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X-ray photoelectron spectroscopy (XPS) and X-ray absorption near-edge spectroscopy (XANES) have
been applied to examine the electronic structure of the rare-earth transition-metal oxyarsenides
REFeAsO (RE=Ce, Pr, Nd, Sm, Gd) and CeNiAsO. Within the metal-arsenic layer [MAs], the bonding
character is predominantly covalent and the As atoms are anionic, as implied by the small energy shifts
in the M 2p and As 3d XPS spectra. Within the rare-earth-oxygen layer [REO], the bonding character is
predominantly ionic, as implied by the similarity of the O 1s binding energies to those in highly ionic
oxides. Substitution with a smaller RE element increases the O 1s binding energy, a result of an
enhanced Madelung potential. The Ce 3d XPS and Ce L;-edge XANES spectra have lineshapes and
energies that confirm the presence of trivalent cerium in CeFeAsO and CeNiAsO. A population analysis
of the valence band spectrum of CeNiAsO supports the formal charge assignment [Ce®>*0%~][Ni>"As>~].

© 2010 Elsevier Inc. All rights reserved.

1. Introduction

The recent discovery of a new family of superconductors derived
from the rare-earth transition-metal oxyarsenides REMAsO has
provoked frequent comparisons to the cuprate superconductors [1].
In the tetragonal ZrCuSiAs-type crystal structure of the oxyarse-
nides [2], in which the [REO] and [MAs] layers are stacked in an
alternating fashion, with the O and M atoms tetrahedrally
coordinated by RE and As atoms, respectively (Fig. 1), the
supposition is that the [REO] layer acts as a charge reservoir,
similar to the cuprates [1]. The parent oxyarsenides themselves are
unextraordinary; for example, LaNiAsO is the only quaternary
oxyarsenide known so far that behaves as a superconductor
(T.=2.75K) [3]. Doping the oxygen site with a small amount of
fluorine leads to higher T, values, but the effect of RE substitution is
not so obvious (e.g., LaFeAsO, _Fy, 43 K [1]; CeFeAsO, _xFy, 41 K [4];
PrFeAsO; _xFy, 52K [5]; NdFeAsO,_,F,, 51K [6]; SmFeAsO,_,F,,
54.6K [7]; GdFeAsO; _,F, 36 K [8]). Experimental investigations of
the electronic structure are important for further understanding
and development of these materials.

We have applied X-ray photoelectron spectroscopy (XPS) and
X-ray absorption near-edge spectroscopy (XANES) to probe the
electronic structure of various binary and ternary pnictides [9-12],
which are more difficult to analyze because of their reduced ionic
character compared to oxides and halides. Simple electron counting
for the oxyarsenides suggests the formulation [REZ*0?~ |[M?*As> ],
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but this is an approximation that neglects the different degrees of
ionic and covalent character within the separate layers. For
example, as we have demonstrated for LaMAsO (M=Fe, Co, Ni),
an unsophisticated interpretation of binding energy shifts alone
leads to apparent charges of M'* and As'~, but an analysis of the
valence band spectra in which components are fitted to individual
atomic states can recover the expected formulation [La®*0?%~]
[M?*As®~][11]. Other XPS and XANES studies have concentrated on
the doped iron-containing representatives REFeAsO; _4F,, some of
the major conclusions being that delocalization of the Fe d-electrons
occurs and that fluorine-doping introduces additional charge into
the [FeAs] layer without directly altering the density of states near
the Fermi level [13-19].

In this paper, we focus attention on the [REO] layer to evaluate
the effects of RE substitution in the iron-containing series
REFeAsO (RE=Ce, Pr, Nd, Sm, Gd) by means of high-resolution
core-line (RE 3d, Fe 2p, As 3d, and O 1s) and valence band
XPS spectra. The XPS (Ce 3d, Ni 2p, As 3d, O 1s) and XANES
(Ce L3-edge; Ni L- and M-edges) spectra for the nickel-containing
compound CeNiAsO were also measured to allow a comparison to
the previously studied compound LaNiAsO [11].

2. Experimental

2.1. Synthesis and X-ray diffraction

All reagents, obtained from Alfa-Aesar, Cerac, or Hefa with
purities generally better than 99.5%, were handled in an Ar-filled
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Fig. 1. Crystal structure of REMAsO in terms of alternating [REO] and [MAs] layers
stacked along the c-direction.

glove box. Binary arsenides REAs (RE=Ce, Pr, Nd, Sm, Gd) were
prepared from stoichiometric reactions of elemental RE and As at
1050 °C for 2 days. Binary oxides CeO,, RE;03 (RE=Pr, Nd, Sm, Gd),
Fe,0s3, and NiO were dehydrated by heating at 900 °C for 2 days.
The quaternary oxyarsenides REFeAsO and CeNiAsO were pre-
pared from stoichiometric mixtures of the appropriate starting
materials: CeFeAsO (from CeAs, CeO,, FeAs, and Fe); PrFeAsO
(from PrAs, Fe,03, and Fe); NdFeAsO (from NdAs, Nd,0s, FeAs, and
Fe,As); SmFeAsO (from SmAs, Fe,03, and Fe); GdFeAsO (from
GdAs, Gd,0s, FeAs, and Fe); CeNiAsO (from CeAs and NiO). The
mixtures were finely ground and loaded into alumina crucibles
placed within fused-silica tubes, which were evacuated, sealed,
and heated at 1250 °C for 3 days. The products were judged to be
single-phase from their powder X-ray diffraction (XRD) patterns
measured on an Inel powder diffractometer (Fig. S1 in Supple-
mentary Data). Although the compound CeNiAsO has been
reported [20], no structural information has been available. With
initial positions taken from the isotypic oxyarsenides, the crystal
structure of CeNiAsO was refined with the full-profile Rieteld
method by using the program LHPM-Rietica [21]. The results are
summarized in Table 1 and the fit to the powder XRD pattern is
shown in Fig. 2.

2.2. XPS analysis

XPS spectra for all compounds prepared were measured on a
Kratos AXIS 165 spectrometer equipped with a monochromatic
AlKo. X-ray source (14 mA, 15kV) and a hybrid lens with a spot size
of 700 x 400 um?. The samples are air-stable but to minimize
exposure to air, they were handled in an Ar-filled glove box where
they were finely ground, pressed into In foil, mounted on a Cu
sample holder, and placed in a sealed container for transfer to the
analysis chamber of the spectrometer. The pressure inside the XPS
instrument was maintained between 107 and 10~°Pa. Samples
were sputter-cleaned with an Ar* ion beam (4kV, 10mA) until
core-line peaks associated with surface oxides were no longer
observed in the XPS spectra. A small shoulder in the As 3d XPS
spectra indicated that a slight reduction of As occurred; however,
the binding energies (BE) in these and other spectra were, within
standard uncertainties, the same before and after the sputtering
procedure (Table S1 and Fig. S3 in Supplementary Data).

Survey spectra, collected with a BE range of 0-1100eV, a
pass energy of 160eV, a step size of 0.7eV, and a sweep time
of 180s, confirmed the expected chemical compositions

Table 1
Crystallographic data for CeNiAsO.

Rietveld refinement results
Formula

Formula mass (amu)
Space group

CeNiAsO
289.72
P4[/nmm (No. 129)

a (A) 4.0752(2)

c(A) 8.1134(4)

V(A% 134.74(1)

VA4 2

Pcalcd (gcm—S) 7.139 .
Radiation CuKoty, A=1.54056 A
20 range (deg.) 20.00-100.00

No. of data points 2759

No. of reflections 59

No. of variables 26

Residuals® Rg=0.027; R,=0.039; R,,;,=0.054
GOF 3.89

Positional and displacement parameters
Ce at 2c (1/4, 1/4, 2)

z 0.1481(4)

Biso (AZ) 028(6)
Ni at 2b (3/4, 1/4, 1/2)

Biso (A2) 12(2)
As at 2c (1/4,1/4, z)

z 0.6479(8)

Biso (AZ) 14(1)
O at 2a (3/4, 1/4, 0)

Biso (A2) 3.2(9)
Interatomic distances (A)
Ce-0 (x4) 2.365(2)
Ce-As ( x 4) 3.323(5)
Ce-Ni (x4) 3.508(3)
Ni-As ( x 4) 2.365(3)
Ni-Ni ( x 4) 2.8816(1)

*Rg =Y lo—Ic|/ > Io; Ry =3 Vo—Ycl/ > Yoi Rwp = [Z[W(YD—YC)]/ZWYg]l/2~
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Fig. 2. Rietveld refinement results for CeNiAsO. The observed profile is indicated
by circles and the calculated profile by the solid line. Bragg peak positions are
located by the vertical tick marks. The difference plot is shown at the bottom.

(RE:M:As:0=1:1:1:1) for the oxyarsenides. High-resolution
core-line spectra were collected with an energy envelope of
appropriate range (Ce 3d, 60eV; M 2p, 50eV; As 3d and O 1s,
20eV), a pass energy of 20eV, a step size of 0.05eV, and a sweep
time of 180s. Although no charge correction was required
because the samples are good conductors, the spectra were
calibrated to the C 1s line at 284.8 eV arising from adventitious
carbon. All spectra were analyzed by using the CasaXPS software
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Table 2
Core-line BEs (eV) for REFeAsO (RE=La-Nd, Sm, Gd) and RENiAsO (RE=La, Ce).

Sample RE 3ds)> Fe or Ni 2p55* As 3ds)> O1s

LaFeAsQP 834.88 707.11 41.18 529.94
CeFeAsO 881.76 707.16 41.14 530.04
PrFeAsO Not measured 707.09 41.14 530.09
NdFeAsO Not measured 707.16 41.10 530.13
SmFeAsO Not measured 707.10 41.13 530.17
GdFeAsO Not measured 707.08 41.13 530.31
LaNiAsO P 834.92 Not measured 41.43 529.96
CeNiAsO 881.87 853.18 41.35 530.02

@ For comparison, the 2ps;, BEs are 707.0eV for Fe metal and 852.7 eV for Ni
metal [9,34].
b Values for LaFeAsO and LaNiAsO are taken from Ref. [11].

package [22]. 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 broad-
ening effects. Table 2 lists all BE values expressed to two decimal
places, with uncertainties estimated at better than +0.10eV, as
established by collecting multiple spectra (Table S1 in
Supplementary Data).

2.3. XANES analysis

Ni M-edge XANES spectra for CeNiAsO were collected on the
variable line spacing plane grating monochromator (PGM) beam-
line at the Canadian Light Source (CLS) in Saskatoon, Saskatch-
ewan. Finely ground samples were mounted on carbon tape and
inserted into the vacuum chamber via a load lock. Spectra were
measured from ~20eV below the edge to ~65 eV above the edge,
with a step size of 0.1 eV through the edge. Spectra were collected
in both total electron yield (TEY) and X-ray fluorescence yield
(FLY) modes; however, because the Ni M-edge occurs at low
energy and surface oxides become more apparent in the TEY
spectra, only the FLY spectra are presented. The spectra were
calibrated to Ni metal, with the maximum in the first derivative of
its M3-edge set to 66.2eV [23].

RE Ls-edge XANES spectra for REFeAsO (RE=La-Nd, Gd) and
CeNiAsO were collected on the bending magnet beamline (20 BM)
accessed through the Pacific Northwest Consortium/X-ray Operations
and Research Collaborative Access Team (PNC/XOR-CAT), Sector 20 of
the Advanced Photon Source (APS) at Argonne National Laboratory.
Finely ground samples were sandwiched between Kapton tape and
positioned at 45° to the X-ray beam. A silicon (111) double crystal
monochromator provided a monochromatic photon flux of ~10!"
photons/s with a resolution of 1.4eV at 10keV and a beam size of
approximately 1 x 4.5mm. Spectra were measured in transmission
mode with an ionization detector (filled with a 50:50 mixture of He
and N, in the ionization chamber) and in fluorescence mode with a
Canberra 13-element fluorescence detector. The step size was 0.1 eV
through the absorption edge. Metal standards were placed behind
the sample and measured concurrently in transmission mode. The
RE Ls-edge spectra were calibrated to Cr (for RE=La-Nd) and Fe metal
(for RE=Gd), with the maxima in the first derivatives of their K-edges
set to 5989 and 7112 eV, respectively [23]. All XANES spectra were
analyzed by using the Athena software program [23].

3. Results and discussion
3.1. [REO] layer

The general expectation is that the RE atoms within the [REO]
layer of the oxyarsenides REMAsO are trivalent; however, there is

a possibility that Ce can adopt other valence states. To this end,
the Ce 3d XPS and Ls-edge XANES spectra for CeFeAsO and
CeNiAsO were collected (Fig. 3). In general, the XPS BE shifts of
rare-earth-containing compounds are relatively insensitive to
changes in bonding character because of the increased nuclear
screening provided by the 4f electrons [24]. However, the Ce 3d
XPS lineshapes in CeFeAsO and CeNiAsO do resemble those in
other trivalent cerium compounds (e.g., CeFs; [24] CeFe4Pq, [24],
CeFe,Sbq; [25]), where characteristic satellite peaks are observed
on the higher BE (by ~4eV) side of each of the two core-line
peaks representing the 3ds;, and 3ds;, spin-orbit-coupled final
states (Fig. 3a). Relative to the core-line peaks, the intensity of
these satellite peaks, which have been proposed to originate from
various shake-up processes, is proportional to the degree of
orbital overlap between the RE atom and its surrounding ligands
(here, As and O atoms) [26-28]. The satellite peaks have the same
intensity in CeFeAsO and CeNiAsO, implying that changing the
metal has no effect on the [CeO] layer, but they are more intense
than in LaFeAsO and LaNiAsO [11], a reflection of the greater
orbital overlap provided by the 4f! state in trivalent cerium. In the
Ce L3-edge XANES spectra for CeFeAsO and CeNiAsO (Fig. 3b), the
occurrence of a single white line peak (labeled A), assigned as
the dipole-allowed transition of a 2p electron into 6s or 5d states

sat. |

Ce 3d

CeFeAsO

Intensity (arb. units)

CeNiAsO

920 910 900 890 880
BE (eV)

Ce L, -edge

CeFeAsO

H(E)

5740 5760 5780
Photon energy (eV)

5720

Fig. 3. (a) Ce 3d XPS and (b) Ce L3-edge XANES spectra for CeFeAsO and CeNiAsO.
The spectra are offset for clarity. The vertical dashed lines mark the Ce 3ds), BE in
(a) and the absorption edge energy in (b).
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(Al= + 1), indicates that only one valence state for Ce is present
[29,30]. A second feature (labeled B) is interpreted as a continuum
resonance associated with the shell of ligand atoms surrounding
the absorbing atom [31]. The RE L3;-edge XANES spectra for other
REFeAsO members (RE=La, Pr, Nd, Gd) exhibit similar features
(Fig. S2 in Supplementary Data). The confirmation of trivalent RE
atoms has also been supported by previous RE M-edge XANES
measurements on REFeAsO (RE=La, Ce, Sm, Gd) [15].
Representative O 1s XPS spectra are selected for comparison
(Fig. 4); spectra for the remaining compounds are also available
(Fig. S3 in Supplementary Data). The O 1s BE values for these
oxyarsenides range from 529.9 to 530.3 eV (Table 2). According to
a classification scheme developed by Barr for correlating O 1s BE
values to the degree of ionic character in metal-oxygen bonds
(semicovalent oxides, 530.5-533.0eV; normal ionic oxides,
529.6-530.4eV; very ionic oxides, 528.0-529.5eV) [32,33], the
oxyarsenides fall in the category of normal ionic oxides. In
contrast, binary rare-earth oxides tend to have BE values
associated with very ionic bonding [32]. Thus, the RE-O bond
becomes less ionic as we progress from the binary rare-earth
oxides to the rare-earth oxyarsenides. Interestingly, the O 1s BE is
virtually the same for differently substituted transition metals
(cf. 530.04eV in CeFeAsO vs. 530.02eV in CeNiAsO) (Fig. 4a),
consistent with the assertion above that the changes in the
[MAs] layer have little effect on the [REO] layer. The O 1s BE

a
O 1s

0

T

=3

g

S

> %

= CeNiAsO

j =y

j 3

=

534 532 530 528

BE (eV)

b

)

T

3

s

S f

& GdFeAsOf | :

c Pl

[J]

E

534 532 530 528

BE (eV)

Fig. 4. O 1s XPS spectra for (a) CeFeAsO vs. CeNiAsO and (b) LaFeAsO vs. GdFeAsO.
The spectra are offset for clarity. The vertical dashed lines mark the O 1s BE. The
second peak at higher BE is attributed to a surface contaminant.

530.4

REFeAsO

i
g,

++CE |
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0 1s BE (V)

530.0

529.9

529.8

Fig. 5. Plot of O 1s BE vs. RE-O distance in REFeAsO (RE=La-Nd, Sm, Gd).

increases perceptibly upon substitution with a smaller RE metal
(cf. 529.94 eV in LaFeAsO vs. 530.31 eV in GdFeAsO) (Fig. 4b). One
possible explanation might be that these BE shifts reflect changes
in the degree of RE-to-O charge transfer, analogous to trends
previously observed in the P 2ps;, BE of metal phosphides as
the electronegativity difference between component atoms is
modified [9,34]. However, this explanation can be ruled out
because the Allred-Rochow electronegativity difference between
RE and O changes by less than 0.05 units upon substitution of La
with Gd [35]. If ground state effects are assumed to be responsible
for this trend, a more careful analysis requires consideration of
the charge potential model, where the BE for an electron in an
atom (E;) is shifted relative to a reference energy (E;°) because of
two factors [36]:

AE; :E,»—E?:kAq,'-i—Aqu/r,j. 1)
j#i

The first term describes intraatomic effects, which scale with
changes in charge on a given atom i, whereas the second term (a
Madelung potential) describes interatomic effects, which scale
with changes in the coordination environment defined by the
surrounding atoms j with charges g; at some distance ry. Since
intraatomic effects are minimal (given the similar electronegativ-
ities of RE atoms), we attribute the BE shifts to interatomic effects
in which changes in ry are significant. As expected, when the RE
component becomes smaller (from La to Gd) and the RE-O
distances decrease, the O 1s BE shifts to higher energy (Fig. 5).
Similar arguments have also been applied to account for the O 1s
BE shifts in binary rare-earth oxides [37].

3.2. [MAs] layer

It is generally accepted that electronic conduction in the
oxyarsenides REMAsO takes place primarily within the [MAs]
layer. Evidence for this electronic delocalization can be sought
through analysis of the M 2p XPS spectra (Fig. S3 in Supplemen-
tary Data). The most prominent feature, as seen in the represen-
tative spectra for CeFeAsO (Fig. 6a) and CeNiAsO (Fig. 6b), is the
asymmetric lineshape exhibited by each of the 2p3, and 2pq);
peaks, which are skewed towards higher BE. This asymmetry,
which is indicative of the electronic delocalization found in
metallic systems, arises when valence electrons, interacting with
the core-hole, are scattered into the continuum of conduction
states above the Fermi edge [38]. The electronic delocalization
also causes the core electrons to experience significant nuclear
screening such that the M 2p BEs are little shifted from those in
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Fig. 6. (a) Fe 2p XPS spectrum for CeFeAsO and (b) Ni 2p XPS spectrum for
CeNiAsO. The inset in (b) highlights the satellite feature. (¢) Ni M-edge XANES
spectra (FLY mode) for LaNiAsO, CeNiAsO, and Ni metal, with the absorption edges
marked by vertical dashed lines.

the elemental metals. The shift in Fe 2p BE is barely discernible
(cf. 707.1-707.2 eV in all REFeAsO members vs. 707.0 in Fe metal
[34]), whereas the shift in Ni 2p BE is somewhat more pronounced
(cf. 853.2eV in CeNiAsO vs. 852.7eV in Ni metal [11]). In both
cases, the slightly higher BE (relative to the elemental metal) is
consistent with the presence of cationic M atoms, but in a

delocalized system such as this, the BE is not necessarily a reliable
indicator [9,34]. Note, however, that a satellite peak is found on
the higher BE side of the Ni 2p5, core-line peak in the spectrum of
CeNiAsO (Fig. 6b). We have previously interpreted this satellite
peak [9,10,25], using either a two-core-hole or a plasmon loss
model [39,40], to provide information about the Ni charge, with
the satellite intensity being proportional to the number of valence
states. Other recent studies suggest that both processes may be
responsible for this satellite feature [41,42]. If a plasmon loss
model is assumed, the satellite peak can be fitted to two
components representing bulk plasmon (higher energy) and
surface plasmon (lower energy) processes. The normalized
satellite intensity (Isatenite/Icore-line) iS lower in CeNiAsO (0.27)
than in elemental Ni (0.38), indicating the presence of fewer
valence states and thus positively charged Ni atoms. Further
evidence for the cationic nature of the Ni atoms is provided by the
higher absorption edge energies in the Ni M-edge XANES spectra
for LaNiAsO and CeNiAsO (66.5 eV), compared to that for Ni metal
(66.2eV) (Fig. 6¢). Spin-orbit-splitting into the M3-edge (3p3;2—
3d) and M,-edge (3p;2—3d) is evident in Ni metal, but not in
LaNiAsO and CeNiAsO, likely because of peak broadening effects.
(The higher-energy peak at 70.3eV is attributed to a surface
oxide.) The invariance of the Ni M-edge energy for LaNiAsO and
CeNiAsO reaffirms the independence of the separate [REO] and
[MAs] layers.

The As 3d XPS spectra for all members of the REFeAsO series
are similar (Fig. S3 in Supplementary Data). The spectra were
fitted to two peaks corresponding to the 3ds;; and 3ds,, spin-
orbit-coupled final states with a FWHM of 1.2-1.3eV in an
intensity ratio of 3:2. There is little difference in 3ds;, BE values
(41.1-41.2eV), as expected because RE substitution has little
effect on the [MAs] layer. These BE values are lower than in
elemental As (41.7(2)eV) [43,44], consistent with the presence of
anionic As atoms, but the small shift reflects considerable
covalency in the M-As bonds. Substitution of the M atoms, which
are directly bonded to the As atoms, does lead to observable shifts
in the As 3ds), BEs. Thus, for example, the As 3ds,, BE is further
lowered in CeFeAsO (41.1eV) than in CeNiAsO (41.4eV) relative
to elemental As (Fig. 7); the greater electronegativity difference
between Fe and As leads to a more pronounced metal-to-As

As 3d
CeFeAsO

CeNiAsO

Intensity (arb. units)

3d

52

44 43 42 41 40 39
BE (eV)
Fig. 7. As 3d XPS spectra for CeFeAsO and CeNiAsO, fitted with 3ds, and 3ds);

component peaks. The vertical dashed line at 41.7eV marks the 3ds;, BE for
elemental As.
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charge transfer and more negatively charged As atoms in
CeFeAsO.

3.3. Valence band spectrum of CeNiAsO

The XPS and XANES spectra presented above confirm the
expectations of largely ionic character in the [REO] layer and
largely covalent character in the [MAs] layer. The discrepancy
with the idealized formulation [RE3*0%~][M?*As®~] arises be-
cause the charge transfer within the [MAs] layer is not as extreme
as implied by these charges. Indeed, if such BE correlations are
taken at face value, the As 3ds;; BE in these oxyarsenides
corresponds to a charge closer to 1— than 3— [43]. One way to
recover the chemically valuable concept of valence state is to
interpret the experimental valence band spectra through an
electron population analysis, as we have applied to other
compounds, including the LaMAsO (M=Fe, Co, Ni) series
[11,12,24,25,34,44]. In this procedure, an experimental valence
band spectrum is compared to a calculated density of states,
whose separate atomic projections can be used as a guide to
assign individual component peaks. Several band structure
calculations, at varying degrees of rigour, have been performed
for these oxyarsenides REMAsO [11,45-51]. Here, we are inter-
ested in fitting the spectrum of CeNiAsO, and in particular, to
determine if the 4f states in trivalent cerium can be detected.

The XPS valence band spectrum for CeNiAsO is shown in
Fig. 8a. By comparison to calculated band structures, in particular
that of LaNiAsO [11], the spectrum can be fitted to Ni 3d states
at low BE, As 4p/0 2p states at intermediate BE, and As 4s states at
high BE, with substantial mixing of the first two sets. In
agreement with predictions that the Ce 4f states should lie near
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Fig. 8. (a) XPS valence band spectrum for CeNiAsO, fitted to component peaks as

assigned in Table 3. (b) Valence band spectra for LaNiAsO and CeNiAsO, overlapped
to highlight the location of Ce 4f states.

the Fermi edge [47], the valence band spectrum of CeNiAsO
exhibits higher intensity at 1-2 eV when it is overlapped with that
of LaNiAsO (Fig. 8b). These Ce 4f states are represented by peak 1.
The Ni 3d states are split by a tetrahedral crystal field into t, (3ds/2
as peak 2) and e sets (3ds)2 and 3ds); as peaks 3 and 4, in a fixed
intensity ratio of 3:2 and with somewhat greater FWHM because
of metal-metal bonding interactions involving the 3d._,.
orbitals) [50,51], with asymmetric lineshapes to higher BE to
account for Doniach-Sunji¢ broadening. The As 4p (peak 5)
and O 2p (peak 6) states were each modeled as single peaks
only because of the small energy difference between the nps;; and
np12 spin-orbit-split final states. (The O 2p peak appears smaller
because of its much lower photoionization cross-section [52,53].)
The As 4s states (peak 7) account for the isolated region at high
BE. The relative intensity and peak positions of these Ni, As, and O
states in CeNiAsO were constrained to have similar values as in
LaNiAsO [11].

In principle, the fractional electron population for each state i
depends on the integrated peak area I;, corrected for the
photoelectron cross-section ¢; and the inelastic mean free path
(IMFP, 4;). However, the IMFP can be neglected because it is the
same for all photoelectrons, which travel through the same
medium with similar kinetic energies. The fractional electron
population then simplifies to [54]:

G= L% @

> L/oi

j=1

Multiplying C; by the total number of valence electrons gives
the electron population per formula unit for a given state.
The O 2s states are located well below the Fermi edge and
are assumed to be fully occupied [55,56]. The results of
this fitting, applied to two separate samples and using two
different sets of photoelectron cross-sections, are summarized in
Table 3. The charge distribution obtained from this analysis,
[Ce?2* 020~ |[Ni>1*As30~], agrees well with the formal charge
assignment based on the assumption of full electron transfer. The
separate [Ce0]%°* and [NiAs]%°~ layers are then held together by
ionic interactions, similar to conclusions reached from a Bader
analysis on LaFePO [57].

Table 3
Electron population (e ~) of valence states and charge distribution in CeNiAsO.

Atomic photoelectron Sample 1 Sample 2
cross-section, o
Ref. [52]*  Ref. [53]°  Ref.[52]*°  Ref. [53]"
Electron population
Ce 4f (peak 1) 1.0 0.8 1.4 1.2
Ni 3d t, (peak 2) 34 3.1 3.5 3.2
Ni 3d e (peaks 3, 4) 4.9 4.5 4.8 4.3
As 4p (peak 5) 71 6.8 6.4 6.0
0 2p (peak 6) 5.7 6.2 5.8 6.2
As 4s (peak 7) 0.8 1.6 1.1 2.2
Total no. of e~ 23 23 23 23
Charge
Ce 3.0+ 3.2+ 2.6+ 2.8+
Ni 1.7+ 24+ 1.7+ 2.5+
As 29— 34— 25— 32—
(0] 1.7— 22— 1.8— 22—

Average charges [Ce*°*0%°~][Ni>1*As30~]

2 Cross-section values, expressed relative to the C 1s cross-section of
13,600 barns, are: 0.06945 (Ce 4f), 0.19895 (Ni 3d), 0.06045 (As 4p), 0.1357
(As 4s), and 0.00965 (O 2p).

b Cross-section values, in units of megabarns, are: 0.0022 (Ce 4f), 0.0059
(Ni 3d), 0.0017 (As 4p), 0.0018 (As 4s), and 0.00024 (O 2p).
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4. Conclusions

A comparison of the XPS and XANES spectra of the REFeAsO
(RE=La-Nd, Sm, Gd) and RENiAsO (RE=La, Ce) series reveals
minimal energy changes in the [MAs] layer but substantial ones in
the [REO] layer as the RE component is varied. However, the shifts
in the O 1s BEs do not arise from intraatomic effects involving a
change in charge, but rather from interatomic effects reflecting
the change in the Madelung potential as the RE-O distances are
modified. The As 3d BEs in the REFeAsO series and the Ni L-edge
energy in the RENiAsO series are insensitive to RE substitution,
supporting the oft-made assertion that the [REO] and [MAs] layers
can be treated independently. Although the As and O atoms are
both found to be anionic, the shifts in the As 3d BEs are much less
pronounced that those in the O 1s BEs, an indication of strong
covalent character in the [MAs] layer and strong ionic character in
the [REO] layer. The asymmetric lineshapes in the M 2p XPS
spectra provide evidence for electronic delocalization within the
[MAs] layer. The presence of trivalent cerium is confirmed from
the Ce 3d XPS and Ls-edge XANES spectra of CeFeAsO and
CeNiAsO. Furthermore, a Ce 4f component can be detected in the
valence band spectrum of CeNiAsO.
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