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Abstract. Results of measurements of sulphurslx-ray emission spectra of CuS and keS
excited by synchrotron radiation near the sulphur 2p threshold, are presented. An excitation
energy dependence of the sulphursLXES is only observed for CuS, and is attributed to the
presence of inequivalent sulphur atoms in CuS. Two thirds of the sulphur atoms fadim&rs

(as in Fe%) while the remaining ones are single (as in CufjeShis conclusion is confirmed

by XPS measurements and LMTO band structure calculations for Cug,arelSCuFes It is

shown that selective excitation of x-ray emission valence spectra can be used to determine the
atom-decomposed partial density of states for inequivalent sites in solids, occupied by chemically
identical species.

1. Introduction

Recent developments in instrumentation and synchrotron radiation sources give a new
impulse to the study of the electronic structure of solids with the aid of soft-x-ray emission
spectroscopy (XES) [1, 2]. As a result of the high brightness of third-generation synchrotron
sources, the intensity of fluorescence x-ray emission in the soft-x-ray energy range (where
non-radiative decay processes of core vacancy states is dominant [3]) has increased. This
makes it possible to study the electronic structure of impurity atoms in different materials
[4,5]. Use of tunable synchrotron radiation for excitation of XES has several advantages
for the study of the electronic structure. First, selective excitation of XES avoids the
overlap of satellites and valence spectra that originate from transitions into the spin—orbit
split core levels (b3, M23, Mas etc). This is important for the analysis of the density of
states (DOS) in the vicinity of the Fermi level in 3d, 4d and 5d transition metal alloys and
compounds [6]. Second, chemically identical atoms at inequivalent sites in the crystal can be
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subsequently excited as the excitation energy increases. Hence, the local electronic structure
of atoms with electrons in states at slightly different binding energies can be determined
[7-9].

The present paper describes how tunable synchrotron radiation was used for selective
excitation of inequivalent sulphur atoms in CuS. Thus, for the first time, the sulphur
L3 XES of § atoms that form Sdimers is measured separately. The obtained results
compare favourably with the density of states obtained from density functional band structure
calculations.

2. Experimental and computational details

High-energy resolved Sl x-ray emission spectra (valence 3s3d2p transition) of CuS

and Fe$ were measured at the Advanced Light Source (ALS) Beamline 8.0, a 5.0 cm period
undulator beamline with a spherical grating monochromator operating between 70 eV and
1200 eV. The energy resolution of the monochromator was set to about 0.3 eV during these
measurements. The soft-x-ray endstation includes a Rowland circle grating spectrometer
coupled to a photon-counting area detector [10]. All soft-x-ray emission spectra reported
in this work were recorded with a 10@m entrance slit for the spectrometer that had a
1500 lines mm?, 10 m radius grating as the dispersing element. Photon energies range
from 161.5 to 169.5 eV. The energy resolution is estimated to be 0.15 eV at 150 eV, and
the spectra were taken under high vacuuntfl@bar).

S Ly 3 Xx-ray emission spectra (valence 3s3d2p transition) of CuFeSwere measured
with an ultrasoft-x-ray spectrometer [11] with high spatidlS( = 4-5 um) and energy
(AE = 0.4 eV) resolution using electron excitation. For analysis of the x-ray radiation, a
diffraction grating was usedV = 600 lines mm*; R = 2 m). The accelerating voltage on
the x-ray tube was 4 keV and the anode current was 130 nA.

The Fe le and Cu lo (valence 3d4s— 2pz; transition) x-ray emission spectra were
generated by means of electron excitation and measured on a RSM-500-type x-ray vacuum
spectrometer with a diffraction gratingV(= 600 lines mnt! and R = 6 m). The spectra
were recorded in the second order of reflection by a secondary-electron multiplier with a
Csl photocathode. For Fealand Cu lo the energy resolutions were 0.35 and 0.40 eV,
respectively. The x-ray tube was operated/at 4 keV and/ = 0.4 mA.

The S KB; (valence 3p— 1s transition) x-ray emission spectrum was measured using a
fluorescent Johan-type vacuum spectrometer with a position-sensitive detector [12]. Pd L x-
ray radiation from a sealed x-ray tube was used for the excitation of the fluorescefit S K
spectra. A quartz(1010) single crystal curved Ro= 1400 mm served to disperse the
radiation. The spectra were measured with an energy resolution of approximately 0.25 eV.
The x-ray tube was operated €t= 25 keV and/ = 50 mA.

The XPS measurements of CuS, Feshd CuFed were performed with an ESCA
spectrometer from Physical Electronics (PHI 5600 ci, with monochromatized Al K
radiation of 0.3 eV FWHM). The energy resolution of the analyser was 1.5% of the pass
energy. The estimated energy resolution was less than 0.35 eV for the XPS measurements on
the copper and iron sulphides. The pressure in the vacuum chamber during the measurements
was below 5x 10~° mbar. All of the investigated compounds were available as single
crystals. Prior to XPS measurements the crystals were cleaved in ultra-high vacuum. All
the investigations have been performed at room temperature on the freshly cleaved surface.
Thus, excellent surfaces, with minimal concentrations of defects and contaminations, were
obtained. As a result the intrinsic properties of the samples could be studied. The XPS
spectra were calibrated using a Au foil to obtain photoelectrons from the Awstfbshell.
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The binding energy for Au 4f, electrons is 84.0 eV.

Electronic structure calculations for CuS, Leshd CuFes were performed with the
linear muffin-tin orbital method in the atomic sphere approximation (LMTO-ASA) [13].
Exchange and correlation effects are treated within the local density approximation (LDA)
of density functional theory [14]. Self-consistent solutions of the Kohn—-Sham equations
are obtained for all electrons in the system using the exchange—correlation potential as
parametrized by von Barth and Hedin [15].

The crystal structure of CuS, or covellite, is hexagonal (space groupP88),mmc).
According to Wyckoff [16]a = 3. 796 A and ¢ = 16.36 A and the unit cell contains six
formula units with two inequivalent sites for both Cu and S. Two thirds of the sulphur
atoms in CusS form dimers, while the remaining S atoms are single. Pyrite, or fée@s
a cubic crystal withu = 5.406 67A [16] (space group 205Pa3). All the sulphur atoms in
FeS form dimers. Chalcopyrite, or CuFg3s an antiferromagnetic insulator with a body-
centred tetragonal unit cell (space group 82). Lattice constants according to Wyckoff
[16] area = 5.24 A andc = 10.30 A. Empty spheres were added at the Wyckoff position
(8d). All the sulphur atoms in CuFeg&re single. Previously reported results on the band
structure of CuFeS[17] are in agreement with results obtained in the present work.

Whereas the basis set for the transition metal atoms includes s-, p- and d-type functions,
only s and p functions were included for sulphur. Pivotal energies are chosen at the centre of
gravity of the occupied, atom decomposed partial density of states. All atomic spheres for
a given crystal have the same radius. For each system the irreducible wedge was sampled
with approximately 25&-points in a linear tetrahedron method.

3. Results and discussion

In figure 1(a) the S k3 XES of CuS measured at different excitation energies (from 161.5
to 169.5 eV) are shown. The spectra are normalized to the total number of incident photons
which is calculated from the product of the incident x-ray flux and the exposure time.
An excitation energy dependence of the $3LXES is found for CuS, whereas similar
measurements for Syl XES of Fe$ show an unchanged shape of the emission band
at different excitation energies (figure 1(b)). The fluorescence $SXES spectra of CuS
excited at photon energigs = 1625 eV andE = 1635 eV are found to be rather different.

The spectrum excited & = 1625 eV is narrower than the one &t = 1635 eV, and its
intensity maximum is shifted 2 eV toward lower photon energy.

For the analysis of the obtained results we first consider the XPS S 2p spectra of CuS
and reference compounds Reghd CuFeg shown in figure 2 as diamonds. The intensity
ratio of the S 2p, and S 2p), lines is close to 1:2 for FeSand CuFeg but significantly
deviates from this ratio for CuS (0.82:1). Moreover, an additional high-energy shoulder
has appeared in the S 2p spectra of CuS at 163.8 eV. A glance at the XPS spectra for the
reference compounds show that the binding energy for S 2p electrons fdim&rs and
single sulphur atoms can be quite different. It is therefore reasonable to assume that the
CuS XPS spectrum is a superposition of single sulphur atoms addvgrs with ratio 1:2.
Hence, the XPS spectrum reflects the inequivalent environment of the two types of sulphur
atom in the CuS crystal [18]. From LMTO calculations the energy for the 2p levels in
CuS was found to be different for, &nd §. The spin—orbit splitting between, &p;/»
and § 2pz2 is 1.24 eV. The 52py» state of the 52p;,—2ps/2 doublet with the same
spin—orbit splitting is placed 0.68 eV lower in binding energy, aboye2fs,,. Here $
are in dimers and Sare the single sulphur atoms. Assuming the2ps,», and $ 2py» at
equal energy one deduces a peak ratio of 1:4:4. However, an energy difference between
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Figure 1. S Ly 3 XES of CuS (a) and FeS(b) measured at different excitation energies.

these core levels broadens the central peak and reduces its intensity. A simulation of the
superposition of the two 2p spectra (dashed curve and thin solid curve in figure 2) is shown
at the thick solid curve in figure 2. Reasonable agreement with experiment is obtained if

two typical S 2p spectra are shifted by 1.6 eV and are superimposed with ratio 1:2. The

spectrum at lower binding energy corresponds to sulphur dimers. The spin—orbit splitting

deduced from the 2p XPS spectra for CufF@s Fe$S is about 1.15 eV, slightly less than
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Figure 2. XPS S 2p of CuS, FeSand CuFeg (diamonds). The solid and dashed lines indicate
the simulated XPS of CuS (see text).

the theoretical value. Combining the experimental spin—orbit splitting with the 1.6 eV shift
leads to a § 2pz/2 versus $2py/» splitting of 0.55 eV, in fair agreement with the theoretical
result (0.68 eV).

Direct superposition of the experimental XPS spectra in figure 2 for Cufs$gle S
atoms) and FeS(S, dimers), with the correct weight, does not represent the CuS (both
single and dimers) spectrum very well. The ratio of peak heights is not reproduced at all,
although the peak positions are about right. It is not surprising that this simple superposition
argument does not apply to CuS. The crystal structures of the three compounds are very
different. Therefore the electrostatic Madelung contribution to the effective potential in
which the 2p electrons move will be different. The fact that the XPS peak positions for
CuFe$S and Fe$ are similar to those in CusS is fortuitous.

Application of these findings to the interpretation of the fluorescence spectra leads to the
conclusion that af = 1625 eV only § atoms are excited, and & = 1635 eV both $
and § atoms are excited. According to the dipole selection ruley$ XES corresponds
to s— p and d— p transitions that probe S 3s(3d) states in the valence band. Resonant
excitation of $ L, 3 and § L3 XES imposes an additional constraint. Thus, & IXES
excited atE = 1625 eV probe the S3s(3d) DOS and excitation with = 1635 eV gives
information about the combined $ S 3s(3d) DOS of CuS as shown in figure 3(a) where
the appropriate data are plotted on a binding energy scale. FgrS-eS;, XES at different
excitation energigssimply probes the single-sulphur 3s(3d) DOS as shown in figure 3(b).
To verify this conclusion LMTO electronic structure calculations were performed for CuS
and the two reference compounds, F@8d CuFe&s The results are shown in figures 4—6.

A single S 3s band, located 14 eV below the Fermi level, is calculated for Gufg&e 4),

1 In figure 3 the S k3 of CuS and FeSare adjusted to the binding energy scale using XPS data in figure 2.



1692 E Z Kurmaev et al

while two 3s-derived subbands form for Re@igure 5). This splitting is due to the—o*

energy separation of S-3s-derived molecular orbitals imigers in the Fegcrystal. For

Cus three peaks in the S 3s DOS are seen (figure 6). This structure can be viewed as a
superposition of S 3s bands of Fe&d CuFeg because in CuS there are two different
types of S atom: single S atoms as in Cuf@e8d $ dimers as in FeS The theoretical
contribution of $ and § to the DOS of CusS is shown in figure 6. Thq Ss band is
narrower than the S3s band, which is split inte ando* subbands. These results support

the present interpretation of the $4 XES for CuS at different excitation energies shown

in figure 1.
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Figure 3. S L3 XES of (a) CuS and (b) FeSat the S 2p threshold, with binding energies on
the horizontal axis.

In figure 7 the XES (Fe &, S Ly 3 and S KB;) and valence band XPS (XPS VB) of FeS
are presented versus the binding energy. These data support the results of band structure
calculations shown in figure 5. The energy position of eXES coincides with the sharp
peak in the XPS VB and confirms that it has 3d character. Thes§ dpectrum shows
the location of the S 3p band. The distinct high-binding-energy shoulder on thexFe L
XES found in this region shows strong admixture of Fe 3d states in the S-3p-like band.
S L3 XES reflects that the low-energy feature of XPS VB must correspond to the S 3s
partial DOS. Additional information about the S 3p/Fe 3d hybridization can be obtained
from the comparison of XES and XPS VB of FeSBoth S KB; and S L, 3 XES extend
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to low binding energies, close to the 3d peaks of keXES and XPS VB. The feature in

S L3 XES around 2 eV binding energy can be attributed to S 3d density of states because
according to results of band structure calculations of,Fg®en in figue 4 S 3sstates are
absent in this energy region. According to dipole selection rules S»>3&@p transitions

are allowed under excitation of S;b XES and S 3d states can be directly revealed in
these spectra. This means that S 3d orbitals take part in chemical bonding in 3d transition
metal sulphides. The problem of participation of 3d atomic orbitals (AOs) of second-row
elements (Al, Si, P, S, Cl) in chemical bonding has been discussed in the literature for more
than 25 years (see [20]) because the spatial sizes of 3d orbitals of neutral atoms of these
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Figure 6. Calculated total and atom-decomposed DOS of CusS.

elements are four to five times higher than those of 3s and 3p orbitals which can prevent
participation of 3d AOs in chemical bonding for most chemical compounds. However, as
shown in [21], the spatial sizes of S 3d AOs can be reduced to those of S 3s and S 3p
AOs under formation of positive charge on the S atom in LiSONH4),SO, and Sk
and their experimental x-ray emission spectra can be explained only under supposition of
participation of S 3d AOs in chemical bonding. The special MO LCAO quantum chemistry
calculations (see the references in [21]) confirmed this supposition. On the other hand, it
was shown that Si 3d AOs take part in chemical bonding in ¢;$22] and transition metal
silicides [11,23-25], i.e. independently of formal positive or negative charge of Si atoms
in compounds.

Combined results of XES (Cud, Fe L, S Ly 3 and S KB;) and XPS VB of CuFegSare
shown in figure 8. The intensity maximum of Cuw IXES is at the same binding energy as
for Fe Lae XES, and is located near the main maximum of XPS VB, and provides evidence
for a strong Cu 3d/Fe 3d hybridization. Both maxima are very close to the shoulder of
S KB1 XES and one concludes that Fe 3d/S 3p and Cu 3d/S 3p mixing takes place. Fe L
XES extends to higher binding energy then Gu, lagain suggesting that there is significant
Fe 3d/S 3p hybridization in the valence band, in accordance with results from band structure
calculations (figure 4). Our results do not reproduce the two-peak character of the Fe 3d
DOS obtained in [19] by subtracting XPS of Cubethd CuAboFe1S;.

The more complicated fine structure of the S 3s band of, Fé& too—o* separation
of S 3s states in Sdimers as obtained in the band structure calculations, can be seen in
XPS VB of Fe$ shown in figure 7. In the XPS spectra and the computed DOS for GuFeS
a splitting of the S 3s band is not observed. The,3 KES of Fe$ is somewhat broader
than that of CuFe$§ although the splitting is not resolved.

Finally, XES (Cu la, S L, 3 and S K3;) and XPS VB for CuS are shown in figure 9,
and should be compared with the computed DOS in figure 6. The broad feature inthe S L
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XES is attributed to the S 3s band located at binding energies between 12 eV and 16 eV in
figure 6. The feature in Sdg XES around 3 eV binding energy corresponds to S 3d density
of states. The S K3 XES has a main peak at a binding energy of 5 eV and a shoulder
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at lower binding energy, where the S 3p band hybridizes with Cu 3d. Figure 6 indicates
both the main S 3p band as well as S 3p/Cu 3d hybridization. As predicted by the LMTO
calculations, CuS appears to be metallic on the basis of €XES shown in figure 9.
However, the Cu 3d band in figure 6 seems to be slightly narrower than what would be
expected on the basis of the Cw IXES. This may be an artifact of the atomic sphere
approximation, and can in principle be removed with a full-potential treatment. In spite of
this minor discrepancy there is a one-to-one correspondence between the main features in
figures 6 and 9.
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Figure 9. Comparison of XES and XPS VB emission for CuS.

The level of agreement between the experiments and the LMTO calculations is very
good. Therefore it is valid to use the results of these electronic structure calculations of
CusS, Feg and CuFeg to aid the interpretation of the excitation energy dependence of
S L3 XES of CusS.

4. Conclusion

Results of measurements of sulphufslx-ray emission spectra of CuS and Re8xcited

by synchrotron radiation near the sulphur 2p threshold, are presented. An excitation energy
dependence of the sulphupt XES is found only for CuS, and must be attributed to the
presence of inequivalent sulphur atoms in CuS. Two thirds of the sulphur atoms form S
dimers (as in Fe§ while the remaining ones are single (as in CufjeShis conclusion

is confirmed by XPS measurements and LMTO electronic structure calculations for Cus,
FeS and CuFeg&s State-of-the-art electronic structure calculations provide a powerful tool

in the interpretation of data obtained from a broad variety of experimental techniques. It is
shown that selective excitation of x-ray emission valence spectra can be used to determine
the atom-decomposed partial density of states for inequivalent sites in solids occupied by
chemically identical species.
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