photon range (2470-2485 eV) where
a large intensity Isp reflects long-lived excited states, and
a smaller intensity of Isa indicates fast electron delocaliza-
tion. Near resonance (2476.5 eV), charge delocalization times
have an upper bound of 3 fs. At regions past the absorption
maximum, charge delocalization times are much faster by at
least an order of magnitude, i.e., Tgeloc = 100—300 as. This
timescale measured by the CHC method reflects the decou-
pling time of an excited electron from a specific atomic site,
which is useful for analyzing the transport properties in real
devices.

IV. DISCUSSION

To understand the origin of the energy-dependent dynamics
and the charge-transfer properties of CoS,, we turn to elec-
tronic structure calculations. We have calculated the density
of states for CoS; and CoSe; using the LSDA methodology
as shown in Fig. 6. These results agree with previous band
structure calculations [1,7,10,58] and lead to a peak in the
minority-spin DOS, rendering CoS, a minority-spin conduc-
tor. The broadband of 6 eV width between —8 and —2 eV
consists mainly of S 3p states [see Fig. 6(b)], which is a
mixture of 3po and 3pr states [1]. Figure 6(c) shows Co 1,
bands that are located between 1 and 3 eV below the Fermi
energy Er while Co e, bands cross Er with a relatively large
bandwidth of about 2.5 eV due to strong hybridization with
the S 3p band. This strong hybridization and metallic states
at the Fermi level from neighboring S 3p bands effectively
screen the Co 1s core hole and produce the charge-transfer
features seen in Fig. 3(a). In contrast, CoSe, only exhibits an
asymmetry in the Co ls main line that is due to screening
from metallic states at the Fermi level that screen the core hole
rather than a direct ligand-to-metal charge transfer. CoSe, has
a much larger electron correlation (U), thereby suppressing
the charge fluctuations between the Co 3d and ligand sulfur 3p
orbitals despite its comparable orbital hopping integral [51].
Furthermore, it has been shown that CoS; has enhanced spin-
dependent electron correlation effects on the electric structure
in the vicinity of the half-metallic state. Since there are eight
S atoms in the unit cell, this implies that two 3p orbitals per
S are fully filled and one 3p orbital per S takes part in the
formation of S-S dimers by making a covalent bond. Indeed,
the four antibonding S 3p bands can be found above the
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FIG. 6. (a) Electronic density of states calculated for CoS, and
CoSe;. (b) Partial density of states (DOS) for CoS, from Co and S
sites. (¢) Co 3d orbitally resolved DOS, and their corresponding #,,
and e, states.

Fermi level or partially crossing it [58]. The formal oxidation
state assignments would suggest valences of 4— for the S,
and therefore 4+ for the cations. However, it is plausible that
the Co ions in the Co?>" state are self-doped with sulfur 3p
holes [2]. This was previously suggested to originate from the
highly polarizable nature of the S%’ ligand, which effectively
screens the strong core-hole potential [59].

Laila et al. [2] recently reported charge-transfer multiplet
cluster model calculations on a family of pyrites including
CoS, that considered all electronic configurations in the initial
and final states to simulate their XAS spectra, specifically the
appropriate combinations of 3d”" and 3d"+'L" basis states and
their relevant electronic parameters, such as crystal-field split-
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ting (10pg ), on-site d —d Coulomb repulsion energy (Uzq), the
metal 3d —S 3p hybridization strength (pdo), and lastly the
charge-transfer energy between the 3d” and 3d4"*'L" states
(Act). Their results show a suitable match to the experimen-
tal spectra when using a negative charge-transfer energy of
Act = —1.5eV for CoS,. Similarly, related pyrites such as
FeS, and NiS, were also shown to have negative charge-
transfer character with explicit self-doped ligand holes [2,60].
This suggests that the overlap between the cobalt d”" and
d"*'L" configurations becomes strong and the contribution of
the d"*'L" configuration to the ground state is considerable
[61]. Our experimental valence band and DFT calculations
show that the edges of both valence and conduction bands are
of hybridized S 3p Co 3d character. This indicates a p—p type
lowest energy excitation in the Zaanen-Sawatzky-Allen phase
diagram [62]. In this scenario, transition-metal compounds
with no gap in the p-p excitations are effectively self-doped
by holes [2].

V. CONCLUSION

In summary, we have studied the bulk electronic struc-
ture of CoS, and related CoSe, by means of comprehensive
soft and hard x-ray spectroscopy methods. Bulk sensitive
HAXPES data results enabled us to observe distinct satel-
lite features that point to intrinsic multiple ground states
in the electronic structure. In CoS,, the Co ls spectrum
exhibits spectral features that are a signature of metallic and
ligand-metal CT screening upon core-level excitation. The
experimental XAS/XMCD results for CoS, were found to
be correctly reproduced in terms of relative intensities and
energy position. These results agree with several recent exper-
imental and theoretical reports on a negative charge-transfer
energy for CoS,, whereby self-doping of the ligand S band
is responsible for the multiple CT satellites. Furthermore, the
valence-band spectrum confirms a large spectral weight of Co
3d states towards the valence-band maximum with a small
spectral weight of S states. The dynamical charge-transfer
process was investigated through the core-hole clock tech-
nique via the resonant Auger process to obtain charge-carrier
delocalization times, and it provides information on charge
transport properties in real devices.
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