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a b s t r a c t

X-ray photoelectron spectroscopy (XPS) and X-ray absorption near-edge spectroscopy (XANES) have

been applied to examine the electronic structures of lanthanum copper oxychalcogenides LaCuOCh

(Ch¼S, Se, Te), whose structure has been conventionally viewed as consisting of nominally isolated

[LaO] and [CuCh] layers. However, there is evidence for weak La–Ch interactions between these layers,

as seen in small changes in the satellite intensity of the La 3d XPS spectra as the chalcogen is changed

and as supported by band structure calculations. The O 1s and Cu 2p XPS spectra are insensitive to

chalcogen substitution. Lineshapes in the Cu 2p XPS spectra and fine-structure in the Cu L- and M-edge

XANES spectra support the presence of Cuþ species. The Ch XPS spectra show negative BE shifts relative

to the elemental chalcogen, indicative of anionic species; these shifts correlate well with greater

difference in electronegativity between the Cu and Ch atoms, provided that an intermediate electro-

negativity is chosen for Se.

& 2011 Elsevier Inc. All rights reserved.
1. Introduction

Most representatives of the tetragonal ZrCuSiAs-type structure fall
into two categories [1,2]: (i) rare-earth transition-metal oxypnictides
REMPnO (Pn¼P, As), which are now zealously investigated as new
superconductors [3–7], and (ii) rare-earth copper oxychalcogenides
RECuOCh (Ch¼S, Se, Te), which have been identified as transparent
p-type semiconductors [8–15]. (We follow the most common ways
that these formulas have been written in the literature, even though
the rules for element ordering are inconsistent.) In both cases, the
physical properties derive from the partitioning of this structure into
conducting [MPn] or [CuCh] layers interleaved with insulating [REO]
layers, a configuration that has been aptly described as a ‘‘multiple
quantum well’’ (Fig. 1) [13]. The electronic interplay between the
alternately stacked layers presents attractive opportunities to modify
properties, such as the magnitude of the band gap in the oxychalco-
genides, through appropriate chemical substitutions. Interestingly,
the markedly two-dimensional character of the oxypnictides and
oxychalcogenides does not extend to the eponymous compound
ZrCuSiAs itself (as well as ZrCuSiP and HfCuSiAs), which exhibits
strongly three-dimensional character as covalent Zr–As bonds form
between the nominal [ZrSi] and [CuAs] layers [16,17].

We have previously applied X-ray photoelectron spectroscopy
(XPS) and X-ray absorption near-edge spectroscopy (XANES) to
monitor the changes in electronic structure upon chemical substitu-
tion in REMAsO and ZrCuSiPn [18–20]. The small shifts in binding
ll rights reserved.
energy (BE) and absorption-edge energy in highly covalent systems
such as these can now be routinely detected through the improved
resolution available in modern XPS instrumentation and through the
high source intensity associated with use of synchrotron radiation.
From these studies, we have been able to correlate, for example,
trends in the As BE with the difference in electronegativity in M–As
bonds as M is altered in REMAsO, and trends in the Zr absorption-
edge energy with the Zr-to-Pn charge transfer as Pn is altered in
ZrCuSiPn. In continuation of these studies on the electronic structure
of ZrCuSiAs-type compounds, we present here an analysis of the
high-resolution XPS core-line spectra and Cu absorption-edge spec-
tra of LaCuOCh (Ch¼S, Se, Te). These results complement previous
measurements of the valence and conduction band spectra of
LaCuOCh, obtained by Ueda and co-workers through photoemission
and inverse photoemission spectroscopy [9,10,21], and of the RE 4f

and O 2p partial densities of states of RECuOS, obtained by Sato et al.
[22] through resonant photoemission spectroscopy. In particular,
the questions that we wish to address include how substitution of
Ch affects the electronic structure in LaCuOCh and how the BE shifts
of the Ch atoms relate to the degree of electron transfer experienced
within the [CuCh] layers.
2. Experimental

2.1. Synthesis

Reagents in the form of pieces (La) or powders (La2O3, Cu, S, Se,
Te) with purities of 99.5% or better were obtained from Cerac,
Aldrich, or Alfa-Aesar. For LaCuOS and LaCuOTe, mixtures of La,
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Fig. 1. Crystal structure of RECuOCh (Ch¼S, Se, Te) (or REMPnO (Pn¼P, As)) in

terms of alternating [REO] and [CuCh] (or [MPn]) layers stacked along the c-

direction.
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La2O3, Cu, and Ch in a 1:1:3:3 ratio were placed in evacuated
fused-silica tubes, which were sealed and heated at 1050 1C for 1–
2 weeks, followed by quenching in water. Minor amounts of other
phases, such La2O2S or La2O2Te, were detected after this initial
heat treatment, presumably because of incomplete reaction, but
they were readily eliminated after regrinding and reheating for an
additional week. For LaCuOSe, this procedure could not lead to a
sufficiently pure product to our satisfaction; instead, a more
effective procedure was to react a mixture of La2O3, La2Se3 (prepared
from stoichiometric reaction of La and Se at 900 1C for 1 week), Cu,
and Se in a 2:1:6:3 ratio at 1050 1C for 10 d. All samples used for the
spectroscopy measurements were phase-pure according to their
powder X-ray diffraction patterns, collected on an Inel powder
diffractometer (Fig. S1 in the Supplementary Data).

2.2. XPS analysis

XPS spectra were measured on a Kratos AXIS 165 spectrometer
equipped with a monochromatic Al Ka X-ray source (14 mA,
15 kV) and a hybrid lens with a spot size of 700�400 mm2. The
air-stable samples were finely ground, pressed into In foil,
mounted on a Cu sample holder with carbon tape, and transferred
in a sealed container to the analysis chamber of the spectrometer.
The pressure inside the XPS instrument was maintained between
10–7 and 10–9 Pa. Samples were sputter-cleaned with an Arþ ion
beam (4 kV, 10 mA) until no further changes were observed in the
peak shoulders associated with surface oxides, which could not be
completely removed. Core-line BEs were, within standard uncer-
tainties, the same before and after the sputtering procedure.
Survey spectra (collected with a pass energy of 160 eV, step size
of 0.7 eV, and sweep time of 180 s) in the range of 0–1100 eV
confirmed the presence of all elements in the expected composi-
tions. High-resolution spectra (collected with pass energy of 20 eV,
step size of 0.05 eV, and sweep time of 180 s) were measured in the
appropriate BE ranges as determined from the survey scan for the La
3d, Cu 2p, O 1s, and chalcogen (S 2p; Se 3s, 3p, 3d; Te 3p, 3d, 4d) core
lines. Additional core-line spectra were measured for elemental Se
and Te chosen as standards. Charge neutralization was determined
to be unnecessary. The spectra were calibrated to the C 1s line at
284.8 eV arising from adventitious carbon and were analyzed with
the use of the CasaXPS software package [23]. The background
arising from energy loss was removed by applying a Shirley-type
function and the peaks were fitted to pseudo-Voigt (70% Gaussian
and 30% Lorentzian) line profiles to take into account spectrometer
and lifetime broadening effects. On the basis of many previous
measurements on this instrument, we estimate a precision of better
than 70.1 eV in the BEs.

2.3. Cu XANES analysis

Cu L-edge spectra were measured on the high-resolution
spherical grating monochromator undulator beamline (SGM,
11ID-1) and Cu M-edge spectra were measured on the variable
line spacing plane grating monochromator beamline (VLS PGM,
11ID-2), both at the Canadian Light Source (CLS) in Saskatoon,
Saskatchewan. Finely ground samples were mounted in a thin
layer on carbon tape to the sample holder and inserted into the
vacuum chamber via a load lock. Spectra were collected from
�15 eV below to �30–40 eV above the edge to allow for normal-
ization. For the Cu L-edge spectra, the step sizes were 0.5 eV in
the pre- and post-edge regions and 0.1 eV through the edge; for
the Cu M-edge spectra, the step sizes were decreased to 0.2 eV in
the pre- and post-edge regions and 0.05 eV through the edge
because of the lower X-ray intensity available in the PGM beam-
line. Although both total electron yield (TEY) and X-ray fluores-
cence yield (FLY) modes were used, we present only the FLY
spectra because they suffer less from surface effects and are more
intense than the TEY spectra. With the use of the program
Hephaestus, these spectra were calibrated to Cu metal, with the
maxima in the first derivatives set to 932.7 eV (L3-edge) and
75.1 eV (M3-edge); these spectra were analyzed with the use of
the program Athena in the Ifeffit software package [24]. On the
basis of previous measurements, we estimate a precision of
70.1 eV for the absorption edge energies.

2.4. Band structure calculations

Although tight-binding linear muffin tin orbital (TB-LMTO)
band structure calculations have been previously conducted on
LaCuOCh (Ch¼S, Se, Te), the crystal orbital Hamilton populations
(COHP) were not reported [25]. We have repeated these calcula-
tions, with integrations carried out over 84 independent k points
in the first Brillouin zone, to permit comparisons of integrated
COHP values (–ICOHP) to LaNiAsO and ZrCuSiAs (Table S1 in the
Supplementary Data) [26]. The density of states (DOS) and crystal
orbital Hamilton population (COHP) curves are provided in Fig. S2
in the Supplementary Data.
3. Results and discussion

3.1. [LaO] layer

The La 3d spectra are similar for all members of LaCuOCh

(Ch¼S, Se, Te), with essentially identical BEs of 834.3 eV for the
3d5/2 core line (Fig. 2) and 851.1 eV for the 3d3/2 core line (not
shown). Although the La 3d5/2 BE is higher than in La2O3

(831.9 eV) and close to those in LaMAsO (M¼Fe, Co, Ni;
834.8 eV) [18], BE shifts of lanthanide atoms are not straightfor-
ward to interpret because they are quite sensitive to final-state



Fig. 2. La 3d5/2 XPS spectra for LaCuOCh (Ch¼S, Se, Te) normalized to the core-line

peak to highlight intensity changes in the satellite peak.

Fig. 3. Comparison of O 1s XPS spectra for LaCuOCh (Ch¼S, Se, Te), with the BE of

529.5–529.7 eV marked by the dashed vertical line, and La2O3.
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effects and coordination environments [27–29]. The appearance
of satellite peaks at 4 eV to the higher energy side of each of the
core-line peaks is a diagnostic feature for La3þ species coordi-
nated by other ligands (in contrast to the spectrum of La metal,
which lacks these satellites) and is generally attributed to a
ligand-to-metal shake-up process [30–32]. (Similar satellites are
found in La2O3 [18], but for the same reasons as above, i.e.
different coordination environments and final state effects, they
cannot be directly compared to those found in LaCuOCh.) When
an electron is ejected after photoexcitation takes place, ligand-
based valence electrons are promoted into La-based conduction
states that are drawn lower in energy (below the Fermi level) by
the core-hole. Although these satellites, induced by final-state
effects, might be considered a nuisance, they do provide useful
information. Their relative intensities depend on the degree of
overlap between orbitals on the metal (La) and ligand atoms (O
and Ch, at distances of 2.36–2.40 and 3.26–3.49 Å, respectively)
[27–29]. When the spectra for LaCuOCh are normalized to the La
3d5/2 core-line peak, the satellite peak becomes slightly more
intense on progressing from LaCuOS to LaCuOSe and LaCuOTe
(Fig. 2). Given that the O 1s spectra are invariant in this series (as
presented shortly below), the change in the satellite intensity
may be attributed to weak interactions of the La atoms in the
[LaO] layer with more distant Ch atoms in the adjacent [CuCh]
layer. The trend suggests that orbital overlap is more effective
between La atoms and larger Ch atoms. LMTO calculations
support this proposal, as seen in –ICOHP values for the La–Ch

contacts of 0.11 eV/bond (3.26 Å) in LaCuOS, 0.13 eV/bond
(3.33 Å) in LaCuOSe, and 0.17 eV bond (3.48 Å) in LaCuOTe. Of
the competing factors that affect the degree of orbital overlap, the
better matching of size and energy between La and larger Ch

atoms overcomes their greater separation. The enhanced screen-
ing brought on by this more effective orbital overlap favours the
promotion of Ch-based valence electrons to La-based conduction
states in the ligand-to-metal shake-up process, increasing the
cross-section and thus the intensity of the satellite peak [33,34].

The O 1s spectra have similar lineshapes and BEs in LaCuOCh

(Fig. 3). (The Arþ sputtering procedure reduced but could not
remove all the surface oxides responsible for the peaks at higher
BE; it did not affect the position and the lineshape of the core-line
peaks, which have a FWHM of 1.2–1.3 eV.) The O 1s BEs (529.5 eV
for LaCuOS and LaCuOSe; 529.7 eV for LaCuOTe) are higher than
in La2O3 (528.8 eV) [27], but slightly lower than in LaMAsO
(529.9 eV) [18], indicating that the degree of ionic character in
the La–O bonds in LaCuOCh is intermediate between ‘‘very ionic’’
in La2O3 and ‘‘normal ionic’’ in LaMAsO, if Barr’s classification
scheme is accepted [35,36]. The combined analysis of the La 3d

and O 1s spectra provides evidence that weak La–Ch interactions
exist between the nominally isolated [LaO] and [CuCh] layers, but
they have little influence on the O atoms.

3.2. [CuCh] layer

Although the [CuCh] layer may be expected to be more
sensitive to changes in Ch, the Cu 2p spectra are essentially
identical for all members of the LaCuOCh series (Fig. 4). No
significant shifts are observed in the Cu 2p3/2 core-line peaks,
for which the BEs of 932.7–932.9 eV are typical for Cu1þ and are
lower than for most Cu2þ systems (4933.5 eV) [37–39]. How-
ever, the Cu 2p3/2 BE is not a reliable diagnostic for the Cu
oxidation state; there are many compounds that cannot be
distinguished this way (e.g., CuS and Cu2S have identical BEs)
[40], and in fact, Cu metal has a similar BE of 932.7 eV [41].
Stronger evidence for the presence of Cuþ is gained from the
FWHM of 1.0–1.2 eV (similar to that in CuBr and CuI [42,43], but
smaller than �3 eV in CuO [39]) and the absence of a shake-up or
shake-down satellite peak at the high-energy side of the 2p3/2

core-line that is characteristic of Cu2þ systems [44–47], as seen in
CuO, for example (Fig. 4). The symmetrical lineshape of the Cu



Fig. 4. Cu 2p XPS spectra for LaCuOCh (Ch¼S, Se, Te), with the 2p3/2 BE of 932.7–

932.9 eV marked by the dashed vertical line. The spectrum for CuO is included to

highlight the satellite peaks that would be characteristic for Cu2þ species.

Fig. 5. (a) Cu L-edge and (b) Cu M-edge XANES spectra for LaCuOCh (Ch¼S, Se, Te),

both measured in transmission mode. The spectra are offset for clarity. In (b),

additional Cu M-edge spectra for CuO (with absorption edge at 73.2 eV marked by

the solid vertical line) and Cu metal (with absorption edge at 75.1 eV marked by

the dashed vertical line) are shown.

B.W. Rudyk et al. / Journal of Solid State Chemistry 184 (2011) 1649–16541652
2p3/2 core-line peaks is consistent with the semiconducting
behavior of these compounds. It has also been well-established
that examination of the absolute shifts in the Cu L3M4,5M4,5 Auger
peak as well as the relative differences between this peak and the
Cu 2p3/2 peak provides a reliable method to distinguish between
Cu1þ and Cu0 [48,49]. This Auger peak is shifted to slightly higher
BE, by �0.4 eV, in LaCuOSe relative to that in Cu metal (Fig. S3 in the
Supplementary Data), consistent with the assignment of Cu1þ .

Further support for Cu1þ comes from analysis of the Cu XANES
spectra (Fig. 5). In accordance with the selection rule Dl¼71, the
Cu L-edge spectra reveal transitions of electrons from the spin–
orbit-split 2p3/2 (L3-edge) or 2p1/2 (L2-edge) states to available 3d

(in the case of Cu2þ) or, with lower probability, 4s states (in the
case of Cu1þ or Cu0) [50]. Consistent with the assignment of
Cu1þ , the absorption edges in LaCuOCh show significant fine
structure that originates from multiple excitations because the 4s

states are hybridized with other states, and the L3-edge energy
(934.7–934.9 eV) is higher than in Cu metal (932.7 eV) [20,50].
Similarly, the Cu M-edge spectra reveal transitions from the spin–
orbit-split 3p3/2 (M3-edge) or 3p1/2 (M2-edge) states to 3d or 4s

states. These spectra are less intense and show the presence of
surface oxides, but it is clear that the absorption edges in
LaCuOCh also shift to higher energies, relative to CuO and Cu
metal standards.

The Ch XPS spectra reveal shifts to lower BEs for all core-line
peaks relative to the element, indicative of anionic species (Fig. S4
in the Supplementary Data, with selected spectra in Fig. 6; BEs for
the elements are averaged values taken from the NIST database
[51]). The magnitude of these negative BE shifts follows a clear
trend of 0.6–0.8 eV in LaCuOTe, 1.3–1.4 eV in LaCuOSe, and 2.2 eV
in LaCuOS. Because the Ch atoms are in identical environments in
all compounds, the dominant effect must be a ground-state, intra-
atomic one in which there is an inherent difference in their
charge. The BE shifts may be expected to be more pronounced as
the electron transfer from Cu to Ch atoms (in the Cu–Ch bonds) is
enhanced with greater electronegativity of the Ch atom. However,
conventional electronegativity definitions tend to place Se much
closer to S than Te, as in the Pauling scale (S, 2.58; Se, 2.55; Te,
2.10) [52,53], or even in a reversed order, as in the Allred–Rochow
scale (S, 2.44; Se, 2.48; Te, 2.01) [54]. A sensible correlation
between the BE shift and the difference in electronegativity



Fig. 6. Selected Ch core-line XPS spectra for LaCuOCh (Ch¼S, Se, Te). The BEs for

the elemental chalcogens (163.8 eV for S 2p3/2; 55.4 eV for Se 3d5/2; 573.0 eV for

Te 3d5/2) are marked by dashed vertical lines. (A small Cu LMM Auger peak

appears at 567 eV in the spectrum for LaCuOTe.)

Fig. 7. Plot of Ch BE shifts (negative) for LaCuOCh (Ch¼S, Se, Te) relative to the

elemental chalcogens vs. difference in electronegativity between Ch and Cu.
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(Dw¼wCh–wCu) can be achieved only if an intermediate value is
chosen for Se. In fact, if a corrected electronegativity for Se is taken
simply as the average of that of S and Te in the Allred–Rochow scale,
a plot of BE shift vs. Dw is roughly linear (Fig. 7). This result lends
merit to other scales that place Se at an intermediate value, such as
the Allen scale, for which ‘‘spectroscopic electronegativities’’ are
defined on the basis of average one-electron energies in a singly
ionized atom [55]. For a given compound LaCuOCh, peaks derived
from deeper core levels tend to experience slightly greater BE shifts
than those from shallower core levels (cf., 0.80 eV (3p3/2), 0.64 eV
(3d5/2), 0.60 eV (4d5/2) for the Te atoms in LaCuOTe).

3.3. Comparison with REMAsO and ZrCuSiAs

It is instructive to compare the XPS and XANES analyses for
LaCuOCh with the isostructural compounds REMAsO and ZrCuSiPn

[18–20]. The [LaO] layers common to both LaMAsO and LaCuOCh

are essentially identical, as indicated by the similar BE shifts and
lineshapes for the La and O core-line peaks. Within the [MAs]
layer of the LaMAsO series, there are discernable shifts in the As
BE, attributed to ground-state effects, as the M-to-As charge
transfer is enhanced in the progression of M from Ni to Fe. Within
the analogous [CuCh] layer of the LaCuOCh series, it might be
anticipated that corresponding shifts in the Cu XPS spectra would
reflect the degree of Cu-to-Ch charge transfer as Ch is changed,
but none is observed because of the insensitivity of the Cu 2p3/2

BE, probably because of final-state effects [56] facilitated, in part,
by the presence of weak Cu–Cu bonding (2.8–3.0 Å). However,
clear evidence for this charge transfer is provided by the Ch core-
line peaks, which undergo negative BE shifts (relative to the
elemental chalcogen) that become more pronounced with a
greater difference in electronegativity (wCh–wCu). Both REMAsO
and LaCuOCh have been typically portrayed as highly two-
dimensional structures consisting of independent [REO] layers
interleaved with [MAs] or [CuCh] layers, respectively. In large
measure, this is a reasonably accurate picture: analysis of –ICOHP
values obtained from band structure calculations suggests that
interlayer bonding accounts for only 4% of the (covalent) bonding
energy in LaNiAsO (as evaluated from the La–As interactions of
3.4 Å between the [LaO] and [NiAs] layers) and between 4% and
6% in LaCuOCh (as evaluated from the La–Ch interactions of 3.3–
3.5 Å between the [LaO] and [CuCh] layers). Small differences in
the satellite intensity of the La 3d XPS spectra in LaCuOCh are
suggestive of these weak La–Ch interactions. In contrast, ZrCuSiPn

exhibits three-dimensional bonding character in ZrCuSiPn (e.g.,
interlayer Zr–As bonding between the nominal [ZrSi] and [CuAs]
layers accounts for 26% of the covalent bonding energy in
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ZrCuSiAs), which is manifested by significant shifts in the Zr
K-edge absorption energy when Pn is changed from As to P.

The XPS analysis of the chalcogen and pnicogen atoms in these
compounds deserves further comment. Although they are not yet
well-systematized, core-line BE shifts for the anionic species of
the heavier p-block elements generally become less pronounced
on proceeding from the chalcogens to the pnicogens, in accor-
dance with expectations. These shifts correlate well with differ-
ences in electronegativity, provided that they are revised to more
intermediate values for the fourth-period elements (Se, 2.22; As,
1.94) if the Allred–Rochow scale is chosen [57]. Thus, for example,
the shifts in the Se core-line BEs are much larger in LaCuOSe (1.3–
1.4 eV; wSe–wCu¼2.22–1.75¼0.47) than in the As core-line BEs in
LaNiAsO (0.3 eV; wAs–wNi¼1.94–1.75¼0.19) and ZrCuSiAs (0.6 eV;
wAs–wCu¼1.94–1.75¼0.19) [18,20]. Because LaCuOCh and LaMAsO
are isostructural, it would be interesting to attempt to prepare
mixed-anion derivatives such as LaCuO(Ch, As), for which the
properties could be tuned from a semiconductor to a metal
through a change in the electron count. An understanding of
these BE shifts will be useful in the eventual analysis of these
more complicated systems.
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