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Abstract 

 

 Given the wide range of properties and applications of intermetallic compounds, it is 

important to achieve a detailed understanding of their structure and bonding.  X-ray 

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

used to study the electronic structure of several types of pnictides (compounds containing Pn = 

P, As). 

 ZrAs2, forming a PbCl2-type structure, has been established to be a genuine binary phase 

that is strictly stoichiometric. At 900 °C, it supports extensive solubility of Ge to form the 

ternary extension Zr(GexAs1−x)As (0 ≤ x ≤ 0.4).  XPS analysis and band structure calculations 

confirmed that the Ge and As atoms are anionic in character and that the substitution of Ge for 

As is driven by a depopulation of anion–anion antibonding states.  

ZrCuSiPn and REMAsO are important representatives of ZrCuSiAs-type materials.  The 

small magnitudes of the binding energy shifts in the XPS spectra of ZrCuSiPn suggest 

significant covalent character in the Zr–Si, Zr–Pn, and Cu–Pn bonds, consistent with a three-

dimensional structure.  On progressing from ZrCuSiP to ZrCuSiAs, the charge transfer from 

metal to Pn atoms becomes less pronounced, as indicated by changes in the intensity of the Cu 

K-edge and Zr K, L-edge XANES spectra.  Binding energy shifts and satellite features of the 

XPS spectra of REMAsO indicated that bonding in the [REO] layer is ionic, whereas bonding in 

the [MAs] layer is strongly covalent.  Altering the electronic structure of one layer (by M or RE 

substitution) does not affect the electronic structure of the other layer, consistent with a two-

dimensional structure in REMAsO. 



Metal-rich phosphides M2P (forming Cr2P-, Fe2P-, and Co2P-type structures) and M3P 

(forming Ni3P-type structures) were examined by XPS and XANES.  The P 2p3/2 binding and P 

K-edge absorption energies decrease with greater ionic character of the M−P bonding and 

indicate the presence of anionic phosphorus.  Interatomic effects play a more important role in 

affecting the energy shifts in these metal-rich phosphides than in the monophosphides, becoming 

more pronounced with higher metal concentration.  Surprisingly, intraatomic effects dominate in 

mixed-metal phosphides (Ni1-xMx)2P despite evidence of metal-to-metal charge transfer from the 

Ni XANES spectra and Ni 2p XPS satellite features. 
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Chapter 1 

 

Introduction 

 

 

 

1.1  Introduction 

Most chemists are familiar with the covalent bonding that occurs in molecular substances 

(typically organic or organometallic), which follow simple electron-counting rules, such as the 

octet rule or the 18-electron rule.  The basis behind these rules is generally well-understood, 

when molecular orbital theory is applied.  In contrast, solid-state extended structures are often 

assumed to exhibit mostly ionic bonding, with the formation of cations and anions taking place 

when electrons are completely transferred from the electropositive to the electronegative 

component.  Sadly, this assumption is quite erroneous.  Even in a compound like CsF, with the 

largest possible difference in electronegativity, the bonding consists of 92 % ionic character 

(based on the Pauling scale).1  In reality, solid-state compounds exhibit a diversity of bonding 

character with some combination of ionic, covalent, and metallic character.  Nevertheless, the 

assumption works well to account for the familiar structures of many oxides and halides (such as 

TiO2 or NaCl), in which atoms strive to attain filled-shell electron configurations (i.e., octet rule, 

18 e- rule). 

When the difference in electronegativity is less pronounced, as in intermetallics, no 

simple bonding models are applicable.  Intermetallic compounds are defined as alloys consisting 

of two or more metals or metalloids in a definitive composition and having a crystal structure 
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that differs from the other constituents (this definition is often extended to include phosphides or 

silicides).2  Because of the small difference in electronegativity of the component elements, 

bonding in intermetallics is mostly polar covalent or metallic.  For simple intermetallic 

compounds (i.e., binary alloys), electron counting schemes such as the Hume-Rothery rules and 

pseudoatom concepts have been developed.  However, most intermetallics do not obey these 

rules often because of electron delocalization associated with metal-metal bonding.  Theoretical 

methods based on solving the Schrödinger equation for periodic structures (i.e., band structure 

calculations) have also been successful in explaining bonding in these materials.  Despite the 

progress that has been made in understanding intermetallics, researchers have relatively few 

experimental methods at their disposal for examining the nature of bonding in these fascinating 

materials. 

The electronic structure of solids can be probed directly by X-ray spectroscopic 

techniques.  Although X-ray photoelectron spectroscopy (XPS) and X-ray absorption 

spectroscopy (XAS) can be applied, in principle, to intermetallic compounds, the poor resolution 

of earlier instruments made it difficult or impossible to detect small energy shifts.  The much 

improved resolution of modern instruments has now allowed these powerful techniques to be 

applied to intermetallics, particularly the pnictides.3  Pnictides (compounds of P, As, Sb, Bi) 

show a wide range of bonding character.  For example, the Fe-P phase diagram contains 

compounds that exhibit strong covalent bonding (FeP4)4 and those that exhibit primarily metallic 

bonding (Fe3P).5  Progress has been made to identify subtle electronic effects (e.g. next-nearest 

neighbour effects) in the XPS and XAS spectra of model compounds (MP,6 M1-xM'xP,7 MAsyP1-

y
8) when the metal or pnicogen atoms are substituted.  These concepts will be used to study 

bonding in more complicated materials such as metal-rich phosphides (M2P, (M1-xM'x)2P, M3P) 
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and mixed-cation/mixed-anion pnictides (ZrCuSiPn, REMAsO).  In the following sections, the 

bonding models in metal-poor and metal-rich intermetallics are introduced, and the significant 

applications and properties of these materials are discussed. 

 

1.2  Electron counting schemes 

 

1.2.1  Hume-Rothery rules 

William Hume-Rothery was one of the first to correlate crystal structure to electronic 

structure.  He devised simple rules that were originally used to explain bonding in the brass (Cu-

Zn) alloys and later extended to alloys containing other elements of similar size and 

electronegativity (Ag, Sn, Al).9,10  According to these rules, different combinations of elements 

form a specific structure based on their average valence electron concentration (vec), which is 

the ratio of the number of valence electrons to the number of atoms.  In general, there are six 

common brass structure types with known vec values that are listed in Table 1-1.9  Structural 

changes occur with increasing vec when antibonding states begin to be filled, resulting in a 

transformation to a more energically favourable structure. 

 

1.2.2  Zintl-Klemm concept  

Although the Hume-Rothery rules seemed to work well for a small subset of alloys, they 

could not be extended to other intermetallics.  Even some binary phases with a given vec did not 

always form the predicted structure.  For example, Ag3Al and Au3Al have a vec of 1.50 but form 

the β-Mn-type instead of the β-brass structure.10  The rules fail when the electronegativity 

difference between atoms is larger.  Eduard Zintl was interested in these types of intermetallics, 
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particularly those containing an electropositive metal (alkali and alkaline earth metals) and a 

metametal (group 13, 14, or 15).  He and Wilhelm Klemm proposed a straightforward principle, 

now known as the Zintl-Klemm concept, to account for the bonding in these more polar 

intermetallics.  Instead of focusing on the vec, with all components treated equally, it was 

assumed that the more electropositive atom donates electrons to the more electronegative atom 

so that the octet rule is satisfied.10  If the number of electrons transferred to the anion is not equal 

to 8, Klemm proposed the pseudoatom concept to explain how the charges rearrange within a 

structure.  If not enough electrons are transferred to the anion (8-N), an extended covalent 

anionic substructure (i.e., a polyanion) must exist.10  If there are more than 8 electrons available 

to be transferred, then the excess electrons must form an extended covalent cationic substructure 

(i.e., a polycation).10  Intermetallic compounds that conform to these rules are collectively known 

as the Zintl phases.10 

 

 

 

Table 1-1  A survey of the different brass phases including composition and vec.9 

Brass Phase Composition vec 

α Cu1-xZnx  

(0 ≤ x ≤ 0.38) 

1 – 1.38 

β CuZn 1.5 

γ Cu5Zn8 1.62 

ε CuZn3 1.75 

η Cu1-xZnx  

(0.98 ≤ x ≤ 1) 

1.98 – 2 
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1.2.3  Polyanionic substructures 

Over the years, the Zintl-Klemm concept has been applied to many intermetallics.  Here, 

this concept will be used to illustrate bonding in two intermetallic compounds: Zr(SixAs1-x)As 

and ZrCuSiAs.  Although their full structures will be discussed later, this section will focus on 

their anionic substructures. 

Zr(SixAs1-x)As adopts the PbCl2-type structure, which features a three-dimensional 

network containing four-atom-wide anionic ribbons of As and Si atoms (Figure 1-1a).11  Of the 

two possible anionic sites, Si prefers to occupy the interior site (As1/Si1).  The As1/Si1-As1/Si1 

bond is shorter than As1/Si1-As2 bonds.  If the Zintl-Klemm concept is applied, it can assumed 

that the more electropositive Zr atoms transfer their valence electrons to the more electronegative  

Si and As atoms.10,12  The As2-As1/Si1 (2.837Å) bonds, which are longer than the sum of the 

Pauling metallic radii (As-As 2.48 Å; As-Si 2.41 Å; Si-Si 2.34 Å), are assumed to be weak two-

centre-one-electron (2c-1e-) bonds.1,11  The shorter As1/Si1- As1/Si1 bonds (2.482Å) are similar 

to those predicted from Pauli radii and are assumed to be two-centre-two-electron (2c-2e-) 

bonds.1,11  With these assumptions, the electron counts are 5e- for As1/Si1 and 7e- for As2.  As 

such, the As atoms have a charge of either 0 (As1) or 2- (As2), and Si atoms have a charge of 1-. 

The ZrCuSiAs-type structure is often viewed as a filled variant of the PbFCl-type 

structure13 (adopted by phases in the ZrSi2 – ZrAs2 system).11  Si atoms form a square net with 

Si-Si bonds of ~2.8 Å (Figure 1-1b).13  As with the assignments above, these bonds are 2c-1e- 

bonds with each Si atom having 6 electrons and a formal charge of 2-. 
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1.3  Bonding in metal-rich phases 

Although the Zintl-Klemm concept can be extended to explain the bonding in metal-rich 

phases, through the introduction of polycationic substructures, a more rigorous approach is 

desirable.  In this section, we describe how band structure calculations are applied to 

intermetallic compounds. 

 

1.3.1  Band structure 

The nature of orbital interactions in extended solids can be extrapolated from molecular 

systems.  Many of the intermetallic compounds treated in this thesis contain Ni atoms in 

tetrahedral coordination environments.  Molecular complexes of Ni atoms also adopt tetrahedral 

geometry, although this is less common than square planar geometry.  In molecular orbital (MO) 

theory, the σ-bonding framework is derived from linear combinations of metal (Ni2+) and groups 

of ligand (L) atomic orbitals that transform as the same symmetry within the Td point group 

(Figure 1-2).14  The result is familiar:  four M–L bonding levels (t2, a1) that are fully occupied 

with electrons, four M–L antibonding levels (a1
*, t2

*) that are empty, and five more metal-based  

Si 

As1/Si1 As2 

a) b) 

Figure 1-1  The anionic Si/As substructures showing the electron counting scheme for (a) 
Zr(Si1-xAsx)As and (b) ZrCuSiAs. 
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levels split into a nonbonding e (3dz2, 3dx2–y2) and antibonding t2 (3dxy, 3dxz, 3dyz) sets of MOs that 

are partially filled with electrons. 

In an extended solid, there are an infinite number of atoms, and thus orbitals, to combine.  

Moreover, intermetallic phases may be subject to partial disorder of different atoms in one site.  

Nevertheless, it is often possible to visualize the structures of intermetallic phases as being built 

from molecular fragments.  For example, metal-centred tetrahedra could be connected to form 

three-dimensional framework by sharing corners (Figure 1-3a) or edges (Figure 1-3b).  In the 

latter case, metal atoms are brought close enough to each other that orbital overlap may occur to 

form metal-metal bonding.  The occurrence of both ML and MM bonding creates the interesting 

mix of polar covalent and metallic character that ultimately influences the properties of 

intermetallics. 

Figure 1-2  Molecular orbital diagram of a tetrahedral (NiL4)2+ complex.  Diagram was 
constructed using information from reference 14. 
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Determining the electronic structure of an extended solid takes advantage of the inherent 

periodicity of the crystal structure, but the general approach, taking linear combinations of 

atomic orbitals, is the same as for molecules.15  Consider a one-dimensional chain of Ni atoms 

separated by a constant spacing a (Figure 1-4a).  Associated with each atom is a basis function 

(e.g. a 3d orbital), χn.  The permitted linear combinations of these basis functions that conform to 

the translational symmetry of this infinite chain are restricted to: 

∑=
n

n
ikna

k e χψ               (1-1) 

where the wavevector, k, is quantized and is restricted to unique values in the range 
a

k
a

ππ
≤≤− .  

These linear combinations are called Bloch functions (an “infinite” molecular orbital, in a sense, 

or a “crystal orbital”) and the range of k is called the first Brillouin zone (a unit cell in reciprocal 

space).15 

 Two important Bloch functions that can be easily visualized are at k = 0 and k = 
a
π . 

Figure 1-3  (a) Corner-sharing and (b) edge-sharing tetrahedrons with M–M separations noted. 

b) a) 
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In other words, 0ψ  represents the all-in-phase combination of atomic orbitals, whereas 
a
πψ  

represents the all-out-of-phase combination.  Whether these are bonding or antibonding 

interactions depends on the type of orbitals being combined.  A plot of the energies of kψ  vs. k is 

called a band dispersion diagram (Figure 1-4b); note that it is sufficient to plot in the range 

a
k

a
ππ

≤≤−  because the energy bands are always symmetric about the centre of the Brillouin 

zone.15  Although there are a finite number of states (because k is quantized) they are located so 

closely in energy that the plot is quasi-continuous and it becomes convenient to connect these 

discrete states by lines (energy bands).  The number of states per energy increment, called the 

density of states (DOS), is a transformation of this reciprocal space picture to one in real space; it 

is inversely proportional to the slope of Ek vs. k (Figure 1-4b).15  For metallic systems, like the 

compounds discussed in this thesis, the Fermi energy (EF) cuts the DOS.  For semiconductors 

and insulators, EF will fall between a filled valence band and an empty conduction band. 

In the same way as for molecular orbital calculations, it is possible to perform an overlap 

population analysis to evaluate the bonding character of these Bloch functions for a specified 

type of interaction.  For a solid, this is called a crystal orbital overlap population (COOP), 

(Figure 1-4d), which results from multiplying the DOS by the matrix elements of the overlap 

integral.15  The interpretation is that states can be evaluated as being bonding (positive), 

nonbonding (zero), or antibonding (negative) with respect to a specified interaction by inspecting 

the sign of the COOP. 
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It is important to realize that applying the Schrödinger equation to a solid with an infinite 

number of atoms is a very challenging problem, involving the consideration of the Coulomb 

potential of nuclei, the Hartree potential, and exchange-correlation potential.  An attractive 

approach to treat this problem is density functional theory (DFT), which reduces the many-

electron problem to one in which the potentials can be evaluated through the one-electron Kohn-

Sham equation.16  A standard DFT method applied to band structure calculations makes use of 

the Stuttgart tight-binding linear muffin-tin orbital (TB-LMTO) program, within the local 

Figure 1-4  (a) A 1-D chain of Ni atoms separated by a distance a.  (b) The band structure, (c) 
density of state (DOS), and (d) crystal orbital overlap population (COOP) curves for the Bloch
functions of Ni 3dx2–y2 orbitals. 

0χ 1χ 2χ 3χ
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density approximation (LDA) and atomic sphere approximation (ASA).17  Potential functions are 

characterized by “muffin-tin” spheres whose radii depend on the type of atom and by empty 

spheres of zero potential energy to model void space within the unit cell.  In DFT techniques, the 

COOP curve is replaced by a crystal orbital Hamilton population (COHP) curve, in which the 

DOS is now weighted by matrix elements of the Hamiltonian instead of the overlap integral.  

Unlike the COOP curve, which is calculated as an average over all bonds within the unit cell, the 

COHP curve involves the summation of bonds within the unit cell.16 

 

1.3.2  Bonding in Ni2P 

 The metal-rich compound Ni2P serves as a good illustration of how the electronic 

structure of a solid is described.  Ni2P forms the Fe2P-type structure (Figure 1-5a) with Ni atoms 

occupying two coordination sites: tetrahedral (surrounded by four P atoms) and square pyramidal 

(surrounded by five P atoms).18  The Ni atoms form an extensive metal-metal bonding network 

(not evident from the figure), which prevents full electron transfer to the P atoms.  The DOS 

curve (Figure 1-5b) can be interpreted as follows:  Because the Fermi level cuts through a finite 

DOS, Ni2P is metallic, in agreement with expectation.  Inspection of the partial DOS of the P 

atoms reveals that there are unoccupied states, implying that P atoms have an incomplete octet.  

The partial DOS of the tetrahedrally coordinated Ni atoms encompasses two broad regions, 

representing the e and t2 states, but these are broadened in energy because of additional Ni–Ni 

interactions. 
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1.4  X-ray Diffraction 

The traditional methods which work so well for determining the structures of molecular 

substances fail for most extended solids, especially intermetallic compounds (e.g., the lines in 

Figure 1-5  (a) The structure of Ni2P forming the Fe2P-type structure. (b) The density of states 
(DOS) curve of Ni2P highlighting the total DOS (Black line), and the partial DOS for the 
tetrahedral Ni (Red line) and P (Blue line). 
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NMR spectra are severely broadened because of unpaired electrons in transition-metal and rare-

earth atoms).  Instead, X-ray diffraction (XRD) is the most important method for structure 

determination.  The principle of XRD is that when X-rays are scattered by a periodic 

arrangement of atoms in a crystalline solid, they undergo constructive and destructive 

interference.19  The resulting diffraction pattern can be modeled as if X-rays are reflected off sets 

of lattice planes (described by Miller indices (hkl)) at specific angles, according to Bragg’s law 

(Figure 1-6):19 

λθ nd hklhkl =sin2                           (1-4) 

where λ is the wavelength of the radiation source (typically Cu Kα (Å) or Mo Kα (Å)), dhkl is the 

spacing between adjacent lattice planes, θ is the angle of reflection, and n the order of reflection.  

Because reflections of higher order n are equivalent to first-order reflections of planes (nh, nk, 

nl), this can be simplified and rearranged to: 

hkl
hkl d2

sin
λθ =

                                     
(1-5) 

The diffraction angles (usually expressed as 2θ, which is the angle between the incident and 

diffracted beam) depend on the unit cell parameters, whereas the intensities of the diffraction 

peaks depend on the type and positions of atoms within the unit cell. 

 Figure 1-6  The derivation of Bragg’s equation. 
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X-ray diffraction studies are best performed on single-crystal samples.  There are 

typically three stages to solving a crystal structure: i) data collection, ii) finding a trial structure, 

and iii) refinement of the trial structure.20  A single crystal is mounted onto a glass fiber and  

diffraction angles are analyzed to determine the lattice symmetry and unit cell dimensions.  From 

the measured intensities of thousands of reflections, a structure-solving program, such as 

SHELXTL,21 makes use of probabilistic theories (direct methods) to propose a trial structure.  

For compounds of a known structure type, such as those discussed in this thesis, atomic positions 

can also be easily estimated from known compounds.  Least-square refinements are performed to 

minimize the sum of the deviations between the squares of the observed and calculated 

intensities.  A structure refinement is generally considered to be acceptable when the residual (R-

value) is less than 0.10 and the goodness-of-fit (S) is close to 1.20,22 

 In some cases, it is not possible to grow good single crystals, perhaps because they are 

too small or suffer from twinning.  In these situations, XRD data can be collected on powder 

(microcrystalline) samples.  Since a powder contains crystallites in random orientation, only 

averages of all peaks are collected when the sample is irradiated.22  The intensities of reflections 

are measured over a wide range of 2θ (0-100o).  Powder XRD is a powerful technique for 

qualitative phase analysis through matching of experimental powder patterns to model 

compounds (as illustrated for Ni2P in Figure 1-7).  For new compounds of unknown structures, it 

is difficult to determine the structure from the powder diffraction pattern.  If the structure is 

known, it is possible to fully refine it using the Rietveld method, in which the entire powder 

pattern is fitted in small steps.23  Full profile Rietveld refinement can be performed using a 

number of software packages, such as Fullprof24 and LHPM-Rietica.25 
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1.5  Properties and applications 

 

1.5.1  Rare-earth transition metal pnictide oxides REMPnO 

First discovered 20 years ago and originally mistaken as ternary pnictides, the quaternary 

rare-earth transition-metal pnictide oxides (or “oxypnictides”), REMPnO (RE = rare-earth, M = 

transition metal), show promise as a new series of materials with varied physical properties.26,27  

Figure 1-7  The experimental (black line) and theoretical (gray line) powder XRD patterns of 
Ni2P.  This diffraction pattern was collected on an Inel powder X-ray diffractometer using a Cu 
Kα X-ray source. 
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They range from metals,27 magnetic semiconductors,28,29 antiferromagnets,30 and, most 

extraordinarily, superconductors at relatively high critical temperatures (TC).31  These properties 

are derived from the occurrence of alternating [REO] and [MPn] layers in the ZrCuSiAs-type 

structure, an important type that will be detailed later. 

A superconductor exhibits zero electrical resistance below a critical temperature TC.32  

Three parent pnictide oxides are superconducting at modest temperatures:  LaFePO (TC = 7 K),28 

LaNiPO (TC = 4 K),33 and LaNiAsO (TC = 2.4 K).34  However, TC can be raised dramatically 

through appropriate doping, most commonly by electron doping through substitution of O2- with 

F-, or RE3+ with Th4+,35 and less commonly by hole doping through substitution of RE3+ with 

Sr2+.36  Various doping methods have lead to the discovery of a large number of 

superconductors. Some of the more notable examples are listed in Table 1-2. 

 

 

 

Table 1-2  The critical temperature (TC) of various rare-earth transition-metal arsenide oxides. 

Compounds Critical Temperature 
(TC) 

Gd1-xThxFeAsO35 56 K 

SmFeAsO1-xFx
48 54.6 K 

PrFeAsO1-xFx
49 52 K 

NdFeAsO1-xFx
50 51 K 

LaFeAsO1-xFx
31 43 K 

GdFeAsO1-xFx
51 36 K 

Pr1-xSrxFeAsO36 25 K 

LaFe1-xCoxAsO52 13K 
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The occurrence of superconductivity in these compounds is puzzling and mysterious, 

most notably because the presence of magnetic ions like Fe2+ is normally incompatible with 

superconductivity.  According to BCS theory (named after Bardeen, Cooper, and Schrieffer), 

conventional superconductivity arises from the formation of electron pairs through strong 

electron-phonon coupling.37  However, BCS theory fails to explain high-TC superconductivity 

where electron-phonon interactions would be too disrupted by thermal fluctuations.38  The 

pnictide oxides show intriguing similarities to the high-TC cuprates, which were first discovered 

in 1986 and now have TC’s as high as 150 K.39,40  Both adopt layered structures with the 

conduction along [CuO] planes being analogous to that along [MPn] layers.  This two-

dimensionality is believed to be the key feature of high-TC superconductivity.39,41 

In the cuprates, a temperature-dependent pseudogap (a region near EF that contains very 

few energy states) opens up below TC, which allows electrons to move along the surface of the 

[CuO] planes.42  Evidence for a similar pseudogap, consisting of mostly Fe 3d orbitals, has now 

been reported in the pnictide oxides.  This suggests that electrons in the [MPn] layer may be 

involved in superconductivity.43-45  However, a recent study on single crystal LaFePO has 

suggested that the pseudogap is an artifact of previous studies using polycrystalline samples.46  A 

more controversial explanation is that antiferromagnetic spin fluctuations are the cause of 

superconductivity.47 

 

1.5.2  M2P and M3P phosphides 

 Metal-rich phosphides M2P exhibit a wide range of magnetic properties, by virtue of the 

unpaired electrons provided by the transition metal (M = Mn, Fe, Co, Ni).  Mn2P exhibits 

antiferromagnetic behaviour, in which the magnetic moments are aligned in an antiparallel 
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fashion below a Néel temperature (TN) of 103 K.53  Fe2P exhibits ferromagnetic behaviour, in 

which the magnetic moments are aligned in a parallel fashion below a Curie temperature (TC), 

variously reported to be 266 K (Bailey and Meyer),54,55 306 K (Chiba),56 and 209 K (Fujii).57  

Neutron diffraction studies have shown that the two Fe centres have different magnetic moments, 

with the 4-coordinate Fe atoms having the smaller magnetic moment.58  Co2P and Ni2P exhibit 

Pauli paramagnetic behaviour in which the delocalized conduction electrons of these metallic 

solids split in energy such that there is a slightly greater population of spins parallel instead of 

antiparallel to the external magnetic field, resulting in a small, positive, and temperature-

independent magnetic susceptibility.59 

 The properties of solid solutions based on M2P have also been investigated.  Mixed-metal 

phosphides (M1-xM'x)2P (where M' is the more electronegative) undergo magnetic phase 

transition with metal substitution.  For example, (Mn1-xFex)2P changes from antiferromagnetic to 

ferromagnetic when x exceeds 0.98.60  (Fe1-xNix)2P is ferromagnetic with TC at a maximum of 

342 K at x = 0.1, diminishing to 100 K as x increases before reverting to Pauli paramagnetic 

behaviour at x = 0.8.61  MnFeTtyP1-y (Tt = Si, Ge) is ferromagnetic, with TC increasing as both y 

and the c/a ratio increase.62 

 Perhaps the most attractive application of these mixed-metal phosphides (M1-xM'x)2P is as 

potential candidates for magnetic refrigeration.  Compared to vapour-cycle refrigeration, 

magnetic refrigeration is more environmentally friendly and energy efficient.63  It is based on the 

magnetocaloric effect (MCE), a phenomenon first observed in iron metal in which a change in 

temperature is induced upon exposure to an external magnetic field because of the onset of 

magnetic ordering.64  In the magnetic refrigeration cycle (Figure 1-8), a magnetic material is 

initially isolated from the system to be cooled.  When an external magnetic field is applied, 
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randomly oriented magnetic moments suddenly align, this ordering decreasing the overall 

magnetic entropy (∆S).  Under adiabatic conditions, there is an equal but opposite change in the 

entropy of the lattice, which is manifested by an increase in temperature (∆T).64,65  This change 

in temperature can be determined by the Maxwell relation:64,65 

BT T
M

B
S









∂
∂

=







∂
∂

              
(1-6) 

 

 

 

where M is the magnetization of the magnetic material in the external magnetic field B.  At this 

point, a heat transfer fluid (either a liquid or gas) is put in contact with the magnetized system 

Figure 1-8  A schematic representing of the magnetic-refrigeration cycle constructed using 
information from reference 65. 
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and removes the excess heat.  When the external magnetic field is then reduced to zero, the 

magnetic ordering is disrupted and the magnetic moments are once again randomized.  This 

disordering causes a sudden increase in ∆S and the temperature is decreased by ∆T.  The 

magnetic material is returned to its initial temperature (Ti) by withdrawing heat from the material 

to be cooled so that the process can be repeated.  The most viable magnetocaloric materials for 

magnetic refrigeration are ferromagnets that order near or above room temperature and induce a 

large ∆S.63,64  Competing with the “giant MCE” material Gd5Ge2Si2 (∆S = 14.5 J⋅kg-1⋅K-1),66 the 

transition-metal pnictide MnFeP0.45As0.55 (Fe2P-type) has, coincidentally, a maximum ∆S of 14.5 

J⋅kg-1⋅K-1 under an external field of 2 T above 300 K.63  Despite a lower ∆S of 2.0 J⋅kg-1⋅K-1 

(under 2T), (Fe0.975Ni0.025)2P is also a promising candidate because its TC is above 300 K.67  

Work is in progress to improve ∆S in Fe2P-type materials by fine-tuning their composition. 

 The phosphides M2P have also been identified as catalysts for hydrodesulfurization 

(HDS),68 hydrodenitrogenation (HDN),68 and hydrodechlorination (HDC) processes,69 which 

remove S, N, and Cl, respectively, from hydrocarbons.  The catalytic activity increases in the 

order Fe2P < Co2P < Ni2P.68,70-72  Ni2P supported on SiO2 is more active than the commercial 

catalyst Ni-Mo-S/SiO2 (HDS 98% vs. 78%; HDN 80% vs. 43%).68  Backbonding from P to Ni 

atoms is believed to stabilize the Ni 3d states, enhancing the ability of the Ni sites to be adsorbed 

with S- and N-containing compounds on the metal-rich (001) surface of Ni2P.73  Evidence to 

support this proposal comes from the observation that doping Ni2P with Co enhances the 

activity, showing that occupation of metal 3d states is important.74  However, the catalyst support 

also plays a role since Si-based supports tend to perform better than alumina supports (which 

bond too strongly to P atoms of Ni2P, but carbon-coating partly mitigates against this 
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problem).75,76  Finally, new efforts are being made to increase surface area by developing 

nanoparticles of Ni2P.77,78 

Although not as well investigated as M2P, the even more metal-rich phosphide Ni3P also 

exhibits catalytic activity in HDC, HDS and HDN processes.69,79-81  Ni3P is a potential industrial 

coating stable up to 400 0C and has been identified as a major component in meteorites.82-84  

Applications of other related phases have not been investigated.  In terms of magnetic behaviour, 

Fe3P is ferromagnetic (TC = 716 K),54 Mn3P is antiferromagnetic (TN = 115 K),55 and Ni3P and 

Cr3P are Pauli paramagnetic.85 

 

1.6  Studying the electronic structure of metal pnictides via X-ray spectroscopy 

Despite the importance of many of these metal pnictides, their electronic structures have 

not been well investigated by experimental means.  The goal of this thesis is to apply XPS and 

XAS to understand their electronic structures.  Chapter 3 describes the ZrGe2-ZrAs2 phase 

diagram and an XPS study of ZrAs2 and Zr(Ge1-xAsx)As.  Chapter 4 discusses the electronic 

structure of ZrCuSiPn phases.  Chapters 5 and 6 discusses the electronic effects of altering the 

[MAs] and [REO] layers, respectively, in REMAsO.  Chapters 7 and 8 discuss the electronic 

structures of the metal-rich binary (M2P, M3P) and ternary ((Ni1-xMx)2P), respectively, as a 

extension of the studies of MP and M1-xM'xP phosphides.  In the next chapter, XPS and XAS are 

described in detail, and their applications and interpretation are discussed. 
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Chapter 2 

 

X-ray spectroscopy 

 

 

 

2.1  Introduction 

 In this thesis, X-ray photoelectron spectroscopy (XPS) and X-ray absorption 

spectroscopy (XAS) are applied to study the electronic structure of intermetallics.  By analyzing 

shifts in energy and spectral features, we can infer information about bonding, oxidation states, 

and coordination environment.  XPS can be performed in-house in a laboratory setting, whereas 

XAS requires the use of synchrotron radiation available only in large-scale facilities like the 

Canadian Light Source (CLS) and Advanced Photon Source (APS). 

 

2.2  X-ray photoelectron spectroscopy 

 XPS is a powerful technique normally used to examine the electronic structure of 

surfaces, but with appropriate sample preparation, bulk solids can be examined as well.  Also 

known as electron spectroscopy for chemical analysis (ESCA),86 XPS is capable of detecting all 

elements except H and He.87-89  First developed by Siegbahn in 1954, XPS makes use of the 

photoelectric effect, a phenomenon discovered by Hertz in 1887 and later explained by Einstein 

in 1907.86  When an atom M absorbs electromagnetic radiation (such as X-rays), an electron 

(called a photoelectron) is ejected: 

−+ +→ eMM hυ
               (2-1) 
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Properly formulated, the binding energy (BE) of this electron is the difference in energy between 

the final state (Efinal), represented by M+ with N-1 electrons, and the ground state (Eground), 

represented by M with N electrons.86,88  In the XPS experiment (Figure 2-1), electrons emanating 

from different orbitals are successively ejected with specific kinetic energies (KE).  The energy 

of the absorbed X-ray photon is equal to the energy needed (BE) to bring an electron from its 

ground state to the Fermi edge (EF), the energy needed (called the work function φ) to bring it to 

the vacuum (EV), and finally its KE when it is ejected:86,88 

ϕυ ++= BEKEh                                    (2-2) 

Although φ depends on the spectrometer and the sample, it can be fixed to a constant value by 

grounding the sample, which pins the Fermi edge of the sample and spectrometer to the same 

energy. 

 Figure 2-1  The ejection of a 2p electron from a Ni atom bombarded by X-ray energy. 
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 In the early development of XPS, the ejection of a photoelectron was viewed as an 

ionization event in which the BE was interpreted as the first ionization energy from a given 

orbital.86,88  This assumption that one-electron wavefunctions can be considered in isolation, 

known as Koopmans’ theorem, worked well for s orbitals, which have zero orbital angular 

momentum (l = 0).86,88  However, as instrument resolution improved, it could not account for the 

two peaks observed for p, d, and f orbitals, which have non-zero orbital angular momentum 

(Figure 2-2).  These two peaks arise because the unpaired core electron remaining after 

photoionization can be in a spin-up or spin-down final state.86,88  They are labelled nlj (where n is 

the principal quantum number, l is the orbital angular momentum quantum number, and j is the 

Russell-Saunders coupled (orbital, l, and spin, s) angular momentum, with allowed values 

ranging from l+s to |l–s|), as shown for the 2p3/2 and 2p1/2 peaks in the Ni 2p core-line spectra.  

The relative intensities of these peaks are proportional to the degeneracy of these final states, 

which is equal to 2j+1.86,88  The energy difference between the two final states, known as the 

exchange energy η or spin-orbit splitting energy, depends on l and scales with the atomic number 

Z and the inverse cube of the atomic radius 1/r3, with the spin-up state being lower in energy.85  

The line-width of each peak depends on thermal scattering within the solid, the lifetime of the 

final state, the X-ray source, and the energy resolution of the analyzer.87  In general, the spin-

down final state has a shorter life time than the spin-up final state and will have a slightly larger 

full-width-at-half-maximum (FWHM).87 

A schematic of a modern day XPS instrument is shown in Figure 2-3.  XPS experiments 

are performed under ultra-high vacuum (UHV) at pressures ranging between 10-8 and 10-10 torr 

to prevent residual gas molecules from scattering low-energy electrons, decreasing the signal-to- 
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Figure 2-2  The spin-up (2p3/2) and spin-down (2p1/2) final states of the Ni 2p XPS spectrum.
The Ni 2p XPS spectrum was collected on a Kratos AXIS 165 XPS spectrometer using an Al Kα 
X-ray source (1486.7 eV). 

Spin-Down 

Spin-Up 

880 875 870 865 860 855 850

Satellite Satellite

2p
3/2

2p
3/2

Ni metal
Ni 2p

C
P

S

Binding Energy (eV)

2s 

2p 

1s 

3s 

3p 

4s 

3d 

EF 

E
 φ 

3d 

2s 

2p 

1s 

3s 

3p 

4s 

EF 
φ 

EV 

η 



26 
 

 

noise ratio.87  UHV conditions are achieved using an ion pump.  All XPS instruments are 

equipped with an X-ray source, the most common being monochromatic Al Kα.87  

Monochromatization is achieved by selective diffraction from a known surface of a quartz 

crystal.87  Monochromatic sources are often preferred over achromatic ones because of their 

higher resolution.87  However, an achromatic Mg Kα X-ray source is used when core-line peaks 

are obscured by Auger peaks, which arise when a second electron (Auger electron) is emitted 

with a specific KE (and hence BE) as another possible relaxation mechanism after 

photoionization of the core electron takes place.86,90,91  However, unlike photoelectrons which 

have a fixed BE, it is the KE of an Auger peak that is fixed.  An Auger peak can thus be 

identified because its BE will vary if the excitation source is altered.  In photoemission 

spectroscopy (PES), the variable wavelengths that can be tuned with a synchrotron source are 

used to measure multiple spectra to gain additional information such as the experimental 

DOS.86,92  Although not used in this thesis, ultraviolet photoelectron spectroscopy (UPS) makes 

use of the low excitation energy of a He discharge lamp (21.2 eV) to improve surface sensitivity 

over an X-ray source.86,93 

Once a photoelectron is emitted from a sample, it enters a detector system consisting of a 

transfer lens, an electron energy analyser, and a detector.  The angle between the detector system 

and the X-ray source is fixed at 54.7o to minimize the orbital angular dependence of the 

photoelectrons.86  Photoelectrons in the vacuum are focused on the electron lens via electrostatic 

and magnetic fields.  At the entrance slit of the transfer lens, the KE of the photoelectrons is 

reduced so that all electrons have the same energy.  This retarding energy is known as the pass 

energy; the lower the pass energy, the higher the resolution.86,87  Exiting the transfer lens at the 

same energy, the photoelectrons next enter the electron energy analyzer.  In the Kratos AXIS 165  



27 
 

 

 

spectrometer, photoelectrons encounter opposing potentials along the walls of a concentric 

hemispherical analyser (CHA), with the upper hemisphere having the higher potential, such that 

only those photoelectrons with KE equal to the pass energy reach the detector while others are 

absorbed by the walls.  The most common detector is an electron multiplier tube, which counts 

every electron as an independent event.86,87  Here, a system of 8 channeltron detectors, each 

made of glass impregnated with metal (often lead or vanadium), allows for parallel data 

Figure 2-3  Schematic of an X-ray photoelectron spectrometer.  
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acquisition.  The XPS spectrum is constructed from a plot of intensity (cps) for each BE, 

calculated from equation 2-2 from the KE measured in the transfer lens before the photoelectron 

is retarded to the pass energy. 

 Two types of spectra can be obtained depending on the pass energy.86,88  A survey 

spectrum is collected over a wide BE range (1100–0 eV) with a high pass energy (typically 160 

eV) to identify the elemental composition in the sample (Figure 2-4).  A high resolution 

spectrum is collected over a narrow BE range (<100 eV) with a low pass energy (typically 20 

eV) to observe detailed spectral features and to obtain accurate BE values.  The intensity of a 

core-line peak depends on many factors:88 

λρσKJI =                            (2-3) 

where J is the photon flux, ρ is the concentration of a particular element, σ is the photoelectron 

cross-section, K is a constant term combining all instrumental factors, and λ is the inelastic mean 

free path (IMFP).  The concentration of a given element is proportional to the relative intensity 

of a chosen core-line peak:88 
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                                    (2-4) 

The cross-section, σ, represents the probability of a given photoelectron to be emitted, and 

depends on the type of element and the excitation energy.94,95  The IMFP describes the average 

distance that a photoelectron travels before it is scattered when it collides with other electrons in 

the material.88  Scattering is more pronounced at high BE, resulting in a stepped background in 

the spectrum.  When a path length of 3λ is traversed, the probability of scattering is 95%.88  

Typical values of λ are 10-30 Å.96  The analysis depth, or how far a photoelectron travels 
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through a sample, depends strongly on the take-off angle, θ, between the surface and the 

detector:88 

θλ sin3=d                           (2-5) 

The maximum depth is 3λ (at 90o), corresponding to typical values of 30–90 Å, which may be 

considered to be representative of the bulk solid.  However, as θ is decreased to 0o, only 

photoelectrons near the surface can be ejected, which accounts for the exquisite surface 

sensitivity of XPS.  Studies of photoelectron intensity as a function of θ form the basis of angle-

resolved XPS (ARXPS).97 

Figure 2-4  XPS survey spectrum of Ni metal.  This spectrum was collected on an Kratos AXIS 
165 XPS spectrometer using an Al Kα X-ray source (1486.7 eV). 
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 In high-resolution XPS spectra, the fine structure of core-line peaks is very informative.  

The background is first removed by fitting to a Shirley-type function (which best models the 

energy-loss behaviour).98  Core-line peaks for atoms of main-group elements are commonly 

fitted to a symmetrical lineshape, combining Gaussian and Lorentzian functions.99  In contrast, 

core-line peaks for atoms with unpaired electrons (i.e., transition metals with partly filled d and f 

configurations) are subject to multiplet splitting arising from the occurrence of non-degenerate 

final states.86  This phenomenon can be exploited to distinguish between high- vs. low-spin 

configurations in octahedral complexes, such as those of Fe2+ (3d6).  The Fe 2p core-line peaks 

are asymmetrical in high-spin FeBr2 (t2g
4 eg

2) but symmetrical in low-spin K4Fe(CN)6 (t2g
6 

eg
0).100  Asymmetric lineshapes skewed towards higher BEs are also seen in metallic solids, 

discussed later.  Satellite peaks can be observed because of final state effects, such as the 

occurrence of plasmons when a photoelectron is scattered by valence electrons (as seen in the Ni 

metal, Figure 2-2). 

 The most useful feature of high-resolution XPS spectra is the sensitivity of the BEs of the 

core-line peaks to changes in oxidation state, which alter the degree of nuclear screening.  

Cations have fewer valence electrons, making photoelectrons harder to remove and shifting the 

core-line peak to higher BE.  Anions have more valence electrons, making photoelectrons easier 

to remove and shifting the core-line peak to lower BE.  However, surrounding atoms also affect 

the BE.  For example, the nickel(II) halides have different Ni 2p3/2 BEs (NiF2, 857.8 eV; NiCl2, 

856.6 eV; NiBr2, 855.3 eV) despite a common oxidation state of +2, illustrating a ligand 

effect.100  Bonds to less electronegative ligands are more covalent, resulting in more shared 

electrons screening the nuclear charge, thus lowering the BE, as seen in NiBr2.  Bonds to more 

electronegative ligands are more ionic, resulting in fewer electrons screening the nuclear charge, 
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thus increasing the BE, as seen in NiF2.  The number of surrounding ligands and their distance 

from the absorbing atom also affect the BE.  These interatomic effects will be discussed in later 

chapters. 

 A secondary feature of high-resolution XPS spectra in the region of low BE (20–0 eV) 

corresponds to the valence band.  In the past, valence band analysis was normally performed 

with UPS.88  However, because of the low excitation energy used in UPS, such spectra were only 

representative of the surface and not the bulk of the solid.88  As the name implies, valence band 

spectra examine the states directly involved in bonding.  They are often compared to calculated 

DOS curves.  Oxidation states can also be determined by fitting the valence band, in a procedure 

detailed later.  The shape of the valence band near the Fermi edge depends on the electronic 

properties of the solid.  Metals (such as Ni metal, Figure 2-5) show a sharp cut-off at 0 eV, as the 

Fermi edge cuts a partially filled band.86  Semiconductors and insulators show a drop-off below 0 

eV, as the Fermi edge falls at the top of a filled valence band. 

 

Figure 2-5  Valence band spectrum of Ni metal.  The vertical line at 0 eV represents the Fermi 
edge (EF).  This spectrum was collected on a Kratos AXIS 165 XPS spectrometer using an Al Kα 
Kα X-ray source (1486.7 eV). 
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The electrical properties must be considered in the XPS experiment.  Because electrons 

are emitted from the sample, the surface becomes positively charged, so that the photoelectrons 

may appear to have lower KE (higher BE) than expected.  This charging can be easily eliminated 

in metals, which are conductors, by grounding to the sample holder so that electrons are 

replenished.86  However, charging is a serious problem in insulators, causing not only an 

artificial BE shift, but also line broadening and peak splitting (if there is differential charging on 

the surface).86  A common method to rectify this problem is to apply a charge neutralization, by 

bathing the surface with electrons emitted from a tungsten filament, as done in the AXIS 165 

spectrometer.86  Another method is to calibrate spectra to the adventitious carbon present on all 

surfaces, with the C 1s line set to 284.8 ± 0.2 eV (all XPS spectra in this thesis are referenced to 

the C 1s line set to 284.8 eV).86  For metals, a secondary calibration method is to set the 

maximum of first derivative of the valence band to 0 eV.86 

To probe the electronic properties of the bulk solid, it is important to remove any surface 

oxides, which are not representative of the bulk.  Ideally, it is desirable to analyze a large single 

crystal that has been freshly cleaved.  A process called ion sputtering makes use of an Ar+ beam 

to physically remove atoms from the surface (Figure 2-6).88  Although a destructive technique, 

ion sputtering enables profiling at further depths than achievable by ARXPS.  Care must be taken 

in ion sputtering because there may be unintended consequences:  (i) light atoms may be 

preferentially removed, (ii) ion-induced reactions may occur (such as the reduction of Mn2+ and 

Ce3+),102,103 (iii) prolonged ion-beam exposure may increase the roughness of the surface leading 

to poorer resolution. 
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2.3  X-ray absorption spectroscopy 

 

2.3.1  Synchrotron radiation 

In 1947, researchers at General Electric Research Laboratory in Schenectady, New York 

observed that electrons travelling at relativistic speeds (near the speed of light) and bent by an 

external magnetic field in a particle accelerator lose their energy in the form of electromagnetic 

radiation.104-106  The energy of this synchrotron radiation corresponds to the energy loss of the 

electrons:105 

ρ

4

5.88
E

E =∆
              

(2-6) 

where ρ is the radius of curvature (28 m in the Canadian Light Source (CLS) and 176 m in the 

Advanced Photon Source) and E is the energy of the electron (typically 2-8 GeV depending on 

the facility).105  Synchrotron radiation has several advantages over traditional X-ray sources, 

providing a higher flux (number of photons per second), brightness (flux per vertical angle), and 

brilliance (brightness per source area).105 

Figure 2-6  Schematic for the removal of surface atoms by Ar+ ion bombardment. 

Ar+ 
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 Because first-generation facilities were often parasitic operations on existing high-energy 

physics facilities, the output of synchrotron radiation was limited.107  A huge advancement in 

second-generation facilities was the development of an ultra-high vacuum storage ring (Figure 2-

7).105  Electrons produced in a linear particle accelerator are transported to a booster ring where 

they are accelerated to the desired energy before being injected into the storage ring.108  Bending 

magnets around the circumference of the storage ring accelerate the electrons through Lorentz 

forces, producing a fan of X-rays (Figure 2-8a).105  The dimensions of the electron beam are 

specified by the emittance (ε), which is the product of the standard deviation (σ) and divergence 

(σ') of the beam in the horizontal and vertical positions.105  Normally, the horizontal emittance is 

greater than the vertical emittance, resulting in horizontal polarization.105 

In third-generation facilities, insertion devices are added to the straight sections of the 

storage ring to produce an electron beam of even greater brightness and brilliance.105,107  These 

insertion devices consist of arrays of N pairs of magnets that alternate in polarity, causing 

electrons to follow a sinusoidal path, characterized by a deflection parameter Kid:105 

oidid BK λ934.0=                    (2-7) 

where λid is the magnetic period and Bo is the magnetic field of the insertion device.  Two types 

of insertion devices are wigglers (Figure 2-8b) and undulators (Figure 2-8c).  Wigglers have a 

larger Kid with a magnetic field often greater than that of the bending magnet (e.g. a wiggler with 

N magnetic periods is the equivalent to 2N bending magnets) and a relatively long λid.105  

Undulators typically have smaller magnetic fields and shorter λid so that Kid is close to 1.105  They 

produce pulses of radiation that are out-of-phase with the next pulse so that the white spectrum 

of radiation produced from the bending magnet is replaced by harmonic radiation.  This lowers 

the overall mean energy of the electron but enhances the brightness and brilliance.105  Moreover, 
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unlike bending magnets and wigglers, which produce horizontal polarized radiation, the 

orientation of the magnetic field of the undulator can be changed allowing for control of the 

polarization and enabling the study of magnetic materials using a technique known as X-ray 

magnetic circular dichroism (XMCD).108 

 

 Figure 2-7  Schematic for a synchrotron storage ring. 

Particle 
accelerator 

Insertion device Bending magnet 

Beamline RF cavity 

Storage ring 

Booster Ring 

Quadrupole/sexupole 
magnets 



36 
 

 

 

 

Other components of the storage ring play important roles in maintaining the energy and 

path of the electron beam.  To focus the electron beam, quadrupole and sextupole magnets are 

placed at various positions around the ring.105,108  To prevent the electrons from losing energy, 

Figure 2-8  Schematics representing a) bending magnet, b) wiggler, and c) undulator. 
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radio frequency (RF) cavities are placed in the straight sections of the storage ring.105,108  RF 

radiation bunches electrons together, increasing the overall brightness and lowering the 

emittance. 

The X-rays produced from a bending magnet are polychromatic, with energy ranging 

from the soft (less than 2000 eV) to the hard X-ray region (greater than 2000 eV).  For an XAS 

experiment, a specific region is selected by directing X-rays down a beamline that is tangent to 

the electron beam circumference.  A beamline consists of three components: a front end, 

beamline optics, and experimental endstation.105  At the front end, X-rays enter a vacuum pipe 

consisting of monochromators, focusing mirrors, and diffraction gradients that are used to focus 

the X-rays to a specific energy.105  The XAS experiment is performed at an endstation. 

 

2.3.2  X-ray absorption near-edge spectroscopy 

 In an XAS experiment, a sample absorbs X-rays (generated by a synchrotron) according 

to Beer’s law:109 

t
oeII µ−=                           (2-8) 

where Io is the incident X-ray intensity, I is the transmitted intensity, t is the thickness of the 

sample, and µ is the absorption coefficient.  The quantity of interest, µ, depends on several 

factors:109 

3

4

AE
Zρµ ≈                           (2-9) 

where E is the X-ray energy, A is the atomic mass, and ρ is the sample density.  A typical X-ray 

absorption spectrum (Figure 2-9) can be divided into two regions: X-ray absorption near-edge 

spectroscopy (XANES) and extended X-ray absorption fine-structure (EXAFS).  In XANES, a 

sharp increase in µ, known as the absorption edge, is observed when an atom absorbs sufficient 
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energy to excite an electron to the first conduction state above EF (Figure 2-10a).109,110  For a 

metal, of course, the absorption edge energy corresponds to the BE.  Similar to BE values, the 

absorption edge energy depends on the oxidation state of the absorbing atom.  The fine structure 

found at 0–30 eV beyond the absorption edge results when core electrons are excited but remain 

bound in empty conduction states above EF.109,111  This fine structure can provide information 

about the coordination environment of the absorbing atom.  The transition of an excited electron 

to conduction states follows the dipole selection rule (∆l = ±1).  For example, the Ni K-edge 

results from a transition of an electron from the 1s (l = 0) to 2p (l = 1) state.  When there is 

mixing of states, it is often possible to observe quadrupolar transitions (∆l = ±2), such as that 

from the 1s to 3d (which are mixed significantly with 4p) states in the Ni K-edge spectrum 

shown.111  These quadrupolar transitions typically occur at lower energy than dipolar transitions 

and are often referred to as pre-edge peaks.111 

 
Figure 2-9  The normalized Ni K-edge XAS spectrum for Ni metal measured in transmission 
mode. 
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 An alternative explanation for the fine structure seen in XANES involves the excited core 

electron being ejected from the absorbing atom as a photoelectron.109,112,113  If the outgoing 

photoelectron is treated as a wave, it can interact with surrounding atoms and be scattered back 

to the absorbing atom. If the excitation energy is close to the absorption edge, the photoelectron 

has little KE and the backscattering can follow multiple pathways (Figure 2-10b).  The 

constructive and destructive interference of these photoelectron waves results in broad peaks 

near the absorption edge known as multiple scattering resonance (MSR) peaks.109,112,113  These 

peaks depend on the coordination environment, but theoretical modeling is required to extract 

this information.113  At X-ray energies well above the absorption edge (>30 eV), the 

photoelectron has sufficient KE to be scattered and backscattered along a single path (Figure 2-

10c), resulting in the oscillating pattern observed in the EXAFS region (Because this thesis 

focuses on the XANES portion of XAS, EXAFS will only be briefly discussed here).109  EXAFS 

is defined as the oscillatory part, χ(E), of the total absorption coefficient and is evaluated as:109 

)(
)()(

)(
E

EE
E

o

o

µ
µµ

χ
∆

−
=                                 (2-10) 

where µ(E) is the energy-dependent absorption coefficient, µo(E) is the background spectrum for 

a single absorbing atom, and ∆µo(E) is the absorption edge height.  χ(E) is plotted as a function 

of the wavevector, k, of the photoelectron:109 

2

)(2
h

oEEm
k

−
=                                   (2-11) 

where m is the mass of the electron, E is the absorption energy, Eo is the absorption edge energy, 

and ħ is the reduced Planck’s constant.  A Fourier transform produces a plot dependent on the 

scattering path length, R, from which atom-atom distances (R) and coordination environment 

(peak intensity) can be inferred.109,113 
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There are three main methods for detecting the absorption event.  The simplest is 

transmission of X-rays through a thin uniform sample (Figure 2-11).  If the thickness is 

neglected, µ(E) is evaluated as:109 

I
I

E 0log)( =µ                                   (2-12) 

The intensities of the incoming and outgoing X-ray beam are measured with gas-filled ion 

chambers, which typically consist of parallel-plate capacitors filled with inert gas to detect the 

ionization current.109,113  A reference sample with a known absorption edge energy is often 

placed behind the I ionization chamber where its transmission intensity (IRef) is measured.109,113  

The other two detection methods are based on decay processes of the excited state produced 

from photoionization.  When a high-energy core electron fills a deep core hole, X-ray 

fluorescence occurs at a well-defined energy that is characteristic of the absorbing atom.  

Fluorescence yield (FLY) detectors are placed at 90o to the incident X-ray beam with the sample 

tilted at 45o (Figure 2-11).109  Because the number of fluorescent photons generated is 

Figure 2-10  Representations of a) an electron excited to conduction states causing XANES, b) a 
multiple scattering event that causes the MSR phenomenon, and c) the single scattering event 
causing EXAFS. 
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proportional to the cross-section for the photoionization of the core electron, the absorption 

energy can be determined from:109 

o

f

I

I
E ≈)(µ                                   (2-13) 

The decay of the excited state may also lead to emission of secondary electrons, Auger electrons, 

and sometimes photoelectrons.109,114  Collectively, all of these electron signals can be measured 

to give the total electron yield (TEY).114  Unlike X-ray fluorescence, which has a depth 

penetration of few micrometers, TEY is surface-sensitive (probing up to 20-100 Å).114  Because 

the TEY signal decreases with increasing atomic number, this is the preferred detection method 

for light elements.109,114  Both FLY and TEY detection are employed in the soft X-ray region 

where X-rays are not well transmitted.109,114 

 

 

2.3  Metal pnictides  

 Many of the metal pnictides investigated in this thesis have been known for over 60 

years.  However, earlier XPS studies, such as those on MP and M2P, were hampered by poor 

instrumental resolution and contamination with surface oxides.115  For Ni2P, extensive catalytic 

studies have been performed but only the EXAFS portion of the XAS spectra has been measured, 

Figure 2-11  Typical set-up for a XAS experiment. 
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effectively neglecting important information about the electronic structure.116-118  With state-of-

the-art instrumentation and techniques, detailed XPS and XAS measurements have been made on 

transition-metal pnictides MPn (M = Cr-Co; Pn = P, As), providing new insight on the electronic 

effects of metal and pnictide substitutions.  In the series of transition-metal phosphides MP (M = 

Cr-Co), the P 2p BE and P K-edge absorption edge shift to lower energy (by up to 0.4 eV) as M 

becomes more electropositive, consistent with greater M-to-P charge transfer.6  In the mixed-

metal M1-xM'xP and mixed-pnictide MAs1-yPy systems, it has been possible to detect BE shifts as 

small as 0.1 eV that originate from next-nearest neighbour effects through careful statistical 

analysis of multiple samples.7,8  Further evidence for these next-nearest neighbour effects was 

seen through the occurrence of M-to-M' charge transfer in the metal L- and K-edge XANES 

spectra, for which the metal-bound 3d conduction states can be probed.  More complex 

phosphides (LaFe4P12, CeFe4P12, CoP3),119,120 arsenides (Hf(Si0.5As0.5)As),121 and antimonides 

(LaFe4Sb12, CeFe4Sb12)120 have also been examined by XPS to determine oxidation states in 

these materials. 



43 
 

 

Chapter 3 

 

On the existence of ZrAs2 and ternary extension Zr(GexAs1-x)As (0 ≤ x ≤ 0.4)*
 

 

 

 

3.1  Introduction 

Among the ternary M–Tt–Pn (M = Ti, Zr, Hf; Tt (tetrel) = Si, Ge, Sn; Pn =P, As, Sb, Bi) 

systems, the antimonides are now relatively well studied whereas the other pnictides are not.  

One interesting outcome from these investigations has been the proposal that “β-ZrSb2” does not 

exist as a true binary but rather as a Si-stabilized ternary phase, Zr(SixSb1–x)Sb, with a small 

phase width (0.07 ≤ x ≤ 0.12) adopting the orthorhombic PbCl2-type structure.122  With higher Si 

content, ZrSi0.7Sb1.3 adopts the tetragonal PbFCl-type structure.123  In both cases, the source of Si 

is believed to originate from the use of fused-silica tubes as the container material.  Mixing of 

other Tt atoms (such as Ge and Sn) is also possible in these antimonides.122,123  Similar doubts 

might be cast on the analogous binary PbCl2-type zirconium arsenide, ZrAs2, which was 

prepared in fused-silica tubes as well.124,125  In an early structure determination, the possibility of 

an As-deficient formula, ZrAs2–x, could not be excluded.125  In more recent investigations, we 

have established that, like the antimonides, the ternary arsenides Zr(SixAs1–x)As form partially 

ordered solid solutions with a PbCl2-type phase forming at lower Si content (0 ≤ x ≤ 0.4) (on the 

assumption that ZrAs2 does exist) and a PbFCl-type phase forming at higher Si content (x = 

0.6).11 

                                                 
*A version of this chapter has been published. Blanchard, P.E.R.; Cavell, R.G.; Mar, A. J. Alloys Compd. 2010, 505, 
17-22.  Copyright (2010) by Elsevier. 
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Herein, we perform further experiments to determine if ZrAs2 is indeed a true binary 

phase and to identify the phases formed in the As-rich portion of the ternary germanium-

containing Zr(GexAs1–x)As system through X-ray diffraction analysis.  As well, X-ray 

photoelectron spectroscopy (XPS), band structure calculations, and physical property 

measurements were carried out to characterize the electronic structures. 

 

3.2  Experimental 

 

3.2.1  Synthesis 

Starting materials were Zr powder (99.9%), Ge pieces (99.99%), and As pieces 

(99.9998%), all from Alfa-Aesar.  Products were analyzed by powder X-ray diffraction (XRD) 

patterns obtained on an Inel diffractometer equipped with a CPS 120 detector.  Reactions with 

nominal loading composition “ZrAs2” were carried out either directly in sealed fused-silica tubes 

or in alumina tubes jacketed by fused-silica tubes, with or without a small grain of I2 

(Anachemia) added to promote crystal growth, as summarized in Table 3-1.  The tubes were 

evacuated, sealed, and placed in a furnace where they were heated to 850 °C over 2 days, kept at 

that temperature for 1 week, and cooled to room temperature over 1 days.  Similarly, reactions 

with loading compositions “Zr(GexAs1–x)As” (0 ≤ x ≤ 1 at increments of 0.1–0.2) were carried 

out in alumina tubes jacketed by fused-silica tubes, which were evacuated and sealed.  The tubes 

were heated at 500 °C for 1 d and 900 °C for 1 week, and then cooled to room temperature.  The 

samples were ground and placed in new containers which were heated at 900 °C for 1 week.  A 

few additional reactions were conducted at 1050 °C in attempts to prepare a PbFCl-type phase, to 

no avail. 



45 
 

 

 

 

3.2.2  Structure determination 

Single-crystal X-ray diffraction data were collected on a Bruker Platform / SMART 1000 

CCD diffractometer at 23 °C using ω scans.  Structure solution and refinement were carried out 

with use of the SHELXTL (version 6.12) program package.21  Face-indexed numerical 

absorption corrections were applied. 

A needle-shaped single crystal was selected from the ZrAs2 sample prepared in the silica-

jacketed alumina tube in the presence of I2.  Although energy-dispersive X-ray (EDX) analysis 

performed on a Hitachi S-2700 scanning electron microscope indicated the presence of Zr and 

As, the absence of Si could not be directly ruled out because of the partial overlap of Zr L- and 

Si K-emission lines.  From the intensity data, the orthorhombic space group Pnma was chosen 

and the initial atomic positions were located by direct methods.  As an indirect test for the 

absence of Si, refinements were performed in which the two possible nonmetal sites were 

allowed to be occupied by a mixture of Si and As atoms, with no constraints over their ratio.  

The occupancies converged to 1(1)% Si and 99(1)% As on the first site (0.12, ¼, 0.04), and 

0(1)% Si and 100(1)% As on the second site (0.08, ¼, 0.65), lending strong support for the 

absence of Si.  In the final refinement, only As atoms were assumed to fully occupy these sites. 

Table 3-1  Reaction conditions and unit cell parameters for ZrAs2. 

Reaction condition Products a (Å) b (Å) c (Å) V (Å) 

Sealed tube ZrAs2 6.800(2) 3.687(1) 9.036(2) 226.3(2) 

Sealed tube, with I2 ZrAs2 6.792(2) 3.694(2) 9.026(4) 226.4 (1) 

Alumina tube ZrAs2 6.795(4) 3.690(4) 9.028(4) 226.4(2) 

Alumina tube, with I2 ZrAs2 6.801(3) 3.687(2) 9.039(4) 226.6(2) 
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A needle-shaped single crystal was obtained from a reaction with nominal composition 

“Zr(Ge0.4As0.6)As” prepared in the presence of I2.  Because the similar X-ray scattering factors of 

Ge and As posed a challenge in determining their site distribution, several models were tested.  

Placing Ge atoms entirely within the first site (0.12, ¼, 0.04) and As atoms within the second site 

(0.08, ¼, 0.65) resulted in equivalent isotropic displacement parameters, Ueq, of 0.0064(1) and 

0.0073(1) Å2, respectively, and agreement factors of R(F) = 0.015 and Rw( 2
oF ) = 0.034.  

Reversing this site distribution gave Ueq values of 0.0081(1) Å2 for the first site and 0.0052(1) Å2 

for the second site, and slightly worse agreement factors of R(F) = 0.016 and Rw(Fo
2) = 0.039.  

Finally, a similar treatment as above in which Ge and As atoms were allowed to disorder over 

both sites was successful in resolving a preferential occupation of 37(8)% Ge and 63(8)% As on 

the first site, and 8(9)% Ge and 91(9)% As on the second site.  Taking into account the large 

uncertainties in these occupancies, we assumed that only the first site was disordered with Ge 

and As atoms, whereas the second site was occupied exclusively by As atoms, in accordance 

with related structures such as Zr(Ge0.2Sb0.8)Sb and Zr(Si0.4As0.6)As in which the Tt atom enters 

only one of the two anion sites.11,122  The final refinement led to a formula of 

“Zr(Ge0.33(6)As0.67)As”, which we simplify to Zr(Ge0.3As0.7)As in subsequent discussion. 

Atomic positions were standardized with the program STRUCTURE TIDY.126  Crystal 

data and further details of the data collection are given in Table 3-2. Final values of the 

positional and displacement parameters are given in Table 3-3.  Selected interatomic distances 

are listed in Table 3-4.  Further data, in CIF format, have been sent to Fachinformationszentrum 

Karlsruhe, Abt. PROKA, 76344 Eggenstein-Leopoldshafen, Germany, as supplementary 

material No. CSD-421869 (ZrAs2) and CSD-421870 (Zr(Ge0.3As0.7)As) and can be obtained by 

contacting FIZ (quoting the article details and the corresponding CSD numbers).
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Table 3-2  Crystallographic data for ZrAs2 and Zr(Ge0.3As0.7)As. 

Formula ZrAs2 Zr(Ge0.33(6)As0.67)As 

Formula mass (amu) 241.06 240.30 

Space group Pnma (No. 62) Pnma (No. 62) 

a (Ǻ) 6.8006(3) 6.7380(4) 

b (Ǻ) 3.6883(2) 3.6680(2) 

c (Ǻ) 9.0328(4) 9.1202(5) 

V (Ǻ3) 226.57(3) 225.41(2) 

Z 4 4 

ρ (g cm-3) 7.067 7.081 

Crystal dimensions (mm) 0.066 × 0.084 × 0.662 0.25 × 0.03 × 0.03 

µ (Mo Kα) (mm-1) 33.38 33.07 

Transmission factors 0.0235-0.1983 0.1123-0.5751 

2θ limit (deg.) 7.50-66.24 7.52-66.04 

No. of data collected 2922 2882 

No. of unique data including 2
oF <0 479 (Rint – 0.037) 476 (Rint – 0.024) 

No. of unique data, with 2
oF  > 2σ( 2

oF ) 473 422 

No. of variables 20 21 

R(F) for 2
oF  > 2σ ( 2

oF )a 0.027 0.015 

Rw( 2
oF )b 0.059 0.030 

Goodness of fit 1.307 1.053 

(∆ρ)max, (∆ρ)min (e Å-3) 2.29, -3.37 0.7, -0.94 

 .)( 0 ∑∑ −= oc
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3.2.3  Band structure calculations 

Tight-binding linear muffin tin orbital (TB-LMTO) band structure calculations were 

performed on ZrAs2 and hypothetical Zr(Ge0.5As0.5)As within the local density and atomic 

Table 3-4  Selected interatomic distances (Å) in ZrAs2 and Zr(Ge0.3As0.7)As. 

 ZrAs2 Zr(Ge0.3As0.7)As 

Zr–X1 2.7727(4) 2.7882(4) 

Zr–As2 (×2) 2.8030(3) 2.8120(3) 

Zr–X1 (×2) 2.8133(3) 2.8134(3) 

Zr–As2 (×2) 2.8374(3) 2.8135(3) 

Zr–X1 2.8759(5) 2.8598(4) 

Zr–As2 2.9560(4) 2.9762(4) 

X1–X1 (×2) 2.5620(4) 2.5635(4) 

X1–As2 (×2) 2.9017(4) 2.8532(3) 

 aSite X1 is occupied by As atoms in ZrAs2 or by 0.3 Ge and 0.7 As in Zr(Ge0.3As0.7)As. 

Table 3-3  Atomic coordinates and equivalent isotropic displacement parameters for ZrAs2 and 
Zr(Ge0.3As0.7)As. 

Atom Wyckoff 
position Occupancy x y z 

ZrAs2      

Zr 4c 1 0.22644(5) ¼ 0.33804(3) 

As1 4c 1 0.11820(5) ¼ 0.04210(4) 

As2 4c 1 0.08332(5) ¼ 0.64704(3) 

Zr(Ge0.3As0.7)As      

Zr 4c 1 0.22731(4) ¼ 0.33785(3) 

Ge/As1 4c 0.33(6)/0.67 0.11971(4) ¼ 0.04266(3) 

As2 4c 1 0.08873(4) ¼ 0.64771(3) 
a Ueq is defined as one-third of the trace of the orthogonalized Uij tensor. 
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spheres approximations using the Stuttgart TB-LMTO program.127  Cell parameters and atomic 

positions were taken from the crystal structures of ZrAs2 and Zr(Ge0.3As0.7)As.  The ordered 

Zr(Ge0.5As0.5)As model (in space group Pmc21), based on one previously considered for 

Zr(Si0.5As0.5)As forming a PbCl2-type structure, involves an alternation of Ge and As atoms 

within zigzag chains parallel to b.11  The basis sets consisted of Zr 5s/5p/4d/4f, Ge 4s/4p/4d, and 

As 4s/4p/4d orbitals, with the Zr 4f, Ge 4d, and As 4d orbitals being downfolded.  Integrations in 

reciprocal space were carried out with an improved tetrahedron method with 105 (ZrAs2) or 168 

(Zr(Ge0.5As0.5)As) irreducible k points within the first Brillouin zone. 

 

3.2.4  X-ray photoelectron spectroscopy 

XPS spectra were measured on a Kratos AXIS 165 spectrometer equipped with a 

monochromatic Al Kα X-ray source (15 kV, 14 mA) and a hybrid lens with a spot size of 700 

µm × 400 µm.  Crystals of ZrAs2 or Zr(Ge0.3As0.7)As were ground into fine powder, pressed onto 

In foil, and mounted on a Cu sample holder.  Although they did not appear to be air-sensitive, the 

samples were handled in a glove box and transferred within a sealed container to the XPS 

instrument.  The pressure inside the analysis chamber was maintained at 10–7 to 10–9 Pa.  The 

samples were sputter-cleaned with an Ar+ ion beam (4 kV, 10 mA) until all surface oxides were 

removed.  A slight reduction of As, caused by the sputtering procedure, does not detract from 

analysis of the As 3d spectra. 

Survey spectra, which were collected with a binding energy (BE) range of 0–1100 eV, a 

pass energy of 160 eV, a step size of 0.7 eV, and a sweep time of 180 s, confirmed the expected 

compositions and, importantly, did not reveal the presence of Si in the samples.  High-resolution 

core-line spectra were collected with an energy envelope of 60 eV (Zr 3d peak) or 20 eV (Ge 3d 
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and As 3d peaks), a pass energy of 20 eV, a step size of 0.05 eV, and a sweep time of 180 s.  The 

number of scans collected varied depending on the sample.  No charge correction was applied 

because these samples are good conductors.  All spectra were calibrated against the C 1s line at 

284.8 eV arising from adventitious C.  Although the C 1s signal overlaps with an As Auger 

signal, an acceptable method for checking the calibration in metallic systems such as these is to 

set the Fermi edge, located from the maximum of the first derivative of the valence band 

spectrum, to 0 eV.87  The spectra were analyzed with use of the CasaXPS software package.128  

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.  On the 

basis of previous measurements made on the same spectrometer, the BE values are estimated to 

have a precision better than ±0.1 eV. 

 

3.2.5  Electrical resistivity and magnetic susceptibility 

A needle-shaped crystal of Zr(Ge0.3As0.7)As with dimensions of 0.60 mm × 0.015 mm × 

0.015 mm was mounted for standard four-probe electrical resistivity measurements on a 

Quantum Design PPMS system equipped with an ac transport controller (Model 7100).  The 

current was 100 µA and the frequency was 16 Hz. The resistivity was measured along the needle 

axis, which corresponds to the crystallographic b axis, between 2 and 300 K. 

Magnetic susceptibility measurements were made on a 100-mg ground sample of 

Zr(Ge0.3As0.7)As between 2 and 300 K on a Quantum Design 9T–PPMS dc magnetometer / ac 

susceptometer.  The susceptibility was corrected for contributions from the holder and 

underlying sample diamagnetism. 
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3.3  Results and discussion 

 

3.3.1  Is ZrAs2 a true binary phase? 

Reactions at 850 °C were carried out to prepare ZrAs2 within different containers, in the 

presence or absence of I2.  Although EDX analyses on single crystals could not definitively rule 

out the absence of Si (because of the overlap of Zr and Si X-ray emission lines), the XPS survey 

spectra showed no evidence for Si.  Powder X-ray diffraction revealed that the products of all 

these reactions were phase-pure (i.e., no impurities; Figure A1-1 in Appendix 1).  The refined 

cell parameters for the samples prepared within alumina tubes were within 3σ from those 

prepared within silica tubes (Table 3-1).  Single-crystal X-ray diffraction analysis indicated that 

the two anion sites are fully occupied by As atoms, with unremarkable displacement parameters.  

XPS analysis also showed no evidence of Si.  This body of evidence strongly supports the 

existence of ZrAs2 as a strictly stoichiometric, true binary phase, and not an impurity-stabilized 

one, as has been proposed for “β-ZrSb2”.122 

The structure of ZrAs2 reported here (R(F) = 0.027) supersedes the earlier determination 

based on Weissenberg photographic data (R(F) = 0.276).125  The Zr atoms reside in 

approximately monocapped square antiprismatic polyhedra (CN9; Zr–As, 2.7727(4)–2.9560(4) 

Å), which are connected to form a three-dimensional network containing four-atom-wide anionic 

ribbons of As atom (similar to the Si/As substructure discussed in section 1.2.3 in Chapter 1) 

extending along the b direction (Figure 3-1).  Within these ribbons, the bonds within the interior 

(As1–As1, 2.5620(4) Å) are significantly shorter than those to the terminal atoms (As1–As2, 

2.9017(4) Å). 
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3.3.2  Ternary extension Zr(GexAs1–x)As 

The reactions performed at 900 °C indicated that the solid solution Zr(GexAs1–x)As forms 

for 0 ≤ x ≤ 0.4.  Powder X-ray diffraction patterns revealed phase-pure products up to x = ~0.4 

(Table A1-1 and Figure A1-2 in Appendix 1).  A crystal obtained from a reaction with nominal 

composition “Zr(Ge0.4As0.6)As” was found from the single-crystal structure determination to 

have a formula of Zr(Ge0.33(6)As0.67)As, with the Ge atoms preferentially entering the interior 

sites of the four-atom-wide anionic ribbons.  The uncertainties in the occupancies are large 

enough that the upper limit of Ge solubility into ZrAs2 can be estimated to be no higher than x = 

0.4.  Above this point, multiphase mixtures consisting of PbCl2-type Zr(GexAs1–x)As, ZrAs, and 

elemental Ge were observed.  A Ge-rich phase of approximate composition “ZrGe1.3As0.7” was 

Figure 3-1  PbCl2-type structure of ZrAs2 or Zr(Ge0.3As0.7)As. The Ge atoms preferentially 
occupy only one of the two possible anion sites. 

a 

c 

Zr 

As2 

Ge/As1 
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identified which probably lies off the ZrAs2–ZrGe2 join in the ternary phase diagram; further 

investigation of this phase was hampered by lack of suitable crystals for structure determination. 

On most scales of atomic radii, Ge is slightly larger than As (e.g., Pauling metallic radii 

R1 of 1.24 Å for Ge and 1.21 Å for As).1  At first glance, it is somewhat surprising, then, to 

observe that the unit cell volume contracts slightly (by 1 Å3) on progressing from ZrAs2 to 

Zr(Ge0.4As0.6)As (Figure 3-2).  The small change in unit cell volume results from the trends of 

decreasing a and b opposing the trend of increasing c.  These trends cannot be easily explained 

by geometrical considerations.  An argument based on size effects would also need to take into 

account that the Ge and As atoms are anionic but with differing charges.  The Zr–X1 (where X1 

is the disordered site) and Zr–As2 distances change irregularly as Ge partially substitutes for As 

(Table 3-4), such that the average bond lengths around the Zr atom remain unchanged at 2.83 Å.  

Within the four-atom-wide anionic ribbons (As2–X1–X1–As2), the X1–X1 distances remain the 

same whereas the X1–As2 distances shorten.  In TiNiSi-type structures, which are ternary 

variants of the Co2Si-type (anti-PbCl2-type) structure, the interior sites of these ribbons tend to 

be occupied by smaller atoms.129  If the same argument is applied to Zr(Ge0.4As0.6)As, then the 

preference for Ge atoms to enter the interior X1 sites implies that the Ge atoms are smaller and 

less negatively charged than the As atoms, thereby accounting for the cell contraction. 

 

3.3.3  Electronic structure and physical properties 

Because the trends in bond lengths suggest that electronic effects are at play, the band 

structures for ZrAs2 and a hypothetically ordered model of Zr(Ge0.5As0.5)As were examined.  The  
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lowest energy block (from –14.5 to –9 eV) in ZrAs2 splits into two subbands upon the ordered 

substitution of Ge into one of the As sites in Zr(Ge0.5As0.5)As (Figure 3-3).  At higher energy, the 

density of states (DOS) curves are similar except that the Fermi level is shifted from its position 

at a pseudogap in ZrAs2 to just slightly below (by 1 eV) in Zr(Ge0.5As0.5)As, a consequence of 

the reduced electron count. Inspection of the crystal orbital Hamilton population (COHP) curves 

in ZrAs2 reveals that Zr–As bonding is optimized but As–As bonding is not because some 

antibonding levels are occupied (Figure 3-3).  Lowering the Fermi level in Zr(Ge0.5As0.5)As 

depopulates these anion-anion antibonding states.  As judged from the integrated COHP values 

(–ICOHP), this has little effect on the X1–X1 bonds (1.8 eV in both ZrAs2 and Zr(Ge0.5As0.5)As) 

but strengthens the X1–As2 bonds (0.4 eV in ZrAs2 vs. 0.6 eV in Zr(Ge0.5As0.5)As).  This 

stabilization of anion-anion bonding competes with the destabilization of Zr–anion bonding, 

setting a limit on how much Ge can substitute for As.  In Zr(Ge0.5As0.5)As, the Zr–anion bonding  

Figure 3-2  Plot of cell parameters vs. x for Zr(GexAs1−x)As forming the PbCl2-type structure. 
The lines are shown only to guide the eye. 
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interactions near the Fermi level are quite weak, such that the –ICOHP value remains essentially 

unchanged (1.5 eV) from that in ZrAs2. 

The electronic character of these compounds was further examined through XPS analysis.  

Because the Ge 3d and Zr 4p peaks overlap, we present only the Zr 3d and As 3d XPS spectra 

for ZrAs2 and Zr(Ge0.3As0.7)As.  In both compounds, the Zr 3d spectra were fitted to two peaks 

corresponding to the 3d5/2 and 3d3/2 spin-orbit-coupled final states, with an intensity ratio of 3:2 

(Figure 3-4a).  The shoulder at high BE, quite prominent in Zr(Ge0.3As0.7)As, is attributed to 

surface oxides.  The asymmetric lineshapes are a signature of electronic delocalization common 

in transition metals and have been previously observed in Zr(Si0.6As0.4)As.11  First described by 

Doniach and Šunjić, this asymmetry originates from the excitation of valence electrons, 

interacting with the core-hole produced after photoionization, into empty conduction states above 

Figure 3-3  Band structures for (a) ZrAs2 and (b) hypothetically ordered “Zr(Ge0.5As0.5)As”. The 
top panels show the density of states (DOS) and atomic projections. The bottom panels show the 
crystal orbital Hamilton population (–COHP) curves. 

a) b) 
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the Fermi edge.130  Since there is a continuum of states above the Fermi edge in metallic systems, 

an asymmetric tail is observed. 

The Zr 3d5/2 BE of 179.9(1) eV, identical for ZrAs2 and Zr(Ge0.3As0.7)As, falls between 

those for Zr metal (178.9(3) e V) and ZrO2 (182.7(6) eV), indicating the presence of cationic Zr 

species with an intermediate oxidation state consistent with partially filled Zr 3d states found in 

the DOS curves.101  The As 3d spectra suffer from a slight reduction, common in the spectra for 

other transition-metal monoarsenides, caused by Ar+ sputtering giving rise to the shoulders at 

low BE; surface oxides probably give rise to the shoulders at high BE (Figure 3-4b).8,131  These 

spectra were fitted to two component peaks corresponding to the 3d5/2 and 3d3/2 spin-orbit-

coupled final states separated by 0.7 eV, each with a FWHM of 1.0 eV and in an intensity ratio 

of 3:2.  The As 3d5/2 BE (41.2(1) eV for ZrAs2 and 41.0(1) eV for Zr(Ge0.3As0.7)As) is lower than 

in elemental As (41.7(2) eV), indicating the presence of anionic As species with a charge close to 

1–, as deduced by comparison to the spectra of related compounds.101  The BE is slightly lower 

in Zr(Ge0.3As0.7)As than in ZrAs2, which would be consistent with the expectation of more 

negatively charged As atoms induced by the greater polarity of Ge–As bonds, but we cannot rule 

out the possibility that the small shift may be spurious, perhaps caused by the Ar+ sputtering. 

Consistent with the band structure, Zr(Ge0.3As0.7)As exhibits weakly metallic behaviour.  

The high electrical resistivity and the low residual resistivity ratio (ρ2/ρ300 = 0.9) stem from the 

disorder in this compound (Figure 3-5a).  The magnetic susceptibility curve indicates 

temperature-independent Pauli paramagnetism, with a small Curie tail presumably due to trace 

impurities (Figure 3-5b). 
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Figure 3-5  (a) Electrical resistivity and (b) magnetic susceptibility for Zr(Ge0.3As0.7)As. 

a) b) 

Figure 3-4  (a) Zr 3d and (b) As 3d XPS spectra for ZrAs2 (top panels) and Zr(Ge0.3As0.7)As 
(bottom panels). The experimental spectra (thick grey lines) are fitted with component peaks 
(thin lines) to give the combined envelope (black lines). The dashed vertical lines mark the Zr 
3d5/2 and As 3d5/2 BEs expected for the indicated charges. 

a) b) 
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3.4  Conclusions 

Unlike the antimonide “β-ZrSb2”, which is impurity-stabilized, the arsenide ZrAs2 is a 

true binary phase adopting the PbCl2-type structure.  The ternary extension Zr(GexAs1–x)As 

forms up to x = ~0.4, with Ge atoms entering preferentially into the interior sites of four-atom 

wide anionic ribbons in this structure.  This solid solution range is similar as observed previously 

in Zr(SixAs1–x)As but is much wider than in Zr(SixSb1–x)Sb.11,122  Although the substitution of Si 

or Ge into ZrAs2 seems to originate for the same reasons (strengthened anion-anion bonding) as 

for the impurity stabilization of “β-ZrSb2”, there are subtle differences in these systems that may 

need to be explored further.  For example, a PbFCl-type phase was not observed in Zr(GexAs1–

x)As with higher values of x, unlike Zr(SixAs1–x)As or Zr(SixSb1–x)Sb, at least under the 

temperatures studied (from 900 to 1050 oC).  The band structure of ZrAs2 reveals a pseudogap at 

the Fermi level and the electrical resistivity of Zr(Ge0.3As0.7)As is quite high, characteristic of a 

poor metal.  ZrAs2 or related pnictides may be worthwhile investigating towards potential 

applications in thermoelectric materials, for which small band gaps, the presence of heavy atoms, 

and low thermal conductivity are required. 
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Chapter 4 

 

Electronic structure of ZrCuSiAs and ZrCuSiP by X-ray photoelectron and absorption 

spectroscopy* 

 

 

 

4.1  Introduction 

The tetragonal structure of ZrCuSiAs (space group P4/nmm (no. 129)) serves as the 

prototype for numerous compounds, including the superconducting rare-earth transition-metal 

pnictide oxides REMPnO discussed in Chapter 1.27  It has been fashionable to portray the 

structure of the pnictide oxides in terms of a stacking of alternating [REO] and [MPn] layers, 

with both O and M atoms in tetrahedral coordination geometries (Figure 4-1a).  Although over 

one hundred pnictide oxides are known to form the ZrCuSiAs-type structure, there are only three 

examples of quaternary silicon pnictides known to date: ZrCuSiAs itself,13 HfCuSiAs,13 and 

ZrCuSiP.132  Ostensibly the structure of ZrCuSiAs can also be described in terms of layers, 

[ZrSi] and [CuAs], with Si and Cu atoms in the tetrahedral sites (Figure 4-1b).  The c/a ratio is 

2.0–2.3 for all the oxide representatives of this structure type, but 2.6 for the three quaternary 

silicon pnictides.133  Paradoxically, this expanded c/a ratio does not mean that the layers are 

further apart in ZrCuSiAs!  The reasons seem evident even from just casual inspection of the 

figures.  Within individual layers, the tetrahedra are highly compressed along the c-direction in 

REMPnO, but highly elongated in ZrCuSiAs.  This distortion causes the Zr atoms in the [ZrSi] 

                                                 
* A version of this chapter has been published. Blanchard, P.E.R.; Cavell, R.G.; Mar, A. J. Solid State Chem. 2010, 
183, 1536-1544.  Copyright (2010) by Elsevier. 
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layer to approach the As atoms in the [CuAs] layer quite closely (2.8 Å).13  The electron-precise 

formulations [RE3+O2–][M2+Pn3–] and [Zr4+Si2–][Cu1+As3–], deduced upon the assumption of full 

electron transfer, seem to provide a tidy explanation for the origin behind this distortion.  Apart 

from the transition-metal atoms which can support partially filled d-states, all atoms in REMPnO 

attain filled-shell electron configurations; thus, REMPnO (and the other oxides) are classified as 

“normal valence” compounds.  On the other hand, as discussed in section 1.2.3 of Chapter 1, the 

Si atoms in ZrSiCuAs are deficient with respect to the 8–n rule and must then form Si–Si bonds; 

that is, ZrCuSiAs should be considered a polyanionic compound.  The formation of these Si–Si 

bonds contracts the structure within the ab plane, concomitant with an expansion along the c-

direction. 

 

 

Figure 4-1  Crystal structure of (a) REMPnO showing non-interacting [REO] and [MPn] layers 
and (b) ZrCuSiPn (Pn = P, As) showing interacting [ZrSi] and [CuPn] layers, stacked along the 
c-direction. 

b) a) 

RE 

O 

Pn 

M 

Zr 

Si 

Pn 

Cu 



61 
 

 

Herein, we will investigate the electronic structure and bonding in ZrCuSiAs, as well as 

its phosphide analogue ZrCuSiP.  We take primarily an experimental approach, applying X-ray 

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

probe energy differences in core-level atomic states, supplemented by band structure calculations 

to examine the bonding character in these compounds.  The results from the band structure study 

will be compared with LaNiAsO, a representative member of rare-earth arsenide oxides that will 

be discussed in detail in Chapters 5 and 6.  Many theoretical calculations have now been 

performed on the electronic structure of these pnictide oxides.41,46,134-145  However, there has 

been no study that directly compares the pncitide oxides to the silicide pnictides.  

 

4.2  Experimental 

 

4.2.1  Synthesis 

 ZrCuSiAs and ZrCuSiP were prepared according to literature procedures.13,132  Reagents 

were Zr wire (99.9%, A. D. Mackay), Cu powder (99.9999%, Cerac), Si pieces (99.99999%, 

Alfa-Aesar), As powder (99.5%, Cerac), and red P powder (99.995%, Cerac).  For ZrCuSiAs, a 

stoichiometric mixture of “ZrSi” (previously prepared by arc-melting), Cu, and As powders was 

placed within an evacuated sealed fused-silica tube, which was heated to 873 K over 1 day, kept 

at that temperature for 2 days, heated to 1173 K over 1 day, kept at that temperature for 2 days, 

and water-quenched.  The product was reground and reheated at 1073 K for 4 days; this 

procedure was repeated three times.  For ZrCuSiP, a stoichiometric mixture of “ZrCuSi” 

(previously prepared by arc-melting) and P was placed within an evacuated sealed fused-silica 

tube, which was heated to 873 K over 1 day, kept at that temperature for 1 day, heated to 1123 K 
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over 1 day, kept at that temperature for 2 days, and water-quenched.  The product was reground 

and reheated at 1123 K for 4 days; this procedure was repeated three times.  The products were 

judged to be single-phase from their powder X-ray diffraction patterns collected on an Inel 

powder diffractometer (Figure A2-1 in Appendix 2).  The unit cell parameters are a = 3.6608(8) 

Å and c = 9.604(2) Å for ZrCuSiAs, and a = 3.5663(8) Å and c = 9.421(2) Å for ZrCuSiP, which 

are comparable to previously reported values (a = 3.6736(2) Å and c = 9.5712(9) Å for 

ZrCuSiAs;13 a = 3.5671(1) Å and c = 9.4460(4) Å for ZrCuSiP132). 

 

4.2.2  XPS analysis 

 XPS spectra for ZrCuSiAs and ZrCuSiP were measured on a Kratos 165 spectrometer 

equipped with a monochromatic Al Kα X-ray source (14 mA, 15 kV) and a hybrid lens with a 

spot size of 700 × 400 µm2.  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 

10–7 and 10–9 Pa.  Samples were sputter-cleaned with an Ar+ ion beam (4 kV, 10 mA) 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 in ZrCuSiAs; 

however, the binding energies (BEs) in these and other spectra were, within standard 

uncertainties, the same before and after the sputtering procedure. 

 Survey spectra, collected with a BE range of 0–1100 eV, a pass energy of 160 eV, a step 

size of 0.7 eV, and a sweep time of 180 s, confirmed the expected chemical compositions 

(Zr:Cu:Si:Pn = 1:1:1:1) for the samples examined.  High-resolution core-line spectra were 
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collected with an energy envelope of appropriate range (50 eV for Zr 3d; 60 eV for Cu 2p; 20 eV 

for Si 2p, As 3d, and P 2p), a pass energy of 20 eV, a step size of 0.05 eV, and a sweep time of 

180 s.  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.  As a check, the 

first derivative of the edge onset of the valence band was set to 0 eV (a suitable calibration 

technique for metallic samples).87  The spectra were analyzed with use of the CasaXPS software 

package.128  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.  Table 4-1 lists 

average BE values expressed to two decimal places, with uncertainties estimated at better than 

±0.10 eV, as established by collecting multiple spectra (Table A2-1 in Appendix 2). 

 

 

 

4.2.3  XANES analysis 

 X-ray absorption spectra were measured at the Canadian Light Source (CLS) in 

Saskatoon, Saskatchewan.  The bending magnet soft X-ray microcharacterization beamline 

(SXRMB, 06B1-1) was used for Zr L-edge spectra, the high-resolution spherical grating 

Table 4-1  Core-line BEs (eV) for ZrCuSiAs and ZrCuSiP. 

 ZrCuSiAs ZrCuSiP 

Zr 3d5/2 a 179.64(2) 179.66(5) 

Cu 2p3/2 a 933.68(3) 933.70(6) 

Si 2p1/2 99.41(4) 99.40(5) 

As 3d5/2 or P 2p3/2 41.13(6) 128.82(6) 

 a For comparison, the Zr 3d5/2 BE is 178.91(3) eV in Zr metal and the Cu 2p3/2 BE is 932.86(4) 
eV in Cu metal. 
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monochromator beamline (SGM, 11ID-1) for Cu L-edge spectra, and the variable line spacing 

plane grating monochromator beamline (VLS PGM, 11ID-2) for Si L-edge spectra.  The 

SXRMB beamline is equipped with an InSb (111) double crystal monochromator which 

provided a photon flux of ~1011 photons/s, with a resolution of 3.3 eV at 10 keV and a beamsize 

of approximately 300 × 300 µm2.  Finely ground samples were mounted on carbon tape and 

inserted into the vacuum chamber via a load lock.  Multiple scans of the Cu and Si L-edge 

XANES spectra were collected for each sample, giving an estimated accuracy of ±0.1 eV for the 

absorption energies.  Spectra were collected in total electron yield (TEY) and X-ray fluoresence 

yield (FLY) modes, with a step size of 0.1 eV through the edge over various energy ranges (Zr 

L-edge, ~50 eV below to ~500 eV above the edge; Cu L-edge, ~20 eV below to ~65 eV above; 

Si L-edge, ~30 eV below to ~30 eV above).  The Zr spectra were calibrated against a standard of 

FePO4, with the maximum of the first derivative of the P K-edge set to 2153.0 eV;146 the Cu and 

Si spectra were calibrated against standards of the elemental metals, with the maxima in the first 

derivatives of the L3-edges set to 932.7 eV for Cu and 99.2 eV for Si.147  Uncertainties of ±0.1 

eV for the absorption edge energies were estimated by collecting multiple scans for each sample. 

 The Pacific Northwest Consortium / X-ray Operations and Research Collaborative 

Access Team (PNC/XOR-CAT), Sector 20 bending magnet beamline (20BM), at the Advanced 

Photon Source (APS) at Argonne National Laboratory was used to measure Zr and Cu K-edge 

XANES spectra.  The silicon (111) double crystal monochromator on this beamline provided a 

photon flux of ~1011 photons/sec with a resolution of 1.4 eV at 10 keV and a beam size of 

approximately 1 × 4.5 mm.  Finely ground samples were sandwiched between Kapton tape and 

positioned at 45° to the X-ray beam.  Spectra were measured in transmission mode with an 

ionization detector (filled with a 50:50 mixture of He and N2 in the ionization chamber) and in 
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fluorescence mode with a Canberra 13-element fluorescence detector.  The step size was 0.1 eV 

through the absorption edge.  Standards of Zr or Cu metal were placed in a second position 

downstream of the samples and measured in transmission mode concurrently with the samples.  

The maxima in the first derivatives of the K-edges were set to 17998 eV for Zr and 8979 eV for 

Cu.147  All XANES spectra were analyzed with use of the Athena software program.147 

 

4.2.4  Band structure calculations 

 Tight-binding linear muffin tin orbital (TB-LMTO) band structure calculations were 

performed on ZrCuSiAs within the local density and atomic spheres approximations using the 

Stuttgart TB-LMTO program.127  The basis sets consisted of Zr 5s/5p/4d/4f, Cu 4s/4p/3d, Si 

3s/3p/3d, and As 4s/4p/4d orbitals, with the Zr 4f, Si 3d, and As 4d orbitals being downfolded.  

Integrations in reciprocal space were carried out with an improved tetrahedron method over 84 

independent k points within the first Brillouin zone.  For comparison, the band structure of 

LaNiAsO was also calculated in a similar manner. 

 

4.3  Results and discussion 

 To parallel the approach taken to analyze the electronic structure of the rare-earth 

arsenide oxides REMAsO, to be discussed in a later chapter, we first break down the structure of 

ZrCuSiPn (Pn = P, As) into its nominally separate “layers”, [ZrSi] and [CuPn].  Then we 

examine the question of whether the layers interact by probing to what extent charge transfer 

occurs within and between these layers. 
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4.3.1  [ZrSi] layer 

 The Zr 3d XPS spectra for ZrCuSiAs and ZrCuSiP were fitted to two peaks 

corresponding to the spin-orbit-split 3d5/2 and 3d3/2 final states, in an intensity ratio of 3:2 (Figure 

4-2).  The weak shoulder found at high BE in all spectra is interpreted as a surface oxide.  The Zr 

3d5/2 BEs in ZrCuSiAs (179.64(2) eV) and ZrCuSiP (179.66(5) eV) are higher than in Zr metal 

(178.91(3) eV), indicating the presence of cationic Zr atoms, but they are much lower than in 

ZrO2 (182.7(6) eV), indicating that the charge is nowhere as extreme as 4+ which would be 

expected if full electron transfer were to occur.101  Indeed, a signature for electronic 

delocalization is already evident in the asymmetric lineshapes of these peaks, skewed towards 

higher BE.  Common in the spectra of many elemental transition metals, including Zr, this 

asymmetry arises from the Doniach-Šunjić process described in Chapter 3 (Section 3.3.3).  This 

asymmetry arises when valence electrons, interacting with the core-hole formed after 

photoionization, are excited into the continuum of empty conduction states above the Fermi 

edge.130  In this way, the core electrons experience substantial nuclear screening to the extent that 

the Zr 3d BEs in ZrCuSiAs and ZrCuSiP do not shift much from that in Zr metal.  Further 

evidence for this electronic delocalization is provided by resistivity measurements, which show 

semimetallic behaviour for ZrCuSiP, and band structure calculations, which show a pseudogap at 

the Fermi level (vide infra).132 

The Si 2p XPS spectra were fitted to two components representing the 2p3/2 and 2p1/2 

spin-orbit-split final states, in an intensity ratio of 2:1, FWHM of 0.9 eV, and an energy splitting 

of 0.6 eV (Figure 4-3a).  The second set of peaks at higher BE is assigned to surface silicon 

suboxides.11,121  Surprisingly, the Si 2p3/2 BEs in ZrCuSiAs (99.41(4) eV) and ZrCuSiP (99.40(5) 

eV) are, within standard uncertainty, the same as in elemental Si (99.5(2) eV), even though the 
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formal charge is 2–.101,121  A closely related case is Zr(As0.6Si0.4)As, in which the more 

perceptibly shifted Si 2p3/2 BE (98.9 eV) is correlated with an approximate negative charge of   

1-.11  The implication is that the Zr-to-Si charge transfer is less pronounced and that the Zr–Si 

bonds are even more highly covalent in ZrCuSiAs and ZrCuSiP than in Zr(As0.6Si0.4)As.  The 

absence of a BE shift would also be consistent with the occurrence of strong Si–Si bonding 

Figure 4-2  Zr 3d XPS spectra, fitted with 3d5/2 and 3d3/2 components, for ZrCuSiAs, ZrCuSiP, 
and Zr metal.  The vertical dashed line marks the 3d5/2 BE for Zr metal. 
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within square nets in the structure, supporting the presence of an extended polyanionic Si 

network.  The identical BEs in ZrCuSiAs and ZrCuSiP suggest that the Si charges are 

independent of the nature of the pnicogen.  To confirm this point, the Si L-edge XANES spectra, 

which are less sensitive to final state effects than are XPS spectra, were analyzed (Figure 4-

3b).148  The features (A to E) in these spectra arise from dipole-allowed transitions of 2p 

electrons into unoccupied s and d states (∆l = ±1) and are characteristic of tetrahedrally 

coordinated Si (such as in α-quartz).149  Peaks A and B correspond to transitions from 2p to 3s 

states (with a1 symmetry); they are split 0.6 eV apart from spin-orbit-coupling into 2p3/2 (L3-

edge) and 2p1/2 states.149  As anticipated, the L-edge absorption energies are essentially identical 

for both ZrCuSiAs and ZrCuSiP.  Peak C is assigned to a t2 → *
2t  (2p to strongly hybridized s-p 

states) transition, peak D to multiple scattering resonance (MSR), and peak E to a 2p → 3d 

transition (or possibly a surface oxide).149,150 

Figure 4-3  (a) Si 2p XPS spectra, fitted with 2p3/2 and 2p1/2 components, and (b) Si L-edge 
XANES spectra (FLY mode) for ZrCuSiAs and ZrCuSiP.  The vertical dashed line in (a) marks 
the 2p3/2 BE for elemental Si.  Features A–E in (b) are discussed in section 4.3.1. 

a) b) 
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4.3.2  [CuPn] layer 

Cu 2p XPS spectra for ZrCuSiAs and ZrCuSiP consist of 2p3/2 and 2p1/2 core-line peaks 

in an intensity ratio of 2:1 (Figure 4-4a).  Interestingly, despite the expectation of Cu1+, these 

spectra exhibit features characteristic of both Cu2+ and Cu1+ systems.  On one hand, the Cu 2p3/2 

BEs in ZrCuSiAs (933.68(3) eV) and ZrCuSiP (933.70(6) eV) are higher than in Cu metal 

(932.86(4) eV).  The occurrence of BE shifts relative to Cu metal is usually diagnostic for 

compounds containing Cu2+ but not Cu1+.151-154  On the other hand, as gauged by their FWHMs, 

the Cu 2p3/2 peaks in ZrCuSiAs and ZrCuSiP (1.0 eV) are much narrower than in CuO (3.2 

eV)155 but closer to those in CuBr156 or CuI (1.2 eV).157  The absence of line broadening is 

usually diagnostic for compounds containing Cu1+ but not Cu2+.  Significant line broadening 

occurs for Cu2+ (3d9) where the interaction of unpaired 3d electrons with 2p electrons after 

photoionization gives rise to multiplet splitting, but not for Cu1+ (3d10) where no such interaction 

can occur because of the absence of unpaired electrons.158  These seeming contradictions can be 

reconciled upon realization that the bonding in these quaternary pnictides is highly covalent.  

Thus, the BE correlation may break down, similar to the case of the chalcogenides Cu2S and 

CuS, which are indistinguishable by their Cu 2p BEs.158  Moreover, because these pnictides are 

expected to be semimetallic, the mechanism for line broadening is different.  The Cu 2p3/2 peaks 

actually resemble more closely those in Cu metal (FWHM of 0.8 eV; Figure 4-4a), CeCu4Al 

(FWHM of 1.0 eV),159 and other alloys containing Cu1+ or Cu0,152 with a small asymmetry to 

higher BE arising in the same way (Doniach-Šunjić process) as described earlier for the Zr 3d 

core-line. 
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Another defining feature that can be examined is an intense satellite above the 2p3/2 core 

line at 940–945 eV seen in the Cu 2p XPS spectra for Cu2+ but not Cu1+ or Cu0 systems, as has 

been exploited to identify Cu2+ in cuprate superconductors.151-153,155,158,160-166  The two theories 

developed (a “shake-up” process in which Cu valence electrons are excited into empty 

conduction states above the Fermi edge after photoionization,151 or a “shake-down” process in 

which ligand electrons relax into empty conduction states after photoionization158) both predict 

that this satellite is only possible in Cu2+ systems where empty 3d conduction states are 

available.  The absence of this satellite in ZrCuSiAs and ZrCuSiP thus eliminates the possibility 

for an assignment of Cu2+. 

Further information can be gained from the Cu L-edge XANES spectra, which reveal 

dipole-allowed transitions from 2p3/2 (L3-edge) or 2p1/2 (L2-edge) states to unoccupied 4s and 3d 

Figure 4-4  (a) Cu 2p XPS spectra and (b) Cu L-edge XANES spectra (FLY mode) for 
ZrCuSiAs, ZrCuSiP, and Cu metal.  The vertical dashed lines mark the Cu 2p3/2 BE in (a) and 
the Cu L3-edge absorption energy in (b) for Cu metal.  Spectra are offset for clarity. 

a) b) 
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states (Figure 4-4b).  The lineshapes are typical of Cu1+ compounds.  Given the d10 configuration 

for Cu1+ and Cu0, the 2p → 4s transition is much more probable than the 2p → 3d transition, 

whereas the reverse holds for Cu2+ (3d9).167  The correlation between absorption energy and 

charge is not so straightforward.  Although it is true that the L3-edge energy for Cu1+ is higher 

than for Cu0 because of the greater positive charge, it is actually lower for Cu2+ because of the 

presence of unfilled 3d states.167  The L3-edge absorption energy in ZrCuSiAs and ZrCuSiP (both 

934.0 eV) is found to be higher than in Cu metal (932.7 eV), supporting the presence of Cu1+.  In 

principle, the intensity of the Cu L-edge, which should be proportional to the number of 

conduction states, can be analyzed; however, this relationship is not valid here because these 

spectra were measured in FLY mode, which is influenced by self-absorption effects. 

 The As 3d and P 2p XPS spectra each show one broad signal, fitted to the As 3d5/2 and 

3d3/2 components (intensity ratio of 3:2, FWHM of 0.9 eV, splitting of 0.7 eV) and P 2p3/2 and 

2p1/2 components (intensity ratio of 2:1, FWHM of 0.7 eV, splitting of 0.9 eV), respectively 

(Figure 4-5).  The As XPS spectrum shows a small asymmetry at higher BE which is attributed 

to surface oxides (as seen in the Zr XPS spectrum, as well as in As1–xSex)131 or may be caused by 

the line-broadening mechanism described earlier involving electronic delocalization in 

ZrCuSiAs.  The P XPS spectrum includes a minor component which is assigned to the 2p1/2 core-

line peak of trace amounts of elemental P, with the 2p3/2 peak presumably buried under the more 

intense main peaks for ZrCuSiP.  The As 3d5/2 BE is lower in ZrCuSiAs (41.13(6) eV) than in 

elemental As (41.7(2) eV) and the P 2p3/2 BE is lower in ZrCuSiP (128.82(6) eV) than in 

elemental P (130.2(3) eV), indicating the presence of anionic pnicogen atoms in both cases.101,121  

As in the case for the Si atoms within the [ZrSi] layer, these BE shifts are less extreme than 

expected for nominal Pn3– anions within the [CuPn] layer because of the substantial covalent 
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character in the bonds.  The magnitude of these shifts should reflect the degree of electron 

transfer within the Cu–Pn bonds.  Interestingly, the BE shifts are less pronounced for the As 

atoms (∆BE of 0.6 eV) than for the P atoms (∆BE of 1.4 eV), implying that As is less 

electronegative than P.  This observation contradicts the relative ordering of the Allred-Rochow 

electronegativities for As (2.20)8 and P (2.06),168 as was previously noted in a comparative XPS 

study of binary transition-metal phosphides vs. arsenides. 

 

 

4.3.3.  Charge transfer within and between [ZrSi] and [CuPn] layers 

It is useful to summarize the conclusions reached so far.  The [ZrSi] layer contains Zr 

cations and Si anions, but the charges are not extreme (as implied by little or even no energy 

shifts relative to the element) and there is evidence for electronic delocalization.  The [CuPn] 

layer contains Cu1+ cations and Pn anions, with more pronounced energy shifts, consistent with a 

greater ionic character in the Cu–Pn bonds than in the Zr–Si bonds.  Of the remaining questions, 

Figure 4-5  (a) As 3d XPS spectrum, fitted with 3d5/2 and 3d3/2 components, for ZrCuSiAs, and 
(b) P 2p XPS spectrum, fitted with 2p3/2 and 2p1/2 components, for ZrCuSiP.  The vertical dashed 
lines mark the As 3d5/2 BE for elemental As and the P 2p3/2 BE for elemental P. 

a) b) 



73 
 

 

the most important is whether the separate layers interact; that is, we want to address the 

possibility that the Pn atoms are bonded not only to the Cu atoms, but also to the Zr atoms 

(Figure 4-1b).  If so, then it is of interest to determine how the extent of Zr-to-Pn or Cu-to-Pn 

charge transfer is altered in ZrCuSiAs vs. ZrCuSiP.  Because transitions in Zr and Cu XANES 

spectra can reflect changes in the occupancy of specific states within atoms, they provide a way 

to answer these questions. 

 The Zr K-edge spectra reveal transitions of 1s electrons into unoccupied p states (Figure 

4-6a).  The immediate observation that the spectra differ for ZrCuSiAs and ZrCuSiP implies that 

the Zr and Pn atoms do interact.  We use the calculated conduction band for ZrCuSiAs (Figure 4-

7) to aid in the interpretation of these spectra by identifying qualitatively what orbital 

contributions are likely in the final states of these transitions.  (The calculated conduction band 

for ZrCuSiP is similar and not shown here.)  Peak A is assigned as a transition from Zr 1s to Zr 

5p states that are hybridized with p states of Si and Pn atoms.  This peak is more intense in 

ZrCuSiAs than in ZrCuSiP, which indicates that there are more pnicogen-based conduction 

states available in the former, consistent with the earlier assertion that As is less electronegative 

than P and thus that charge transfer is less from Zr to As than to P atoms.  (An alternative 

assignment, an MSR phenomenon in which the peak becomes more intense with larger next-

nearest neighbour atoms, can be dismissed because the second coordination sphere around Zr is 

the same in both compounds.169)  Peak B is assigned either as a transition from Zr 1s to Zr 5p 

states that are hybridized with Cu 4p states, or possibly an MSR process.169  More convincing 

evidence for the interaction of Zr and Pn atoms is provided by the Zr L-edge spectra, which 

probe the Zr 4d states directly involved in bonding.  Here, the spectra consist of L3- and L2-

edges, corresponding to transitions from Zr 2p3/2 and 2p1/2 states, respectively, to unoccupied 4d  
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Figure 4-6  Normalized (a) Zr K-edge, (b) Zr L-edge, and (c) Cu K-edge XANES spectra for 
ZrCuSiAs and ZrCuSiP.  Zr and Cu K-edge spectra were measured in transmission mode and Zr 
L-edge spectra in TEY mode.  Marked features are discussed in Section 4.3.3. 

a) b) 

c) 

Figure 4-7  Orbital projections of the calculated conduction states for ZrCuSiAs.  The 
projections are offset for clarity but are set on the same scale. 
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states (Figure 4-6b).  Both edges are less prominent in ZrCuSiAs than in ZrCuSiP, indicating that 

there are fewer Zr-based conduction states in the former. 

Complementary information about the extent of metal-to-pnicogen charge transfer can be 

gained from the Cu K-edge XANES spectra, which reveal transitions of Cu 1s electrons into 

unoccupied p states (Figure 4-6c).  Peak A resembles a pre-edge feature corresponding to a 

dipole-forbidden 1s → 3d transition commonly found for Cu2+ species by virtue of their unfilled 

3d-based conduction states.170  Because the possibility of Cu2+ was already eliminated from the 

XPS data, the more likely assignment is a dipole-allowed transition from Cu 1s to strongly 

hybridized Cu 3d/4p states associated with the tetrahedral coordination geometry around Cu1+ 

species (similar to the case of copper(I) halides).171  An alternative assignment is a transition 

from Cu 1s to Cu 4p states that are hybridized with Zr 4d states, as found near the Fermi edge in 

the conduction band (Figure 4-7).  Although the Zr and Cu atoms are more than 3 Å apart, 

similar types of long-distance interactions have been implicated in the spectra of Ca2–

xSrxFe2O5,172 LaFeAsO1–xFx,173 and La2CuO4.174  Peak B is assigned as a transition from Cu 1s to 

Si 3p and Pn np states.  With the assumption that the contribution from the Si states is identical 

(on the basis of the lack of changes in the Si XPS and XANES spectra), the greater intensity of 

this peak in ZrCuSiAs than in ZrCuSiP confirms that there are more pnicogen-based conduction 

states in the former.  As before, this implies that As is less electronegative than P and that charge 

transfer is less from Cu to As than to P atoms.  The remaining peaks, C and D, are assigned as 

transitions from Cu 1s to Zr 5p and Cu 4p states (seen in the conduction band), or possibly as 

MSR phenomena.113 
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4.3.4  Band structure 

 It is now of interest to see if the conclusions gained from the spectroscopic evidence are 

supported by the calculated band structure for ZrCuSiAs, in comparison to a representative rare-

earth arsenide oxide, LaNiAsO.  In common with other rare-earth pnictide oxides, the band 

structure for LaNiAsO is characterized by a partially filled valence band that comprises a narrow 

range of La- and O-based states (from –6 to –3 eV) and a wider range of Ni- and As-based states 

(from –6 eV upwards), with the bands near the Fermi level dominated by Ni 3d states (Figure 4-

8a).  (The narrow low-energy band centred near –11.5 eV largely comprises As 4s states.)  

Notwithstanding the usual assumption that the [LaO] layer contains ionic bonds,31 the mixing of 

La and O states implies that there is also some covalent character here, as reflected by the modest 

integrated crystal orbital Hamilton population (–ICOHP) value of 0.65 eV/bond and the 

occupation of La–O bonding levels in this energy range (Figure 4-8b).  The main stabilizing 

contribution in this structure, however, occurs within the [NiAs] layer, where a large –ICOHP of 

1.88 eV/bond for the Ni–As contacts is derived from the occupation of strongly bonding levels.  

Weak Ni–Ni bonding (–ICOHP of 0.17 eV/bond) is associated with the arrangement of Ni atoms 

2.92 Å apart forming square nets within the [NiAs] layer.  The corresponding arrangement of O 

atoms, too far apart at 2.92 Å, within the [LaO] layer leads to no O–O bonding interactions (–

ICOHP of 0.02 eV/bond), of course.  If the interaction between La and As atoms is interrogated, 

the small (but non-negligible) –ICOHP value of 0.10 eV/bond indicates that interlayer bonding 

between the [LaO] and [NiAs] layers is considerably weaker than intralayer bonding; the picture 

of nearly separate ionic [LaO] and covalent [NiAs] layers holds. 
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 The band structure for ZrCuSiAs reveals some striking differences (Figure 4-8c).  The 

Fermi level falls in a pseudogap, so that semimetallic behaviour is predicted.  (Although the 

properties of ZrCuSiAs have not been measured, the electrical resistivity of ZrCuSiP is quite 

high, 1.5 × 10–3 Ω·cm at 300 K, and falls only to 1.0 × 10–3 Ω·cm at 5 K.132)  Unlike the [LaO] 

layer in LaNiAsO, the [ZrSi] layer gives rise to dramatically wider energy dispersion, consistent 

with more pronounced covalent bonding character associated with the occupation of Zr–Si 

bonding levels (–ICOHP of 1.51 eV/bond) (Figure 4-8d).  A wide subband extending down to –

11 eV originates from orbital interactions of Si-based states, made possible by the closer 2.60 Å 

separation of Si atoms within square nets in the [ZrSi] layer.  Occupation of Si–Si bonding levels 

leads to a substantial –ICOHP of 1.41 eV/bond, confirming the presence of strong delocalized 

Figure 4-8  Density of states (DOS) with its orbital projections and crystal orbital Hamilton 
population (COHP) curves for (a–b) LaNiAsO and (c–d) ZrCuSiAs The Fermi level is at 0 eV. 

c) 

d) 

a) 

b) 
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homoatomic bonding within these polyanionic Si square nets.  Relative to the [NiAs] layer in 

LaNiAsO, the compression of the [CuAs] layer in ZrCuSiAs within the ab plane does not alter 

the metal-arsenic bonding too much (–ICOHP of 1.43 eV per Cu–As bond) but does enhance the 

metal-metal bonding (–ICOHP of 0.49 eV per Cu–Cu bond).  Importantly, the occupation of Zr–

As bonding levels leads to substantial interlayer bonding (–ICOHP of 1.73 eV/bond) that is of 

the same magnitude as the intralayer bonding.  Consistent with the Zr XANES spectra which 

show evidence for Zr–As interactions, the picture of interacting [ZrSi] and [CuAs] layers is 

confirmed. 

 

4.4  Conclusions 

 The [LaO] and [NiAs] layers in LaNiAsO can be treated independently (as suggested by 

the insensitivity of the As 3d BEs upon substitution of La with other RE elements), but the [ZrSi] 

and [CuAs] layers in ZrCuSiAs are strongly interacting (as suggested by the visible changes in 

the Zr K- and L-edge XANES spectra upon substitution of As with P).  That is, there exists a real 

charge transfer from Zr atoms in the [ZrSi] layer to the As atoms in the [CuAs] layer.  As 

inferred from shifts in the Zr K- and L-edge absorption energies, this metal-to-pnicogen charge 

transfer is enhanced even more in ZrCuSiP, indicating that P is more electronegative than As (in 

contradiction to tabulated Allred-Rochow values).  Band structure calculations confirm that Si–

Si and Zr–As interactions are ultimately responsible for the development of a three-dimensional 

covalent bonding network in ZrCuSiAs. 
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Chapter 5 

 

Electronic structure of lanthanum transition-metal arsenide oxides LaMAsO (M = Fe, Co, 

Ni) and LaFe1–xM'xAsO (M' = Co, Ni) by X-ray photoelectron and absorption spectroscopy* 

 

 

 

5.1  Introduction 

In the previous chapter, it was determined from band structure calculations that rare-earth 

transition metal pnictide oxides (REMAsO) can be viewed having two-dimensional character, 

with separate ionic [REO] and covalent [MAs] layers.  As pointed out in Chapter 1, the layered 

nature of the structure (tetragonal ZrCuSiAs-type) adopted by these arsenide oxides is believed 

to be of critical importance in imparting their interesting electronic properties.  Within the [MAs] 

layers, the distortion of metal-centred tetrahedra and the ~2.8 Å separation of the M atoms 

arranged in square nets are suggestive of metal-metal bonding interactions.175  Furthermore, for 

LaFeAsO, Fe Mössbauer spectroscopy has revealed that the tetrahedral Fe centre is in a low-spin 

state, implying a completely filled set of e states.135  Simple electron counting, with the 

assumption of full charge transfer, suggests the formulation [RE3+O2–][M2+Pn3–].  However, as 

discussed in the previous chapter, this approximation of the electronic structure may be incorrect 

as the bonding within each layer is quite different.  To what extent charge transfer really occurs 

and to what degree the bonding is covalent vs. ionic are questions that can be confronted with 

more prowess. 

                                                 
* A version of this chapter has been published. Blanchard, P.E.R.;Slater, B.R.; Cavell, R.G.; Mar, A.; Grosvenor, 
A.P. Solid State Sci. 2010, 12, 50-58.  Copyright (2010) by Elsevier. 
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In Chapter 5, band structure calculations of LaNiAsO revealed that the valence states 

comprise a lower-energy band derived from O 2p and As 4p states, and a higher-energy band 

derived from Ni 3d states, with the Fermi level located just above a sharp spike in the Ni d-band.  

However, it is important to provide experimental evidence.  X-ray photoelectron spectroscopy 

(XPS) and X-ray absorption near-edge spectroscopy (XANES) have been previously applied to 

show that the silicide pnictides ZrCuSiPn exhibited three-dimensional character.  A logical 

extension of this work would be to explore the electronic structure of the pnictide oxides using 

these techniques.  First we examine the effects of altering the [MAs] layer in a series of arsenide 

oxides LaMAsO (M = Fe, Co, Ni).  Aside from previous investigations focusing on the F-doped 

samples (e.g., LaFeAsO1–xFx), no comparative study of these three systems has yet been 

reported.30,46,134,136,173,176-180  High-resolution core-level (La 3d, M 2p, As 3d, and O 1s) and 

valence band XPS spectra, as well as As K-edge XANES spectra, are analyzed.  Metal K- and L-

edge XANES spectra for the mixed-metal series LaFe1–xM'AsO (M' = Co, Ni) are also presented. 

 

5.2  Experimental 

 

5.2.1  Synthesis 

 All reagents, obtained from Cerac or Alfa-Aesar with purities better than 99.5%, were 

handled in an Ar-filled glove box.  Starting material LaAs was prepared from stoichiometric 

reaction of elemental La and As at 1050 °C for 2 days in an evacuated fused silica tube.  Binary 

oxide starting materials Fe2O3, CoO, Co3O4, and NiO were dehydrated by heating at 900 °C for 2 

days.  The quaternary arsenide oxides LaMAsO were prepared from stoichiometric mixtures of 

LaAs with Fe / Fe2O3 (for LaFeAsO), CoO (for LaCoAsO), or NiO (for LaNiAsO).  The mixed-
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metal series LaFe1–xM'xAsO (M' = Co, Ni; 0 ≤ x ≤ 1) were prepared from stoichiometric mixtures 

of LaAs, La2O3, Fe2As, and FeAs with either CoO / Co3O4 or 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.  For the mixed-metal samples, three cycles 

of grinding and heating were necessary to ensure homogeneity, as judged by powder X-ray 

diffraction (XRD) patterns collected on an Inel powder diffractometer.  Any remaining 

byproducts (generally binary phases such as La2O3 or MAs) were removed by treating the 

samples with dilute hydrochloric acid.  All samples were deemed to be single-phase and free of 

impurities, as seen in representative XRD patterns (Figure A3-1 in Appendix 3). 

 

5.2.2  XPS analysis 

 XPS spectra were measured on a Kratos AXIS 165 spectrometer equipped with a 

monochromatic Al Kα X-ray source (14 mA, 15 kV) and a hybrid lens with a spot size of 700 × 

400 µm2.  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 at 10–7–10–9 Pa.  Samples were sputter-

cleaned with an Ar+ ion beam (4 kV, 10 mA) 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 As 3d5/2 BEs for the arsenide 

oxides were, within standard uncertainties, the same before and after the sputtering procedure 

(Table A3-1 and Figure A3-2 in Appendix 3). 
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 Survey spectra were collected with a BE range of 0–1100 eV, a pass energy of 160 eV, a 

step size of 0.7 eV, and a sweep time of 180 s.  Analyses of these spectra confirmed the expected 

chemical compositions (La:M:As:O = 1:1:1:1) for these arsenide oxides.  High-resolution core-

line spectra were collected with an energy envelope of appropriate range (La 3d, 60 eV; M 2p, 50 

eV; As 3d and O 1s, 20 eV), a pass energy of 20 eV, a step size of 0.05 eV, and a sweep time of 

180 s.  To avoid interference by an Fe Auger peak produced when Al Kα X-rays are used, the Co 

2p core-line spectra for LaFe1–xCoxAsO were collected with a Mg Kα X-ray source (10 mA, 15 

kV).  Although no charge correction was required for the arsenide oxide samples, which are 

good conductors, the spectra were nevertheless calibrated to the C 1s line at 284.8 eV arising 

from adventitious carbon.  Such a correction was needed and used in the case of a insulating 

La2O3 sample measured as a standard.  All high-resolution spectra were analyzed with use of the 

CasaXPS software package.128  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.  

Except for La2O3 (which has been reported previously and was measured here only as a 

standard), multiple spectra of each sample were collected, establishing a BE precision estimated 

at better than ±0.10 eV (Tables A3-1–A3-3 in Appendix 3).181  In subsequent discussion, BE 

values are quoted to two decimal places with this uncertainty implicitly understood.  Table 5-1 

summarizes the average BE values measured for all core-line XPS spectra. 

 

5.2.3  XANES analysis 

 Measurements were performed at the Canadian Light Source (CLS) in Saskatoon, 

Saskatchewan.  Metal L-edge XANES spectra were collected on the spherical grating 
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monochromator (SGM) undulator beamline (11ID-1).  Powder samples were mounted on carbon 

tape and inserted into the vacuum chamber via a load lock.  Spectra were collected from ~20 eV 

below to ~65 eV above the edge using both total electron yield (TEY) and X-ray fluorescence 

yield (FLY) modes.  These spectra were calibrated to the elemental metals, with the maxima in 

the first derivatives of the L3-edges set to 706.8 eV (Fe) and 778.1 eV (Co).147 

 

 

 

 Arsenic K-edge and metal K-edge XANES spectra were collected on the hard X-ray 

microanalysis (HXMA) superconducting wiggler beamline (06ID-1).  Powder samples were 

sandwiched between Kapton tape and positioned at 45o to the X-ray beam.  A silicon (220) 

crystal monochromator provided a monochromatic photon flux of ~6 × 1011 photons/sec with a 

resolution of 1 eV at 10 keV and a beam size of 100 × 500 µm2.  Spectra were collected in 

Sample La 3d5/2 M 2p3/2 M' 2p3/2 As 3d5/2 O 1s 

LaFeAsO 834.88 707.11  41.18 529.94 

LaCoAsO 834.85 778.55  41.29 529.89 

LaNiAsO 834.92 not measured a  41.43 529.96 

LaFe0.9Co0.1AsO 834.91 707.07 778.54 41.14 529.93 

LaFe0.8Co0.2AsO 834.81 707.06 778.59 41.18 529.86 

LaFe0.4Co0.6AsO 834.94 707.15 778.42 41.22 529.91 

LaFe0.2Co0.8AsO 834.77 707.18 778.43 41.30 529.93 

LaFe0.8Ni0.2AsO 834.79 707.12 not measured a 41.28 529.97 

LaFe0.7Ni0.3AsO 834.95 707.11 not measured a 41.31 530.00 

aThe Ni 2p3/2 core-line peak is obscured by the La 3d5/2 peak and could not be analyzed. 

Table 5-1  Core-line BEs (eV) for LaMAsO (M = Fe, Co, Ni) and LaFe1–xM'AsO (M' = Co, Ni). 



84 
 

 

transmission mode with an ion chamber detector (filled with a 50:50 mixture of N2 and Ar) and 

in fluorescence mode with a Lytle detector.182  The step size was 0.2 eV on traversing through 

the absorption edge.  These spectra were calibrated to Au, with the maximum in the first 

derivative of the Au L3-edge set to 11919 eV.147  All XANES spectra were analyzed with use of 

the Athena software program.147 

 

5.3  Results and discussion 

 

5.3.1  Fe and Co 2p XPS spectra 

 High-resolution metal core-line XPS spectra have been measured for LaMAsO (M = Fe, 

Co, Ni).  Unfortunately, the Ni 2p spectra could not be analyzed because the Ni 2p3/2 peak is 

obscured by the La 3d3/2 peak, which coincides in energy.  The Fe and Co 2p XPS spectra for 

LaFeAsO and LaCoAsO, respectively, reveal two peaks corresponding to the 2p3/2 and 2p1/2 

spin-orbit-coupled final states (Figure 5-1).  Normally, the BE depends principally on the 

valence state of an atom within a solid but it is also influenced by other factors.183  The Co 2p3/2 

peak in LaCoAsO does shift discernibly to higher BE (778.55 eV) relative to Co metal (778.1 

eV),6 suggesting the presence of positively charged Co atoms in LaCoAsO.  However, a similar 

shift in the Fe 2p3/2 peak is barely perceptible in LaFeAsO (707.11 eV) relative to Fe metal 

(707.0 eV).6  The interpretation is complicated by the asymmetric peak lineshapes, skewed 

towards higher energy, which is due to the Doniach-Šunjić process described in Chapter 3.  This 

lineshape originates from strong electron delocalization associated with the metal-metal bonding 
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network found in the pnictide oxides.130  In solids exhibiting such delocalized bonding or 

metallic behaviour, the BE shifts can be quite misleading.  For example, the Co 2p3/2 BE in CoAs 

(777.91 eV)8 is actually lower than in Co metal,6 even though the Co atoms are found to be 

positively charged (close to 1+) when assessed by different means.  Thus, another approach is 

needed to interpret these spectra. 

 

 

Closer inspection of the Co 2p XPS spectrum reveals a satellite feature at higher BE to 

the main 2p3/2 peak (inset of Figure 5-1b), similar to that seen in Co metal,6 CoAs,8 and other Co-

containing compounds.119,120  This satellite feature can be accounted for through either a plasmon 

loss184 or a two-core-hole model.185  In the plasmon loss model, the photoelecton loses KE (with 

an apparent increase in BE) when it interacts with bound valence electrons, which are caused to 

oscillate.184  Although this model was the first to be proposed, it was abandoned when no 

Figure 5-1  (a) Fe 2p XPS spectrum for LaFeAsO and (b) Co 2p XPS spectrum for LaCoAsO.  
The satellite structure, modeled as two peaks, is enlarged in the inset in (b). 

a) b) 
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evidence of a plasmon event was observed in electron energy loss spectra.185  In the two-core 

hole theory, a core-hole produced after photoionization effectively acts as a positive charge and 

pulls conduction states below the Fermi edge.185  If the conduction states are empty, a satellite 

peak is observed because the final state contains two holes (one in the core states and one in the 

valence).  If the conduction state pulled below the Fermi edge is full, only one hole occurs in the 

final state and only the core-line is observed.  This model has been the more widely accepted 

explanation, and has been used to account for the presence of the satellite feature in Co metal.186  

However, recent reflective electron energy loss spectrum (REELS) of Co has shown new 

evidence for two plasmons (bulk and surface).6  The energy difference between the plasmon 

satellites and the main line peak in the REELS spectra is similar to the BE difference between 

the satellite and the core-line peaks in the Co 2p XPS spectra of these compounds.6  If the 

satellite peak was due to a two-core-hole model, satellite peaks should not have been observed in 

the REELS spectra. 

Both models can be used to predict the oxidation state of Co in LaCoAsO.  In either 

model, the intensity of the satellite peak is proportional to the number of valence electrons on the 

Co atom within the solid.120  In the plasmon loss model, the cross-section of the plasmon 

oscillations is proportional to the number of valence electrons (i.e., oscillations will increase if 

there are more valence electrons).  In the two-core-hole model, more valence electrons will 

stabilize the hole in the valence band increasing the cross-section for the two-core-hole state.  

The satellite feature shown in Figure 5-1b was interpreted through the plasmon loss model, with 

the two peaks observed representing the bulk and surface plasmons.  Surface plasmons are 
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typically observed at high BE because the outgoing photoelectron has lower KE as it interacts 

with valence electrons near the surface.  The normalized satellite intensity (Isatellite/Icore-line) is 

found to be lower in LaCoAsO (0.20) than in Co metal (0.32),6 which leads to the conclusion 

that Co atoms are, in fact, positively charged.  Given that the satellite intensity is similar to that 

in CoAs (0.22), the Co atoms in LaCoAsO are proposed to have a charge closer to 1+ than to 

2+.6  By extrapolation, we propose that the Fe atoms are similarly positively charged (close to 

1+) in LaFeAsO. 

 

5.3.2  As 3d XPS and K-edge XANES spectra 

 The As 3d XPS spectra for LaMAsO (M = Fe, Co, Ni) show one signal (Figure 5-2a), 

which was fitted to two component peaks corresponding to the 3d3/2 and 3d5/2 spin-orbit-coupled 

final states, each with a full-width at half-maximum (FWHM) of 1.2–1.3 eV in an intensity ratio 

equal to the theoretical value of 3:2.  The spectra exhibit a shoulder at low BE that is attributed to 

a slight reduction of the As atoms caused by the Ar+ ion sputtering procedure.  The signal shows 

a slight asymmetry at high BE, which may be attributed to the formation of suboxides (similar to 

the case in As1–xSex)131 or which may be indicative of strong electronic delocalization within the 

M–As bonds.  There are observable shifts in the As 3d5/2 BE, which decreases from 41.43 to 

41.18 eV on progressing from LaNiAsO to LaFeAsO.  These BE values are lower than in 

elemental As (41.7(2) eV),101 indicating the presence of anionic As atoms.  On the basis of a 

linear relationship assumed between charge and BE found for other As-containing compounds in 

the NIST X-ray spectroscopy database, we estimate a charge closer to 1– than 3– for the As 
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atoms in LaMAsO.101  The BE shifts can be correlated with the difference in electronegativity ∆χ 

between M and As (Figure 5-2b).168  This trend can be understood in terms of a ground state 

effect in which more pronounced polar character in the M–As bond is associated with greater 

charge transfer from M to As atoms, leading to more negatively charged As atoms and thus 

lower BE in the progression from LaNiAsO to LaFeAsO.  The same trend is also consistent with 

a final state effect in which, as M becomes less electronegative, the electrons in the surrounding 

M atoms experience greater interatomic relaxation towards the nuclear charge of a central As 

atom after production of the core hole, resulting in a lowering of the As final state energy and 

thus lower BE in the progression from LaNiAsO to LaFeAsO.187,188  However, as supported 

below by the As K-edge results, we assert that the BE shifts are dominated by ground state 

effects. 

 

Figure 5-2  (a) As 3d XPS spectra for LaMAsO (M = Fe, Co, Ni).  The spectrum for LaNiAsO is 
fitted with 3d3/2 and 3d5/2 component peaks.  The vertical line at 41.7 eV marks the 3d5/2 BE for 
elemental As.  (b) Dependence of As 3d5/2 BE on the electronegativity difference between As 
and M. 

a) b) 
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 At this stage, the assignment of As1– proposed on the basis of BE shifts presents a 

problem because the overall charge on the [MAs] layer would not be negative, contrary to 

expectations.  Just as with the metal 2p BEs, it may be misleading to rely on the As 3d BEs to 

deduce atomic charges when electronic delocalization is important, as is the case here.  An 

alternative means to assess the As charge is to examine the As K-edge XANES spectra, which 

also offer further evidence for the variation in M-to-As charge transfer in LaMAsO (M = Fe, Co, 

Ni).  Although the absorption edge energy does not show any significant shifts, there are 

dramatic changes in the intensities and lineshapes of three peaks marked A, B, and C (Figure 5-

3), which are quite different in appearance from the previously studied cases of As2S3
189 and 

MAs.8  The most informative feature, A, is typically assigned to be a white-line pre-edge peak 

that arises from the dipole-allowed excitation of As 1s electrons into unoccupied As 4p states 

above the Fermi edge.  Peak A does not show resolvable energy shifts that might be expected 

from M substitution, likely as a result of the interaction of the As 4p states with the M 3d states, 

which are pinned at the Fermi edge.  These As 4p states are mixed with the predominant M 3d 

states in the calculated conduction bands (Figure 4-8c in section 4.3.4 in Chapter 4).141,142,180  

The intensity of this peak diminishes on progressing from LaNiAsO to LaFeAsO, indicating a 

greater filling of As 4p states (fewer unoccupied As 4p states) and a more negative charge on the 

As atoms with greater M-to-As charge transfer.  This observation confirms the interpretation 

above that ground state effects are largely responsible for the shift in As 3d5/2 BEs.  Importantly, 

the intensity of this peak (relative to the high-energy background) is much weaker in the 

LaMAsO series than in FeAs, in which the As atoms have a charge of 1–.8  That is, we deduce 
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that the charge of the As atoms in LaMAsO is more negative than 1–.  In combination with the M 

charge of 1+, an overall negative charge on the [MAs] layer is now recovered, consistent with 

expectations. 

In another XANES analysis on the F-doped LaFeAsO1–xFx systems, this pre-edge peak 

has been proposed to have partial contributions from the dipole-forbidden transition of As 1s 

electrons into M 3d states, which are strongly hybridized with the As 4p states because of the 

covalent character of the M–As bonds.178  If this contribution were significant in LaMAsO, one 

would expect that, as the M 3d band is depleted and there are more available empty M 3d 

conduction states to which the As 1s electrons can be excited in the progression from LaNiAsO 

to LaFeAsO, the pre-edge feature A should intensify, in contradiction with the observed trend.  

Thus, we can conclude that changes in the number of empty As 4p states are largely responsible 

for the trend in the intensity of this pre-edge feature. 

 

Figure 5-3  Normalized As K-edge (transmission mode) XANES spectra for LaMAsO (M = Fe, 
Co, Ni).  Peak assignments (A, B, C) are discussed in the text.  The inset highlights intensity 
changes in peak A. 
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The trend in the high-energy features marked B and C is more difficult to rationalize 

because there are several possibilities for their assignment.  The calculated conduction bands, 

which have not been examined beyond ~6 eV, do not reveal any As 4p states past 3 eV above the 

Fermi edge.136,141,142,180  These peaks may arise from the excitation of the As 1s electrons into M 

4p and O 2p states, or hybridized As 4p and La 6p states, or some combination thereof.190  

However, because this region is also one where multiple scattering resonance (MSR) or EXAFS 

phenomena are likely occurring, we make no further attempts at interpretation. 

 

5.3.3  La 3d XPS spectra 

 The La 3d XPS spectra for LaMAsO (M = Fe, Co, Ni) are essentially identical to each 

other and match well with the spectrum for a La2O3 standard (Figure 5-4a).  The La 3d5/2 BE is 

higher in the arsenide oxides (834.8 eV) than in La2O3 (831.9 eV).  For comparison, the La 3d5/2 

BE is 834 eV in La2S3
191 and 836.1 eV in LaFe4P12.120  In general, it is difficult to interpret La 3d 

BE shifts because they tend to be more sensitive to coordination environment and final state 

effects.192  The more relevant observation is that the lineshapes are the same and indicative of 

La3+ species.  The presence of trivalent La atoms is confirmed by the characteristic satellites 

found at higher BE (by about 4 eV) to each of the 3d3/2 and 3d5/2 core-line peaks.  It is generally 

accepted that these satellites originate from a ligand-to-metal charge-transfer shake-up process 

where ligand valence electrons are promoted to the La 4f conduction states.193-195  According to 

this model, the relative intensity of the satellite depends on the degree of orbital overlap between 

metal and ligand atoms and the electronegativity of the surrounding ligand atoms.195  Thus, the 
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satellite intensities do vary between LaMAsO and La2O3 because the coordination environments 

around La atoms are different.  However, as seen in spectra normalized to the 3d5/2 core-line, the 

satellite intensities are the same among the three isostructural LaMAsO members (Figure 5-4b).  

Notwithstanding the arbitrary separation of the crystal structure into distinct layers, the La atoms 

are surrounded not only by four O atoms within the [LaO] layer, but also by four As atoms in the 

adjacent [MAs] layer.  The observation that no changes occur in the La 3d spectra indicates that 

M substitution in the [MAs] layer exerts little influence on the La states, even though these are 

hybridized with the As states.190 

 

 

5.3.4  O 1s XPS spectra 

 As in the La spectra, the O 1s XPS spectra for LaMAsO (M = Fe, Co, Ni) are also 

identical to each other, with similar lineshapes and BEs.  The O 1s peak is narrower (FWHM of 

Figure 5-4  (a) Comparison of La 3d XPS spectra for LaFeAsO and La2O3.  (b) La 3d5/2 XPS 
spectra for LaMAsO (M = Fe, Co, Ni).  The spectra are offset for clarity. 

a) b) 
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1 eV) in LaMAsO because only one O site is present, compared to the case of a La2O3 standard 

(FWHM of 1.4 eV) in which two different O sites are present (Figure 5-5).  Both spectra show a 

second peak at higher BE that is attributed to residual surface water and hydroxide contaminants 

that could not be removed by Ar+ ion sputter-cleaning; similar impurities plague the spectra of 

LaFeAsO1–xFx
180 and SmFeAsO1–xFx.177 

 

 

 Assuming that ground state effects dominate, Barr has correlated O 1s BEs with the ionic 

character of metal–oxygen bonds in many simple oxides, which he classifies into three 

categories:  semicovalent oxides (530.5–533.0 eV), normal ionic oxides (530.4–529.6 eV), and 

very ionic oxides (529.5–528.0 eV).196,197  Accordingly, the higher O 1s BEs in LaMAsO 

(~529.9 eV) definitely indicate anionic O atoms but less ionic La–O bonds than in La2O3 (528.1 

eV)  In fact, the O 1s BEs in LaMAsO are similar to those in many transition-metal oxides.196,197  

The invariance of the O 1s spectra among the different LaMAsO members (Table 5-1) indicates 

Figure 5-5  Comparison of O 1s XPS spectra for LaNiAsO and La2O3.. 
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that M substitution within the [MAs] layer has little effect on the O states in the [LaO] layer, 

notwithstanding theoretical calculations that suggest hybridization between the O 2p and M 3d 

states.136,190 

 

5.3.5  Valence band XPS spectra 

 The results from the core-line XPS spectra, taken at face value, present an inconsistency.  

The La 3d and O 1s XPS spectra do support the picture of strong ionic character in the [La3+O2–] 

layer, but the M 2p and As 3d spectra suggest charges that are much less extreme than implied by 

the formulation [M2+As3–].  For charge neutrality, an overall positive charge on the [LaO]1+ layer 

must be compensated by a negative charge on the [MAs]1– layer.  The charges deduced from 

correlations with BE shifts are close to 1+ for M and 1– for As, which do not sum to an overall 

negative charge.  This conundrum stems from the difficulties in trying to assign an individual 

charge to these atoms participating in strongly covalent bonds.  Moreover, there are idiosyncratic 

features in each core-line spectrum, such as the Co 2p satellite or the different BE correlations, 

that must be examined on a case-by-case basis.  The analysis of the As K-edge XANES spectra 

does succeed in resolving the discrepancy in charge balance by recovering an As charge more 

negative than 1–. 

 To complement the core-line spectra, the valence band spectra can be examined as an 

alternative approach to determine the charge distribution of atoms in LaMAsO.  Through a 

procedure developed previously to fit the valence band spectra with component peaks, it is 

possible to arrive at a partitioning of the electronic states even in solids with strong covalent 
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character.3,6,119-121  When the experimental valence band spectra for LaMAsO (M = Fe, Co, Ni) 

are compared to the calculated density of states (Figure 4-8c in section 4.3.4 of Chapter 4), it 

becomes apparent that there are three distinct regions:  M 3d (0–3 eV), As 4p / O 2p (3–9 eV), 

and As 4s (9–13 eV) (Figure 5-6a-c).46,134,135,137,141,144,145  On the basis of this assignment, the 

valence band spectra were fitted to a minimum number of component peaks, labelled 1 to 6.  By 

virtue of the tetrahedral coordination geometry around the metal atoms, the M 3d states undergo 

crystal field splitting into two sets, e and t2, which are fitted to peaks 1–3.  Peaks 2 and 3 

correspond to the e states and are fitted as a spin-orbit-split doublet (3d5/2 and 3d3/2) in a fixed 

intensity ratio of 3:2 and asymmetric lineshapes skewed towards higher BE as a result of the 

Doniach-Šunjić broadening process described earlier.  Peak 1 corresponds to the 3d5/2 t2 states 

(with the assumption that the corresponding 3d3/2 states are buried within the other peaks).  As 

best observed when the spectra are overlapped (Figure 5-6d), the relative intensity of the M 3d 

signal grows most dramatically on progressing from LaFeAsO to LaNiAsO.  Thus, it is assumed 

that the majority of M 3d states will be confined to this region.  This increase in intensity can be 

related to the enhancement in photoelectron cross-section (Table 5-2) upon excitation with Al 

Kα X-rays as well as to the increase in the number of M 3d electrons.94,95  In addition to the 

dominant d-band near the Fermi level, the M 3d states also contribute to the As 4p / O 2p region, 

as indicated in this and other band structure calculations.46,134,135,137,141,144,145  Peak 4, 

corresponding to the As 4p states, is much more intense than peak 5, corresponding to the O 2p 

states, because of the relative magnitudes of the photoelectron cross-sections.94,95  Because the 

separation between the spin-orbit-split np3/2 and np1/2 states is small, only a single peak used for 
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fitting was justified.  Peak 6 corresponds to the As 4s state.  It should be noted that the relative 

photoelectron cross-sections of As 4s and 4p states, compared to those of M 3d states, 

determined on different scales exhibit the greatest discrepancies (Table 5-2). 

 

 

The integrated peak areas I, corrected for different photoelectron cross-sections (σ) and inelastic 

mean free paths (IMFP, λ), can be related to the fractional electron population of each state Ci 

according to:88 
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Figure 5-6  Comparison of fitted XPS valence band spectra for (a) LaFeAsO, (b) LaCoAsO, and 
(c) LaNiAsO.  Assignments of peaks 1 to 6 are given in Table 5-3 and discussed in the text.  The 
experimental spectra are shown by the grey lines and the fitted envelope by the thin black lines 
in (a)–(c).  (d) XPS valence band spectra for LaMAsO (M = Fe, Co, Ni) normalized to the As 4s 
peak (9–13 eV) and overlapped to highlight the relative intensity differences in the 0–9 eV 
region arising from changes in the population of the M 3d states. 

a) c) 

b) d) 
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Multiplying Ci by the total number of valence electrons per formula unit gives the electron 

population per state.  Since all photoelectrons travel through the same medium with similar 

kinetic energies,121 the IMFP can be assumed to be independent of the type of atom, simplifying 

this expression to: 

Ci =
Ii /σ i

Ii /σ ij=1
n∑

.               (5-2) 

Several assumptions were made in applying this analysis to LaMAsO, with the use of alternative 

sets of photoelectron cross-sections and two separate samples for each compound.  First, since no 

La 4f states contribute to the valence band, the charge of La is taken to be 3+.  Second, since O 

2s states are located beyond the valence band well below the Fermi edge (at ~20 eV according to 

calculated density of states curves for LaFeAsO and LaZnAsO), at a BE similar to that for La 5p 

states as seen in spectra for binary rare-earth oxides, they are assumed to be completely filled 

a Values from Ref. [95] are proportional to the C 1s cross-section of 13,600 barns, whereas those 
from Ref. [94] are in units of megabarns. 

Table 5-2  Atomic photoelectron cross-sections, σ. 

State Ref. [95] Ref. [94] 

Fe 3d 0.08885 0.0022 

Co 3d 0.1082 0.0037 

Ni 3d 0.19895 0.0059 

As 4s 0.1357 0.0018 

As 4p 0.06045 0.0017 

O 2p 0.00965 0.00024 
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(i.e., 2s2).139,140,198-200  In partitioning electrons within the component states in the valence band, 

we arrive at the calculated electron populations listed in Table 5-3.  To perform this fitting, the 

population of As 4p and O 2p states (and the ratio between them) has been restrained to be 

relatively constant while the population of M 3d states has been allowed to vary more 

considerably among the LaMAsO members, in accordance with experimental observation 

(Figure 5-6d).  This figure (normalized to the As 4s peak) reveals intensity differences not only 

in the 0–3 eV region, but also the 3–8 eV region.  Because the As 4p and O 2p populations are 

assumed to be fixed among the LaMAsO members, the intensity differences in both regions are 

attributed to changes in the M 3d populations.  Within these M 3d states, the difference in BE 

between the 3d5/2 and 3d3/2 peaks in the e set (peaks 2 and 3) becomes more pronounced on 

progressing from LaFeAsO to LaNiAsO, in accordance with the greater splitting between these 

spin-orbit final states with increasing atomic number and similar to previous observations in the 

transition-metal monophosphides MP.6,86  The e states (peaks 2 and 3) were also set to be wider 

than the t2 state (peak 1) as a result of the metal-metal bonding interactions involving the 3dx2–y2 

orbitals.134,144,145  The FWHM values and BEs for the O 1s and As 4p peaks were fixed to be 

roughly the same across the series.  There is some variation in the individual atomic charges 

obtained, a result of the difficulty in deconvoluting the M 3d and As 2p states in the valence band 

because of their strong hybridization (covalent character in the M–As bonds).  In the course of 

fitting an experimental valence band spectra, the goodness-of-fit was determined from the 

residual standard deviation (RSD), which is evaluated from the differences between the 

experimental and simulated spectra.  Typically a fit was considered good when the RSD value 
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reduces to 2-3.  Table 5-3 shows that there is a trend of increasing population of the t2 states from 

LaFeAsO (1.2 e–) to LaNiAsO (2.8 e–), consistent with the expected electron configurations of 

low-spin divalent metal centres M2+ (i.e., Fe2+ (e4 t22) to Ni2+ (e4 t24)) in agreement with results 

from Mössbauer spectra.201  A satisfying outcome of this experimental population analysis of the 

valence band is that we recover a charge distribution that agrees well with the formal charge 

assignment of [La3+O2–][M2+As3–], with layers that are held together by ionic interactions, similar 

to the conclusions reached from a Bader analysis on LaFePO.202 

 

Table 5-3  Electron population of valence states and charge distribution in LaMAsO (M = Fe, 
Co, Ni). 

Compound State Sample 1 Sample 2 

 Cross-section reference Ref. [95] Ref. [94] Ref. [95] Ref. [94] 

LaFeAsO Fe 3d t2 (peak 1) 1.0 1.0 1.4 1.4 

 Fe 3d e (peaks 2, 3) 4.7 4.7 4.6 4.7 

 As 4p (peak 4) 7.4 6.6 7.0 6.2 

 O 2p (peak 5) 6.1 6.1 6.1 6.2 

 As 4s (peak 6) 0.8 1.6 0.8 1.5 

 Total no. of e– 20 20 20 20 

 Fe charge 2.3+ 2.3+ 2.0+ 1.9+ 

 As charge 3.2– 3.2– 2.8– 2.7– 

 O charge 2.1– 2.1– 2.1– 2.2– 

 Average charges [La3+O2.1–][Fe2.3+As3.0–] 

LaCoAsO Co 3d t2 (peak 1) 2.4 2.2 2.4 2.2 

 Co 3d e (peaks 2, 3) 4.7 4.4 5.0 4.7 
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 As 4p (peak 4) 6.9 6.4 7.1 6.6 

 O 2p (peak 5) 6.2 6.5 5.7 6.0 

 As 4s (peak 6) 0.8 1.5 0.8 1.5 

 Total no. of e– 21 21 21 21 

 Co charge 1.9+ 2.4+ 1.6+ 2.1+ 

 As charge 2.7– 2.9– 2.9– 3.1– 

 O charge 2.2– 2.5– 1.7– 2.0– 

 Average charges [La3+O2.1–][Co2.0+As2.9–] 

LaNiAsO Ni 3d t2 (peak 1) 2.8 2.5 3.0 2.7 

 Ni 3d e (peaks 2, 3) 5.6 5.0 5.2 4.7 

 As 4p (peak 4) 6.9 6.5 7.3 7.0 

 O 2p (peak 5) 5.9 6.4 5.7 6.1 

 As 4s (peak 6) 0.8 1.6 0.7 1.5 

 Total no. of e– 22 22 22 22 

 Ni charge 1.6+ 2.5+ 1.8+ 2.6+ 

 As charge 2.7– 3.1– 3.0– 3.5– 

 O charge 1.9– 2.4– 1.7– 2.1– 

 Average charges [La3+O2.0–][Ni2.1+As3.1–] 

 

 

5.3.6  Mixed-metal arsenide oxides LaFe1–xM′xAsO (M′ = Co, Ni) 

 Although the occurrence of M-to-As charge transfer has been confirmed from the As 3d 

XPS and K-edge XANES spectra described above, the presence of two dissimilar metals may 

entail additional charge transfer through metal-metal interactions (~2.8 Å) within square nets in 
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the [MAs] layers, as suggested earlier.175,190  The asymmetric lineshapes seen earlier in the Fe 

and Co 2p spectra also seem to lend support for the delocalization of metal 3d electrons.  To 

acquire direct evidence for metal-metal charge transfer, the mixed-metal series LaFe1–xM′xAsO 

(M′ = Co, Ni) serves as a useful test system to examine.  Interestingly, when their core-line 

spectra were acquired (Figure A3-3 in Appendix 3), we observed no changes in the Co and Fe 

2p3/2 BEs, the Co 2p satellite intensity, or the As 3d5/2 BE relative to the parent compounds.  

Because next-nearest neighbour effects (to be discussed in detail in Chapter 8) imparted by the 

partial substitution of M′ for Fe atoms may be difficult to detect in XPS BE shifts, a different 

approach is required. 

 Metal L- and K-edge XANES spectroscopy probes directly the occupation of 3d valence 

states.  The metal L-edge corresponds to a dipole-allowed transition of a 2p electron into 

available empty 3d and possibly 4s conduction states (∆l = ±1).  The Fe and Co L-edges for 

various LaFe1–xM′xAsO members are split by spin-orbit coupling into L3 (2p3/2 → 3d) and L2-

edges (2p1/2 → 3d) (Figure 5-8a–b).  In the Fe and Co K-edge spectra, the lowest-energy feature 

is a pre-edge peak arising from a dipole-forbidden transition of a 1s electron into empty 3d 

conduction states (mixed with 4p states) (Figure 5-8c–d).178,203  (The higher-energy features 

correspond to transitions of a 1s electron into empty metal 4p, As 4p, or O 2p states, or possibly 

to MSR or EXAFS phenomena.)  If metal-metal charge transfer were occurring, one would 

expect to see differences in the intensities in the L-edge spectra and in the pre-edge in the K-edge 

spectra, since both of these features are influenced by the occupation of metal 3d states.  Because 

metal substitution may cause some geometrical distortions, which might influence the K-edge 
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pre-edge feature in particular, we focus our attention only on the mixed-metal arsenide oxides at 

low doping levels.7  The key observation is that the spectra for the M′-doped compounds show 

no changes relative to the parent LaMAsO compounds (Figure A3-4 in Appendix 3), indicating 

that metal-metal (M-to-M′) charge transfer does not take place, or is too negligible to be detected 

because of the small differences in electronegativity and the low doping levels studied. 

 

Figure 5-7  (a) Fe L-edge, (b) Co L-edge, (c) Fe K-edge, and (d) Co K-edge XANES spectra for 
mixed-metal arsenide oxides LaFe1–xM′xAsO (compared to the parent LaMAsO compounds).  
The L-edge spectra were measured in TEY mode and the K-edge spectra were measured in 
transmission mode.  The spectra are offset for clarity. 

a) b) 

c) d) 
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5.4  Conclusions 

 This study has demonstrated some of the challenges in interpreting XPS and XANES 

spectra for the arsenide oxides LaMAsO (M = Fe, Co, Ni).  Although the XPS spectra correctly 

reveal cationic character for the La and M atoms, and anionic character for the As and O atoms, 

further careful analysis is required to extract more detailed information.  The La 3d and O 1s 

XPS spectra confirm significant ionic character implied by the formulation [La3+O2–].  The 

insensitivity of the O 1s BEs to substitution by M atoms indicates that any charge transfer within 

the conducting [MAs] layer has no effect on the insulating [LaO] layer.  Changes in the M 2p and 

As 3d XPS spectra were more subtle, presenting greater difficulties in extracting individual 

atomic charges, primarily because of the strong covalent character within the [MAs] layer.  On 

casual inspection, these XPS spectra suggest charges of M1+ and As1–.  However, analysis of the 

pre-edge feature in the As K-edge XANES spectra suggests that the true As charge is more 

negative than 1–.  Moreover, shifts in the As 3d5/2 BE do correlate with greater M-to-As charge 

transfer as the difference in electronegativity between these atoms is enhanced.  An alternative 

approach involving fitting of the valence band XPS spectra to individual atomic states succeeds 

in recovering the formulation [LaO]1+[MAs]1–.  Finally, the metal K- and L-edge spectra of the 

LaFe1–xM′xAsO series reveal that no significant metal-metal charge transfer takes place within 

these [MAs] layers. 

A comparison of XPS and XANES spectra reveals profound differences that reflect the 

enhancement of covalent character on progressing from LaNiAsO to ZrCuSiAs.  The [LaO] layer 

in LaNiAsO exhibits significant ionic character, as indicated by its O 1s BE which falls in the 
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range expected for normal oxides, whereas the [ZrSi] layer in ZrCuSiAs exhibits strongly 

covalent character, as indicated by its Si 2p BE which is nearly the same as in elemental Si and is 

consistent with the development of a polyanionic Si network.  The [NiAs] layer in LaNiAsO and 

the [CuAs] layer in ZrCuSiAs are similar in nature, with As 3d5/2 BEs slightly lower than in 

elemental As, indicating the presence of anionic As atoms and highly covalent M–As bonds. 
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Chapter 6 

 

Effects of rare-earth substitution in the arsenide oxides REFeAsO (RE = Ce, Pr, Nd, Sm, 

Gd) and CeNiAsO by X-ray photoelectron and absorption spectroscopy* 

 

 

 

6.1  Introduction 

In Chapter 5, X-ray photoelectron spectroscopy (XPS) and X-ray absorption near-edge 

spectroscopy (XANES) were used to probe the electronic structure of several lanthanum 

transition-metal arsenide oxides LaMAsO (M = Fe, Co, Ni).  In the tetragonal ZrCuSiAs-type 

crystal structure of the arsenide oxides, which was previously discussed in Chapter 4, [LaO] and 

[MAs] layers are stacked in an alternating fashion with the O and M atoms tetrahedrally 

coordinated by La and As atoms, respectively.  The XPS and XANES study demonstrated that 

changing the [MAs] layer modifies the degree of M-to-As charge transfer but has no electronic 

effect on the [LaO] layer.  In this chapter, the effects of altering the [REO] layer in the REFeAsO 

(RE = Ce, Pr, Nd, Sm, Gd) series will be examined. High resolution core-line (RE 3d, Fe 2p, As 

3d, and O 1s) and valence band XPS spectra will be analyzed.  Supplementing this study will be 

an investigation of the nickel-containing compound CeNiAsO.  The XPS (Ce 3d, Ni 2p, As 3d, O 

1s) and XANES (Ce L3-edge; Ni L- and M-edges) spectra for CeNiAsO were measured to allow 

a comparison to the previously studied compound LaNiAsO (Chapter 5). 

                                                 
* A version of this chapter has been published. Blanchard, P.E.R.; Cavell, R.G.; Mar, A. J. Solid State Chem. 2010, 
183, 1477-1483.  Copyright (2010) by Elsevier. 



106 
 

 

6.2  Experimental 

 

6.2.1  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 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 

in evacuated fused silica tubes.  Binary oxides CeO2, RE2O3 (RE = Pr, Nd, Sm, Gd), Fe2O3, and 

NiO were dehydrated by heating at 900 °C for 2 days.  The quaternary oxyarsenides REFeAsO 

and CeNiAsO were prepared from stoichiometric mixtures of the appropriate starting materials: 

CeFeAsO (from CeAs, CeO2, FeAs, and Fe); PrFeAsO (from PrAs, Fe2O3, and Fe); NdFeAsO 

(from NdAs, Nd2O3, FeAs, and Fe2As); SmFeAsO (from SmAs, Fe2O3, and Fe); GdFeAsO (from 

GdAs, Gd2O3, 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 (Figure 

A4-1 in Appendix 4).  Although the compound CeNiAsO has been reported, no structural 

information has been available.204  With initial positions taken from the isotypic arsenide oxides, 

the crystal structure of CeNiAsO was refined with the full-profile Rietveld method with use of 

the program LHPM-Rietica.25  The results are summarized in Table 6-1 and the fit to the powder 

XRD pattern is shown in Figure 6-1. 
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Table 6-1  Crystallographic data for CeNiAsO. 

Rietveld refinement results  

Formula CeNiAsO 

Formula mass (amu) 289.72 

Space group P4/nmm (No. 129) 

a (Å) 4.0752(2) 

c (Å) 8.1134(4) 

V (Å3) 134.74(1) 

Z 2 

ρcalcd (g cm–3) 7.139 

Radiation Cu Kα1, λ = 1.54056 Å 

2θ range (deg.) 20.00–100.00 

No. of data points 2759 

No. of reflections 59 

No. of variables 26 

Residuals a RB = 0.027; Rp = 0.039; Rwp = 0.054 

GOF 3.89 

Positional and displacement parameters  

Ce at 2c (1/4, 1/4, z)  

 Z 0.1481(4) 

 Biso (Å2) 0.28(6) 

Ni at 2b (3/4, 1/4, 1/2)  

 Biso (Å2) 1.2(2) 

As at 2c (1/4, 1/4, z)  
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 Z 0.6479(8) 

 Biso (Å2) 1.4(1) 

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

 Biso (Å2) 3.2(9) 

Interatomic distances (Å)  

Ce–O (×4) 2.365(2) 

Ce–As (×4) 3.323(5) 

Ce–Ni (×4) 3.508(3) 

Ni–As (×4) 2.365(3) 

Ni–Ni (×4) 2.8816(1) 

a RB = Io − Ic∑ Io∑ ; Rp = yo − yc∑ yo∑ ; Rwp = w yo − yc( )[ ] w∑ yo
2∑[ ]1/ 2

. 

 

 

Figure 6-1  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. 
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6.2.2  XPS analysis 

XPS spectra for all compounds prepared were measured on a Kratos 165 spectrometer 

equipped with a monochromatic Al Kα X-ray source (14 mA, 15 kV) and a hybrid lens with a 

spot size of 700 × 400 µm2.  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 

10–8
 and 10–9

 Pa.  Samples were sputter-cleaned with an Ar+
 ion beam (4 kV, 10 mA) 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 A4-1 in Appendix 4).  

Survey spectra, collected with a BE range of 0–1100 eV, a pass energy of 160 eV, a step 

size of 0.7 eV, and a sweep time of 180 s, confirmed the expected chemical compositions 

(RE:M:As:O = 1:1:1:1) for the arsenide oxides.  High-resolution core-line spectra were collected 

with an energy envelope of appropriate range (Ce 3d, 60 eV; M 2p, 50 eV; As 3d and O 1s, 20 

eV), a pass energy of 20 eV, a step size of 0.05 eV, and a sweep time of 180 s.  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 with use of the CasaXPS software package.128  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.  Table 6-2 lists all BE values expressed to two decimal places, with 
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uncertainties estimated at better than ±0.10 eV, as established by collecting multiple spectra 

(Table A4-1 in Appendix 4). 

 

 

 

6.2.3  XANES analysis 

Ni M-edge XANES spectra for CeNiAsO were collected on the variable line spacing 

plane grating monochromator (PGM) beamline at the Canadian Light Source (CLS) in 

Saskatoon, Saskatchewan.  Finely ground samples were mounted on carbon tape and inserted 

into the vacuum chamber via a load lock.  Spectra were measured from ~20 eV below 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 

a For comparison, the 2p3/2 BEs are 707.0 eV for Fe metal6 and 852.7 eV for Ni metal. 
b Values for LaFeAsO and LaNiAsO are taken from Table 5-1 of Chapter 5. 

Table 6-2  Core-line BEs (eV) for REFeAsO (RE = La–Nd, Sm, Gd) and RENiAsO (RE = La, 
Ce). 

Sample RE 3d5/2 Fe or Ni 2p3/2 a As 3d5/2 O 1s 

LaFeAsO b 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 b 834.92 not measured 41.43 529.96 

CeNiAsO 881.87 853.18 41.35 530.02 
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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 66.2 eV.147 

RE L3-edge XANES spectra for REFeAsO (RE = La–Nd, Gd) and CeNiAsO were 

collected on the bending magnet beamline (20BM) 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 ~1011 

photons/sec with a resolution of 1.4 eV at 10 keV and a beam size of approximately 1 × 4.5 mm.  

Spectra were measured in transmission mode with an ionization detector (filled with a 50:50 

mixture of He and N2 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 L3-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.147  All 

XANES spectra were analyzed with use of the Athena software program.147 

 

6.3  Results and discussion 

 

6.3.1  [REO] layer 

The general expectation is that the RE atoms within the [REO] layer of the arsenide 

oxides REMAsO are trivalent; however, there is a possibility that Ce can adopt other valence 

states.  To this end, the Ce 3d XPS and L3-edge XANES spectra for CeFeAsO and CeNiAsO 
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were collected (Figure 6-2).  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.119  However, the Ce 3d XPS lineshapes in CeFeAsO and 

CeNiAsO do resemble those in other trivalent cerium compounds (e.g. CeF3, CeFe4P12, 

CeFe4Sb12), where characteristic satellite peaks are observed on the higher BE (by ~4 eV) side of 

each of the two core-line peaks representing the 3d5/2 and 3d3/2 spin-orbit-coupled final states 

(Figure 6-2a).119,120  Relative to the core-line peaks, the intensity of these satellite peaks, which 

have been proposed to originate from various shake-up processes discussed in Chapter 5, is 

proportional to the degree of orbital overlap between the RE atom and its surrounding ligands 

(here, As and O atoms).205-207  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 (section 5.3.3 of Chapter 5), a reflection of the greater 

orbital overlap provided by the 4f1
 state in trivalent cerium.  In the Ce L3-edge XANES spectra 

for CeFeAsO and CeNiAsO (Figure 6-2b), 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 (∆l = ±1), 

indicates that only one valence state for Ce is present.208,209  A second feature (labeled B) is 

interpreted as a continuum resonance associated with the shell of ligand atoms surrounding the 

absorbing atom.210  The RE L3-edge XANES spectra for other REFeAsO members (RE = La, Pr, 

Nd, Gd) exhibit similar features (Figure A4-2 in Appendix 4).  The confirmation of trivalent RE 

atoms has also been supported by previous RE M-edge XANES measurements on REFeAsO (RE 

= La, Ce, Sm, Gd).179 



113 
 

 

 

 

Representative O 1s XPS spectra are selected for comparison (Figure 6-3); spectra for the 

remaining compounds are also available (Figure A4-3 in Appendix 4).  The O 1s BE values for 

these arsenide oxides range from 529.9 to 530.3 eV (Table 6-2).  According to a classification 

scheme developed by Barr for correlating O 1s BEs to the degree of ionic character in metal-

oxygen bonds (semicovalent oxides, 530.5–533.0 eV; normal ionic oxides, 529.6–530.4 eV; very 

ionic oxides, 528.0–529.5 eV), the arsenide oxides fall in the category of normal ionic 

oxides.196,197    In contrast, binary rare-earth oxides tend to have BEs associated with very ionic 

bonding.196  Thus, the RE–O bond becomes less ionic as we progress from the binary rare-earth 

oxides to the rare-earth arsenide oxides.  Interestingly, the O 1s BE is virtually the same for 

differently substituted transition metals (cf. 530.04 eV in CeFeAsO vs. 530.02 eV in CeNiAsO) 

(Figure 6-3a), consistent with the assertion above that the changes in the [MAs] layer have little 

Figure 6-2  (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 3d5/2 BE in (a) and the 
absorption edge energy in (b). 

a) b) 



114 
 

 

effect on the [REO] layer.  The O 1s BE increases perceptibly upon substitution with a smaller 

RE metal (cf. 529.94 eV in LaFeAsO vs. 530.31 eV in GdFeAsO) (Figure 6-3b).  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 2p3/2 BE of metal phosphides as the 

electronegativity difference between component atoms is modified.6  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.211  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 (Ei) is shifted relative to a 

reference energy ( o
iE ) because of two factors:183 

∑
≠

∆+∆=−=∆
ij ij

j
i

o
iii r

q
qkEEE                                           (6-1) 

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 qij at 

some distance rij.  Since intraatomic effects are minimal (given the similar electronegativities of 

RE atoms), we attribute the BE shifts to interatomic effects in which changes in rij 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 (Figure 6-4).  Similar arguments have also been 

applied to account for the O 1s BE shifts in binary rare-earth oxides.181 
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Figure 6-4  Plot of O 1s BE vs. RE–O distance in REFeAsO (RE = La–Nd, Sm, Gd). 

Figure 6-3  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. 

a) b) 
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6.3.2  [MAs] layer 

It is generally accepted that electronic conduction in the arsenide oxides REMAsO takes 

place primarily within the [MAs] layer.  Evidence for this electronic delocalization can be sought 

through analysis of the M 2p XPS spectra (Figure A4-3 in Appendix 4).  The most prominent 

feature, as seen in the representative spectra for CeFeAsO (Figure 6-5a) and CeNiAsO (Figure 6-

5b), is the asymmetric lineshape exhibited by each of the 2p3/2 and 2p1/2 peaks, which are skewed 

towards higher BE.  This asymmetry, attributed to the Doniach-Šunjić process described in 

Chapter 3, is indicative of the electronic delocalization found in metallic systems.130  The 

linehape arises when valence electrons, interacting with the core-hole, are scattered into the 

continuum of conduction states above the Fermi edge.  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 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 eV in Fe metal)6 whereas the shift in Ni 2p 

BE is somewhat more pronounced (cf. 853.2 eV in CeNiAsO vs. 852.7 eV in Ni metal, which 

will be discussed in Chapter 7).  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.6  Note, however, that a satellite peak is found 

on the higher BE side of the Ni 2p3/2 core-line peak in the spectrum of CeNiAsO (Figure 6-5b).  

The satellite feature is similar to that observed in the Co 2p XPS spectra (section 5.3.2 of 

Chapter 5), which has been proposed to arise from either the two-core-hole or plasmon 

model.212,213  Support for an analogous mechanism occurring in the Ni-containing samples comes 

from REELS data on Ni metal, which reveal several peaks located at a similar separation from 

the main elastic line as the satellite peaks from the core-line peak in the Ni 2p3/2 XPS 
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spectrum.213  Because photoionization does not occur in low-energy loss processes, as in the 

REELS experiment, the two-core-hole explanation is unlikely.  However, definitive confirmation 

of the plasmon loss mechanism will require further REELS experiments on CeNiAsO.  

Regardless, the satellite feature can be used to extract information about the Ni charge, with the 

Figure 6-5  (a) Fe 2p XPS spectrum for CeFeAsO and (b) Ni 2p XPS spectrum for CeNiAsO. 
The inset in (b) highlights the satellite feature. (c) Ni M-edge XANES spectra (FLY mode) for 
LaNiAsO, CeNiAsO, and Ni metal, with the absorption edges marked by vertical dashed lines. 

a) b) 

c) 
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satellite intensity being proportional to the number of valence states.120  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 

(Isatellite/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 (66.2 eV) 

(Figure 6-5c).  Spin-orbit splitting into the M3-edge (3p3/2 → 3d) and M2-edge (3p1/2 → 3d) is 

evident in Ni metal, but not in LaNiAsO and CeNiAsO, likely because of peak broadening 

effects.  The higher energy peak at 70.3 eV 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 (Figure A4-3 

in Appendix 4).  The spectra were fitted to two peaks corresponding to the 3d5/2 and 3d3/2 spin-

orbit-coupled final states with a FWHM of 1.2–1.3 eV in an intensity ratio of 3:2.  There is little 

difference in 3d5/2 BE values (41.1–41.2 eV), 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), consistent 

with the presence of anionic As atoms, but the small shift reflects considerable covalency in the 

M–As bonds.101,121  Substitution of the M atoms, which are directly bonded to the As atoms, does 

lead to observable shifts in the As 3d5/2 BEs.  Thus, for example, the As 3d5/2 BE is further 

lowered in CeFeAsO (41.1 eV) than in CeNiAsO (41.4 eV) relative to elemental As (Figure 6-6); 

the greater electronegativity difference between Fe and As leads to a more pronounced metal-to-

As charge transfer and more negatively charged As atoms in CeFeAsO. 
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6.3.3  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+O2–][M2+As3–] arises because 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 3d5/2 BE in these arsenide oxides corresponds to a charge closer to 1– 

than 3–.101  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 the LaMAsO (M = Fe, Co, Ni) series in Chapter 5.  The procedure for this is explained 

in section 5.3.5 in Chapter 5 and is used to fit the spectrum of CeNiAsO. 

Figure 6-6  As 3d XPS spectra for CeFeAsO and CeNiAsO, fitted with 3d5/2 and 3d3/2
component peaks. The vertical dashed line at 41.7 eV marks the 3d5/2 BE for elemental As. 
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The XPS valence band spectrum for CeNiAsO is shown in Figure 6-7a.  By comparison 

to calculated band structures, in particular that of LaNiAsO (Figure 4-8c in section 4.3.4 of 

Chapter 4), the spectrum can be fitted to Ni 3d states at low BE, As 4p / O 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 the Fermi edge, the valence band 

spectrum of CeNiAsO exhibits higher intensity at 1–2 eV when it is overlapped with that of 

LaNiAsO (Figure 6-7b).214  These Ce 4f states are represented by peak 1.  The Ni 3d states are 

split by a tetrahedral crystal field into t2 (3d5/2 as peak 2) and e sets (3d5/2 and 3d3/2 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 3dx2–y2 orbitals), with asymmetric lineshapes to higher BE to 

account for Doniach-Šunjić broadening.134,145  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 np3/2 and 

np1/2 spin-orbit-split final states.  The O 2p peak appears smaller because of its much lower 

photoionization cross-section.94,95  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 (section 5.3.5 of Chapter 5).  The O 2s 

states are located well below the Fermi edge and are assumed to be fully occupied.139,140  The 

results of this fitting, applied to two separate samples and using two different sets of 

photoelectron cross-sections, are summarized in Table 6-3.  The charge distribution obtained 

from this analysis, [Ce2.9+O2.0–][Ni2.1+As3.0–], agrees well with the formal charge assignment 

based on the assumption of full electron transfer. 
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a 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). 
 

Table 6-3  Electron population (e-) of valence states and charge distribution in CeNiAsO. 

 Sample 1 Sample 2 

Atomic photoelectron 
cross-section, σ 

Ref. [95] a Ref. [94] b Ref. [95] a Ref. [94] b 

Electron population     

 Ce 4f (peak 1) 1.0 0.8 1.4 1.2 

 Ni 3d t2 (peak 2) 3.4 3.1 3.5 3.2 

 Ni 3d e (peaks 3, 4) 4.9 4.5 4.8 4.3 

 As 4p (peak 5) 7.1 6.8 6.4 6.0 

 O 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+ 2.4+ 1.7+ 2.5+ 

 As 2.9– 3.4– 2.5– 3.2– 

 O 1.7– 2.2– 1.8– 2.2– 

Average charges [Ce2.9+O2.0–][Ni2.1+As3.0–] 

 



122 
 

 

 

 

6.4  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 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 of the Ni M-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 

Figure 6-7  (a) XPS valence band spectrum for CeNiAsO, fitted to component peaks as assigned 
in Table 6-3. (b) Valence band spectra for LaNiAsO and CeNiAsO, overlapped to highlight the 
location of Ce 4f states. 

a) b) 
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L3-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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Chapter 7 

 

X-ray photoelectron and absorption spectroscopy of metal-rich phosphides M2P and M3P 

(M = Cr–Ni)* 

 

 

 

7.1  Introduction 

 Binary metal-rich phosphides of the first-row transition metals form an important class of 

compounds long studied for their electrical and magnetic properties.  For M = Cr–Ni, the M2P 

phases adopt three closely related structures:  orthorhombic Cr2P-type (M = Cr),215 hexagonal 

Fe2P-type (M = Fe, Mn, Ni),18,216 and orthorhombic Co2P-type (M = Co).217  A convenient way 

to relate these structures is to identify the common building blocks as M6 trigonal prisms centred 

by P atoms; these prisms then form confacial columns extending along the short axis of the unit 

cell (Figures 7-1a-c).  The Cr2P-type structure is essentially a distorted variant of the Fe2P-type 

structure, where the trigonal prisms share all three lateral edges to generate a hexagonal 

framework outlining channels that contain additional isolated columns.  In the Co2P-type 

structure, the trigonal prisms share two lateral edges to form corrugated slabs that stack along the 

c direction.  Co2P also has a high-temperature modification (Fe2P-type)218 and Fe2P has a high-

pressure modification (Co2P-type).219  The M3P phases adopt the tetragonal Ni3P-type structure 

for M = Cr, Mn, Fe, Ni.5,18,220  Co3P was initially believed to be nonexistent,5 but has 

subsequently found to be metastable, also adopting the Ni3P-type structure.221  Although 

                                                 
* A version of this chapter has been published. Blanchard, P.E.R.; Grosvenor, A.P.; Cavell, R.G.; Mar, A. Chem 
Mater. 2008, 20, 7081-7088.  Copyright (2008) by the American Chemical Society. 
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considerably more complicated, this structure can also be described in terms of P-centred 

trigonal prisms but in this case grouped in tetrameric clusters in a densely packed arrangement 

(Figure 7-1d).  Common to all these M2P and M3P structures, the trigonal prisms are capped on 

their quadrilateral faces by M atoms from neighbouring prisms, so that the coordination 

environment around each P atom consists of nine surrounding M atoms at distances of 2.2–2.5 

Å.5,18,216,217,220  On the other hand, the coordination environments around the M atoms are 

substantially different (Figure 7-2).  In M2P, one M site is surrounded by four P atoms in a 

tetrahedral geometry, and another by five P atoms in a square pyramidal geometry.  In M3P, there 

are three distinct M sites, each surrounded in a tetrahedral geometry but with neighbouring M 

atoms successively replacing P atoms.  Although not depicted in Figure 7-1, strong metal-metal 

bonding interactions (~2.5 Å and longer) pervade these structures, consistent with the metal-rich 

compositions. 

 Despite the numerous applications of these metal-rich phosphides, detailed knowledge 

about their electronic structure has remained elusive.  In earlier theoretical and magnetic studies 

on Fe2P, Fe3P, and Co2P, backbonding was suggested to take place from the P to M atoms, to the 

extent that the P atoms become positively charged.54,57,59  However, this proposal is contradicted 

by the observation of P 2p binding energies (BE) in Fe2P, Co2P, and Ni2P that are lower than 

those for elemental phosphorus.115,222,223  Because it is presumed that the catalytic activity of M2P 

materials will depend on the occupancy of metal 3d states and the degree of P backbonding 

(which influences the ability of N- and S-containing molecules to adsorb on the (001) surface), 

managing the process to provide maximum efficacy will require a firmer understanding of the 

electronic structure and bonding of the system.73  X-ray photoelectron spectroscopy (XPS) and 

X-ray absorption near-edge spectroscopy (XANES) are powerful techniques for directly probing 
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the electronic structure of solids, but their application to highly covalent systems has been 

hampered by difficulties in interpreting the small shifts in binding or absorption energies.  

Recently, however, we have demonstrated that trends in the energy shifts in transition-metal 

monophosphides MP6 (and their mixed-metal, M1–xM'xP,7 or mixed-pnicogen variants, MAs1–

yPy
8) can be related to ground-state effects involving nearest and next-nearest neighbour 

interactions. 

 

Figure 7-1  Structures of metal-rich phosphides M2P and M3P (M = Cr–Ni) in terms of P-centred 
M6 trigonal prisms.  The small shaded circles are M atoms and the large open circles are P atoms.  
The trigonal prisms are oriented with their threefold axes perpendicular to the page in M2P (a–c), 
but parallel in M3P (d), where one is highlighted with bold lines. 

a) Cr2P (Imm2) b) M2P (M = Mn, Fe, Ni) (P-62m) 

b 

c 
b a 

d) M3P (M = Cr–Ni) (I-4) 

a 

b 

c) α-Co2P (Pnma) 
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As an extension of our work on the monophosphides MP, we report herein high-

resolution XPS and soft X-ray XANES measurements on the metal-rich phosphides M2P and 

M3P (M = Cr–Ni) with state-of-the-art instrumentation.  The superior resolution achieved for 

these spectra enables clear trends to be discerned within these two series as M is varied, as well 

as within the progression MP, M2P, and M3P. 

 

7.2  Experimental section 

7.2.1  Synthesis 

Starting materials were powders of the transition metals (Cr, 99.95%, Alfa-Aesar; Mn, 

99.95%, Alfa-Aesar; Fe, 99.9%, Cerac; Co, 99.8%, Cerac; Ni, 99.9%, Cerac) and red phosphorus 

(99.995%, Cerac).  Samples of M2P (M = Cr–Ni) and M3P (M = Cr, Mn, Fe, Ni) were prepared 

by combining M and P in stoichiometric proportions in evacuated fused-silica tubes, which were 

Figure 7-2  Coordination environments around M atoms in (a) M2P and (b) M3P, where M = Cr–
Ni.  The small shaded circles are M atoms and the large open circles are P atoms. 

a) M2P 

b) M3P 
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heated to 1323 K over 48 h, kept at that temperature for 5 d, and quenched in water.  In the case 

of Ni2P and Ni3P, the reactants were placed within an inner alumina crucible (to prevent 

deleterious reaction with the silica tube) and the tubes were heated for a longer period of 8 d (to 

ensure complete reaction).  The products were confirmed to be single phases, according to their 

powder X-ray diffraction patterns (obtained on an Inel powder diffractometer equipped with a 

CPS 120 detector), in good agreement with those calculated from literature crystallographic data.  

All samples were isolated and stored in a glove box under argon.  Co3P could not be successfully 

synthesized using this procedure. 

 

7.2.2  XPS analysis   

Measurements were performed on a Kratos AXIS 165 spectrometer equipped with a 

monochromatic Al Kα X-ray source (14 mA, 15 kV) and a hybrid lens with a spot size of 700 × 

400 µm2.  Samples were finely ground in a glove box, pressed into In foil, and mounted on a Cu 

sample holder.  To minimize exposure to air, the sample holder was transferred within a sealed 

container to the analysis chamber of the XPS instrument, where the pressure was maintained at 

10–7 to 10–9 Pa.  The samples were sputter-cleaned with an Ar+ ion beam (4 kV, 10 mA), to 

remove any surface oxides or phosphates, for different times depending on the degree of 

oxidation.  This procedure resulted in a slight reduction of phosphorus as manifested by a small 

shoulder in the P 2p XPS spectra after sputtering, whereas no reduction was evident in the M 2p 

spectra.  This sputtering causes no significant change, within standard uncertainties, in the P 2p 

BEs.  Only a small amount of phosphate and unreacted phosphorus was visible in the high-

resolution P 2p XPS spectra. 
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 Survey spectra were collected with a BE range of 0–1100 eV, a pass energy of 160 eV, a 

step size of 0.7 eV, and a sweep time of 180 s.  The expected chemical compositions of all 

samples were confirmed from these spectra.  High-resolution spectra were collected with an 

energy envelope of 20 eV (P 2p peak) or 50 eV (M 2p3/2 peak), a pass energy of 20 eV, a step 

size of 0.05 eV, and a sweep time of 180 s.  No charge correction was required because these 

samples are good conductors.  All high-resolution spectra were calibrated against the C 1s line at 

284.8 eV arising from adventitious C.  The CasaXPS software package was used to analyze the 

high-resolution spectra.128  The background arising from energy loss was removed through a 

Shirley-type function and the peaks were fitted with a pseudo-Voigt (70% Gaussian, 30% 

Lorentzian; M 2p3/2 peak) line profile.  Multiple spectra were collected for each sample to yield a 

statistical average of the BE, with uncertainties better than ±0.1 eV (Table A5-1 in Appendix 5). 

  

7.2.3  XANES analysis 

Measurements were performed at the Canadian Light Source (CLS) in Saskatoon, 

Saskatchewan.  Phosphorus K-edge and metal L-edge XANES spectra were collected on the 

spherical grating monochromator (SGM) undulator beamline (11-1D.1), and Ni M-edge XANES 

spectra were collected on the variable line spacing plane grating monochromator (VLS PGM) 

beamline (111D-2).  Ground samples were mounted on carbon tape and loaded into the vacuum 

chamber via a load lock.  Both total electron yield and X-ray fluorescence yield spectra were 

collected from ~20 eV below to ~65 eV above the edge (for P K-edge and metal L-edges) or 

from ~15 eV below to ~30 eV above the edge (for Ni M-edge).  Because the P K-edge lies 

outside the design range of the SGM beamline, a dark current (a small pressure-dependent 

current that runs through the X-ray fluorescence detector in the absence of a radiation source) 
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correction was applied to the X-ray fluorescence yield spectra to alleviate the background.  

Absorption threshold energies were located from the maximum in the first derivative, and 

calibrated against Na4P2O7 (peak maximum of P K-edge set at 2152.4 eV)224 and the elemental 

metals (first derivative maxima of metal L3-edges set at 574.1 eV (Cr), 638.7 eV (Mn), 706.8 eV 

(Fe), 778.1 eV (Co), 852.7 eV (Ni); Ni M-edge at 66.2 eV), obtained from the Hephaestus 

software program.147  Multiple scans were collected for each sample, giving estimated 

uncertainties of ±0.1 eV for the absorption energies.  All XANES spectra were analyzed using 

the Athena software program.147 

 Table 7-1 lists BE and absorption energies for all M2P and M3P (Cr–Ni) samples 

examined in this study.  For comparison, values from the previously reported spectra for MP as 

well as from newly measured spectra for the elemental metals are provided.  Representative 

spectra are chosen for the discussion below, with remaining spectra for other samples available 

as Supporting Information (Figures A5-1 – A5-4 in Appendix 5).  In particular, discussion of the 

metal XANES spectra is limited to the Ni L- and M-edge data, which are the simplest to interpret 

among the M2P and M3P series. 

 

7.3  Results and discussion 

 

7.3.1  Phosphorus 2p XPS and K-edge XANES spectra 

The P 2p XPS spectra for M2P and M3P show two characteristic peaks corresponding to 

the 2p3/2 and 2p1/2 spin-orbit coupled final states, which were fitted as components having a full-

width at half-maximum (FWHM) of ~0.7 eV in an intensity ratio of 2:1 in accordance with 

theoretical expectations (Figure 7-3).86  The spectra for the earliest (M = Cr) and latest (M = Ni) 
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a Values for MP are from Ref. 8 and 7. 
b Except for the Ni-containing samples, the XANES spectra exhibit complex lineshapes (L3-edge 
(Figure A5-4)) or are of inadequate quality (M-edge) to permit absorption energies to be located 
accurately. 
 

Table 7-1  BE and absorption energies (eV) for M2P and M3P (M = Cr–Ni). a 
 

Sample P 2p3/2 BE P K-edge Metal 2p3/2 BE Metal L3-edge / M-edge b 

CrP 129.11 2142.5 573.0  

MnP 129.18 2142.6 638.7  

FeP 129.34 2142.8 706.9  

CoP 129.49 2142.9 778.1  

Cr2P 129.15 2142.5 574.0  

Mn2P 129.25 2142.7 638.7  

Fe2P 129.31 2142.7 706.8  

Co2P 129.43 2142.8 778.3  

Ni2P 129.45 2142.9 852.9 853.2 / 67.2 

Cr3P 129.24 2142.8 574.0  

Mn3P 129.31 2142.9 638.6  

Fe3P 129.43 2143.0 706.9  

Ni3P 129.53 2143.1 852.7 852.9 / 66.7 

Cr metal   574.1  

Mn metal   638.7  

Fe metal   707.0  

Co metal   778.1  

Ni metal   852.7 852.7 / 66.2 
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transition-metal members in each series are shown here; the peaks for the other members appear  

at intermediate BE between these extremes (Figure A5-1 in Appendix 5).  These spectra are 

superior to those previously reported for M2P (M = Fe, Co, Ni) and Ni3P, where the separation 

between 2p3/2 and 2p1/2 peaks could not be resolved because of the use of a high pass energy or 

where metal oxide impurities were present in the sample.115,222  In general, the spectra for M2P 

and M3P are similar to those for MP (with the MnP-type structure),6 differing only in small shifts 

in BE.  Importantly, the P 2p3/2 BE values are systematically lower in M2P and M3P (by more 

than 0.4 eV, well beyond the BE uncertainties) than in elemental phosphorus (129.9 eV),101 

clearly establishing the presence of anionic P species even within these highly metal-rich 

phosphides.  As in the MP series, the charge on the P atoms in M2P and M3P can be estimated to 

Figure 7-3  High-resolution P 2p XPS spectra for (a) M2P and (b) M3P (M = Cr, Ni), fitted with 
2p3/2 and 2p1/2 component peaks.  The 2p3/2 BEs are marked by vertical dashed lines. 
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be close to 1–, if the same correlation holds in which the BE is assumed to be linearly 

proportional to P oxidation state in various series of phosphorus-containing compounds for fixed 

M, as tabulated in the NIST XPS database.6,101 

The P XANES spectra for the end and middle members (M = Fe, Cr, Ni) for each of the 

M2P and M3P series are shown in Figure 7-4 to emphasize the shifts in absorption energy; 

remaining spectra are available in Supporting Information (Figure A5-2 in Appendix 5).  The 

spectra reveal the K-edge absorption (A) corresponding to a dipole-allowed 1s → 3p transition, 

and a second feature at higher energy (B).  These signals resemble those found in other Ni-rich 

phosphides, where peak B can be interpreted as multiple-scattering resonance, which is 

essentially a low-energy EXAFS phenomenon.225  An alternative possibility for the interpretation 

of peak B, which appears within 10 eV of the absorption edge, is that it arises from a dipole-

allowed transition of the 1s electron into conduction states involving mixing of P 3p and Ni 4p 

character.226  In the case of Fe2P, a pre-edge feature (C) is visible below the edge onset, arising 

from mixing of P 2p and unoccupied metal 3d states.  A similar mechanism has been invoked to 

explain the pre-edge peaks in the O K-edge EELS spectra227 of metal oxides and the P and S K-

edge XANES spectra in phosphates and sulphates,228 respectively.  Pre-edge peaks were not seen 

in the other metal phosphides, but they may well be buried in the background or in the broader 

absorption edge, as occurs in MnSO4 and Mn3(PO4)2.228,229  This feature persisted in multiple 

scans in the spectra of Fe2P, eliminating the possibility that it arises from instrumental noise. 

 Although the shifts in BE and absorption energy are small (~0.5 eV) through the M2P or 

M3P series as M is varied from Cr to Ni, they are well above the uncertainty in individual 

energies (better than ±0.1 eV).  Plots of the P 2p3/2 BEs and K-edge absorption energies show a 

marked dependence with the difference in Allred-Rochow electronegativity,168 ∆χ = χP – χM, 
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within the M2P and M3P series, as well as the previously studied MP series (which was examined 

on the same instruments as here) (Figure 7-5).6  Although XPS is primarily regarded as a surface 

characterization technique, the trends in BE parallel those in absorption energies measured by 

Figure 7-4  P K-edge XANES spectra for (a) M2P and (b) M3P (M = Cr, Fe, Ni), measured in 
fluorescence mode.  The bottom panels highlight the absorption edges (located from the 
maximum in the first derivative), marked by vertical dashed lines.  Assignments of features A, 
B, and C are discussed in the text. 
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XANES, which probes the bulk of the solid.  Thus, we can be confident that these energy shifts 

are intrinsic to the solid.  Moreover, because XANES involves the excitation of a core electron 

into an unoccupied bound state so that relaxation processes (which may modify final-state 

energies) are less likely to occur, these energy shifts can be interpreted in terms of ground-state 

effects with the use of the charge potential model.148,183  In this model, which was introduced in 

Chapter 6 to explain the shifts in the O 1s BE for the arsenide oxides REFeAsO, the BE or 

absorption energy Ei is shifted from a reference energy Ei° according to the following 

equation:183 

∑
≠

∆+∆=−=∆
ij ij

j
i

o
iii r

q
qkEEE                                           (6-1) 

The first term represents intraatomic effects, which scale with the change in charge ∆qi on a 

given atom i by a nonlinear constant k that depends on the valence charge and degree of 

ionization.  The second term, a Madelung potential, represents interatomic effects, which scale 

with the change in the coordination environment, comprising various surrounding atoms j of 

charge qj, each at some interatomic distance rij around the given atom i.  Both intraatomic and 

interatomic effects influence shifts in BE and absorption energy by altering the screening of the 

nuclear charge experienced at atom i.  Intraatomic effects generally dominate these shifts, but in 

the case of the M2P and M3P series, interatomic effects should also be considered given the 

extended nature of the bonding in these compounds. 

Within each of the MP, M2P, or M3P series, the P 2p3/2 BE or K-edge absorption energies 

decrease with greater ∆χ.  According to the charge potential model, this observation implies that 

intraatomic effects dominate as M is varied within a series:  with greater ionic character of the 

M–P bond, the enhanced electron transfer from M to P results in a more negative charge on the P 
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atoms (more negative ∆qi term), consistent with the negative energy shift relative to elemental 

phosphorus.  Note also that the BE or absorption energies are generally slightly higher for M3P 

than for M2P or MP, implying that the P atoms in M3P are slightly less negatively charged.  This 

is understandable given that the M atoms in M3P participate in more extensive metal-metal 

bonding, which tends to diminish the degree of metal-to-phosphorus electron transfer.  

Interatomic effects also play an important role in these metal-rich phosphides because the 

presence of more metal atoms in the coordination environment around each P atom induces a 

more positive Madelung potential, resulting in a positive shift in BE or absorption energies. 

 

 

 Although the slopes of the plots in Figure 7-5 are similar for M3P and M2P, they are 

significantly more pronounced for MP.  This observation can again be related to the difference in 

coordination environment around each P atom, which is surrounded by nine M atoms in M2P and 

M3P, in contrast to only six M atoms in MP (with the MnP-type structure).230  Moreover, two 

additional P atoms (at 2.6–2.7 Å), forming part of a zigzag phosphorus-phosphorus bonding 

network, surround each P atom in MP.230  Anionic P atoms enhance, whereas cationic M atoms 

in the coordination environment diminish, the screening experienced at the photoemission or 

Figure 7-5  Dependence of (a) P 2p3/2 BE and (b) P K-edge absorption energy on 
electronegativity difference for MP (○) (Ref. 6), M2P (□), and M3P (�).  For MP, the line of best 
fit has been extrapolated below ∆χ = 0.36. 
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absorption centre.  These competing factors then act to lower or raise the BE and absorption 

energies (as negative or positive contributions to the ∑
≠

∆
ij ij

j

r

q
 term), respectively, as a secondary 

perturbation to the main effect of the metal-to-phosphorus charge transfer described above.  The 

similar slopes in the BE dependence on ∆χ for the M3P and M2P series imply that interatomic 

effects are similar in these two series, whereas the more prominent negative energy shifts with 

∆χ in the MP series can be traced primarily to the presence of additional P atoms in the 

coordination environment.  The similarity in the behaviour for M3P and M2P may seem 

surprising at first glance, given that M is less positively charged in M3P than M2P, but it should 

not be forgotten that the more extended coordination environment (next-nearest neighbours) also 

plays a contributing role to the interatomic effects. 

  

7.3.2  Metal 2p3/2 XPS spectra 

Unlike the P 2p spectra, all the M 2p3/2 XPS spectra for M2P and M3P resemble each 

other, and those of the MP series and the elemental metal for a given M, with hardly any shift in 

BE for the main core-line (Figure 7-6 and Table 7-1).  The spectra for the Co- and Ni-containing 

members, where satellites are present, are highlighted here; remaining spectra are available in 

Appendix 5.  The asymmetric lineshape to higher BE, a signature of the electronic delocalization 

characteristic of metallic solids, arises from the Doniach-Šunjić process discussed in detail in 

Section 3.3.3 of Chapter 3.130  As a result of the electronic delocalization within the metal-metal 

bonding networks present in the structures of MP, M2P, and M3P, the electrons on the metal 

photoemission centre experience, on average, greater nuclear screening to the extent that the BE 

becomes similar to that in the elemental metal.  Because significant final state effects are 

operative here, the charge potential model cannot be applied to analyze the shifts in M 2p3/2 BEs. 
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In the case of Co2P, Ni2P, and Ni3P, the M 2p3/2 spectra reveal an additional satellite 

structure that is relatively broad (FWHM of 2.9–3.7 eV).  The origin of these satellites, either the 

plasmon loss processes or two-core-hole final state effects, has previously been discussed in 

Chapter 5 and Chapter 6.184.185  Here, the plasmon loss process is used to explain these satellite 

peaks and the spectra are fitted to two satellite peaks, BEs of which are listed in Table 7-2.  

Figure 7-6  High-resolution M 2p3/2 XPS spectra for M3P, M2P, and M metal for (a) M = Co and 
(b) M = Ni, with satellite structure enlarged in insets. 
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These peaks can be attributed to bulk (higher energy) and surface (lower energy) plasmon loss 

processes, which involve the interaction of photoelectrons with atoms located below and near the 

surface, respectively.  Satellite features were not observed in the spectra of the other M2P and 

M3P compounds, but they could well be buried within the more intense core-line peak. 

 

 

 

In the plasmon loss processes, an excited photoelectron loses kinetic energy (KE) (which 

is manifested by an increase in BE) to the collective oscillation of delocalized valence electrons 

belonging to other metal atoms.184,213  The energies of the surface plasmon oscillations relative to 

those of the bulk plasmon oscillations are in good agreement (to within 20%) with the expected 

ratio of 21 .231  Because the cross-section for these processes is proportional to the density of 

valence electrons, the satellite intensity provides information about the charge on the M atoms.120  

The core-hole model, in a similar manner, would also predict that the cross-section of the two 

core-hole states is proportional to the number of valence states.120  The normalized intensity of 

a Values for MP are from Ref. 6. 
b Isatellite is the sum of the intensities for the bulk and surface plasmon loss satellite peaks. 

Table 7-2  BE and intensities of satellite peaks in Metal 2p3/2 XPS spectra of M2P and M3P (M = 
Co, Ni). a 

Sample Satellite 1 BE (eV) Satellite 2 BE (eV) Isatellite/Icore-line b 

CoP 783.0 781.4 0.13 

Co2P 782.8 781.5 0.24 

Co metal 783.1 781.1 0.32 

Ni2P 860.0 857.1 0.17 

Ni3P 859.5 856.7 0.28 

Ni metal 858.8 855.3 0.35 
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the satellite peaks (Isatellite/Icore-line) gradually increases as the samples become more metal-rich in 

the Co- and Ni-containing phosphides and is highest in the elemental metals (Table 7-2 and 

Figure 7-7).  From this, we can infer that Co and Ni atoms within the transition-metal phosphides 

do not contain as many valence electrons as in the elemental metals (i.e., they are definitely 

cationic).  Relative to MP, where charges of M1+P1– have been previously proposed, the metal 

atoms have more valence electrons and become less positively charged on proceeding to M2P, as 

indicated by comparing CoP with Co2P.6  Similarly, the metal atoms become less positively 

charged on proceeding from M2P to M3P, as indicated by comparing Ni2P with Ni3P.  If the P 

atoms are assumed to be approximately 1– in all three series of phosphides, then this trend is 

consistent with the M charge predicted from simple charge balancing:  M1+P1–, (M0.5+)2P1–, and 

(M0.33+)3P1–.  Unlike the MnP-type structure adopted by the MP series, there are actually several 

crystallographically inequivalent M sites with different coordination environments in both the 

M2P or M3P series.  The relative charges extracted in this manner thus only represent an average, 

and clearly the inequivalent M sites cannot be resolved in the M 2p3/2 spectra. 

 
Figure 7-7  Plot of normalized satellite intensity (Isatellite/Icore-line) vs M composition in Co and Ni 
phosphides, and the elemental metals. 
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7.3.3  Nickel L- and M-edge XANES spectra 

Although XANES spectra were measured for the entire M2P and M3P series (Figure A5-4 

in Appendix 5), only the Ni L- and M-edge spectra for Ni2P and Ni3P are presented here because 

they exhibit the most prominent shifts relative to Ni metal (Figure 7-6).  The Ni L-edge spectra 

reveal transitions of 2p electrons into unoccupied 3d and possibly 4s states, in accordance with 

dipole selection rules (∆l = ±1).  The L-edge is split by spin-orbit coupling into a lower-energy 

L3-edge (2p3/2 → 3d) and a higher-energy L2-edge (2p1/2 → 3d).  The L3-edge appears sharper 

and better resolved than the L2-edge, consistent with the longer lifetime of the excited state in 

this transition, which is inversely proportional to the peak width.232  In principle, the lineshape of 

the L3-edge reveals information about the coordination environment of the Ni atoms (since 

unoccupied 3d states are being probed), but its interpretation is hampered by the fact that these 

environments differ substantially in Ni2P vs Ni3P.  Moreover, the intensity of these edges should 

reflect the charge on the Ni atoms, but line broadening in different compounds can be influenced 

by changes in site symmetry, rendering an intensity analysis somewhat problematic.233  

Qualitatively, however, there does appear to be an increase in the L-edge peak areas on 

progressing from Ni metal to Ni3P and Ni2P (Figure 7-8a), implying more unoccupied Ni-based 

conduction states and lending support to the presence of cationic Ni in these compounds. 

The Ni L-edge XANES spectra here do show noticeable shifts in absorption energy, 

unlike the Ni 2p3/2 XPS spectra, where no BE shifts were apparent.  The absorption energy of the 

Ni L3- and L2-edges increases slightly (by ~0.5–1.0 eV) on progressing from Ni metal to Ni3P 

and then to Ni2P, indicative of the Ni charge becoming more positive and consistent with the 

earlier analysis of satellite intensity in the Ni 2p3/2 XPS spectra.  Within the M2P or M3P series,  
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Figure 7-8  (a) Ni L-edge (transmission mode) and (b) M-edge XANES spectra (fluorescence 
mode) for Ni2P, Ni3P, and Ni metal.  The bottom panels highlight the absorption edges (located 
from the maximum in the first derivative), marked by vertical dashed lines. 
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the Ni-containing members correspond to the greatest d-electron count, so that the empty 

conduction bands to which core electrons are excited are narrower than for the other M-

containing members.  This is reflected in the relatively thin L3-edges in Ni2P and Ni3P compared 

to the other compounds.  The narrowness of the Ni-based conduction states also accounts for the 

greater sensitivity of the L-edge energies to changes in the electronic structure. 

 The Ni M-edge XANES spectra, presented in X-ray fluorescence mode because of its 

better resolution compared to total electron yield mode, reveal dipole-allowed transitions of 3p 

electrons into unoccupied 3d and 4s states (Figure 7-8b).  The splitting of the M-edge arising 

from spin-orbit coupling (M3-edge, 3p3/2 → 3d; M2-edge, 3p1/2 → 3d) is visible in Ni metal but 

not in Ni2P and Ni3P.  As in the L-edge spectra, the onset of the M-edge clearly shifts to higher 

energy from Ni metal to Ni3P and then to Ni2P, lending further support to the Ni charge 

becoming more positive in this progression. 

 

7.4  Conclusion 

 The metal-rich phosphides M2P and M3P exhibit a linear decrease in the phosphorus 2p3/2 

BE and K-edge absorption energy as the electronegativity difference ∆χ increases, reflecting an 

enhanced charge transfer from M to P.  Relative to elemental phosphorus, the BE shifts to lower 

energy, implying the presence of anionic P atoms, with a charge estimated as 1–, similar to that 

found in the monophosphide series MP.  This conclusion contradicts theoretical proposals that 

significant backbonding takes place from P to M in the M2P and M3P series, and forces a re-

evaluation of standard explanations for the catalytic activity of compounds such as Ni2P.  

Through a charge potential model, smaller differences in the P 2p3/2 BE can be rationalized in 

terms of interatomic effects, which are modified by changes in the coordination environment 
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around the P atom in the MP, M2P, and M3P series.  This suggests that the catalytic activity of 

M2P and M3P compounds could be modified through tuning of the electron count, most simply 

through the evaluation of mixed-metal compounds.  The valence electrons on the metal atoms 

are highly delocalized, through an extensive metal-metal bonding network, which acts to 

enhance the screening felt by metal photoelectrons such that little shift in the M 2p3/2 BE is seen 

within these series.  However, the M 2p3/2 XPS spectra of the Co- and Ni-containing compounds 

reveal a satellite structure which can be accounted for by either a plasmon loss or a two-core-

hole model, and which provides an indirect measure of the charge on the M atoms.  These 

satellites become more intense on progressing from MP to M2P and then to M3P, indicating that 

the M atoms become less positively charged.  This trend was confirmed in the case of Ni2P and 

Ni3P through shifts in the absorption energy in the Ni L- and M-edge XANES spectra. 
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Chapter 8 

 

Effects of metal substitution in transition-metal phosphides (Ni1–xMx)2P (M = Cr, Fe, Co) 

studied by X-ray photoelectron and absorption spectroscopy* 

 

 

 

8.1  Introduction 

As previously discussed in Chapter 1, one of the most exciting developments in 

transition-metal phosphides lies in their potential as catalysts for hydrodesulphurization and 

hydrodenitrogenation processes.68  Of these, Ni2P has been identified as the most promising.  Its 

high activity is attributed to the ability of N- and S-containing molecules to adsorb onto the (001) 

surface.73  The catalytic activity is improved when Ni2P is doped with Co, suggesting that it is 

influenced by the occupancy of the metal 3d band.  Further improvements thus demand a more 

detailed understanding of the electronic effects of metal substitution in this and related systems. 

 Ni2P adopts the well-known hexagonal Fe2P-type structure (Figure 7-1a in Chapter 7).18  

Mixed-metal phosphides (M1–xM′x)2P (where M' is more electronegative M) are also known; in 

particular, the Ni-containing mixed-metal series (Ni1–xMx)2P have been prepared for M = Cr,234 

Fe,235 Co and 0 ≤ x ≤ 1.236  In the (Ni1–xCrx)2P and (Ni1–xCox)2P series, the structure adopted 

eventually transforms from the hexagonal Fe2P-type to the orthorhombic Co2P-type (Figure 7-1c 

in Chapter 7) when the degree of substitution, x, exceeds a critical value.234,236  Nevertheless, the 

local environments around metal and P atoms remain similar in both structure types.  The metal 

                                                 
* A version of this chapter has been published. Blanchard, P.E.R.; Grosvenor, A.P.; Cavell, R.G.; Mar, A. J. Mater. 
Chem. 2009, 19, 6015-6022.  Copyright (2009) by the Royal Society of Chemistry. 
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atoms are coordinated by P atoms in two types of environments (tetrahedral (CN4) and square 

pyramidal (CN5)) (Figure 7-2a in Chapter 7) and participate in an extensive metal-metal bonding 

network.  In the mixed-metal phosphides (M1–xM'x)2P, the more electronegative metal M' 

preferentially occupies the tetrahedral sites and the more electropositive metal M′ the square 

pyramidal sites.235,237,238  In turn, the P atoms are nine-coordinate, residing at the centres of 

trigonal prisms formed by the metal atoms, with three additional capping metal atoms provided 

by neighbouring trigonal prisms. 

 In this chapter, X-ray photoelectron spectroscopy (XPS) and X-ray absorption near-edge 

spectroscopy (XANES) will be used to probe the electronic structure of mixed-metal phosphides.  

The phosphorus 2p3/2 binding energy (BE) and K-edge absorption energy, as well as satellite 

features in the metal spectra, are sensitive to changes in charge of a given atom and its local 

environment, in which not only the nearest neighbours but also the next-nearest neighbours may 

be important.  Evidence for charge transfer between two dissimilar metals M and M' has been 

found in the mixed-metal series M1–xM'xP with the MnP-type structure.8  In the case of the Ni-

containing phosphides (Ni1–xMx)2P, only the series with M = Fe has been previously examined by 

K-edge XANES analysis and, to our knowledge, no corresponding analysis of the metal L-edge 

XANES has been completed.226  We present herein high-resolution metal and phosphorus XPS 

and XANES spectra of the three series (Ni1–xMx)2P (M = Cr, Fe, Co; 0 ≤ x ≤ 1), making use of 

these results to evaluate the degree of charge transfer that takes place between the different 

components. 
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8.2  Experimental section 

 

8.2.1  Synthesis 

Starting materials were powders of the metal (Cr, 99.95%, Alfa-Aesar; Fe, 99.9%, Cerac; 

Co, 99.8%, Cerac; Ni, 99.9%, Cerac) and red P (99.995%, Cerac).  All samples were 

manipulated and stored in a glove box under Ar.  Products were identified by their powder X-ray 

diffraction (XRD) patterns collected on an Inel powder diffractometer equipped with a CPS 120 

detector. 

 Binary phosphides M2P (M = Cr, Fe, Co, Ni) were prepared by reacting stoichiometric 

mixtures of the elements sealed in evacuated fused-silica tubes.  For Cr2P, Fe2P, and Co2P, the 

tubes were heated to 1323 K over a 48-h period, held at that temperature for 5 d, and then 

quenched in water.  For Ni2P, the reactants were also placed in an inner alumina crucible within 

the tube and the heating period at 1323 K was lengthened to 9 d.  Mixed-metal phosphides (Ni1–

xM′x)2P (M′ = Cr, Fe, Co; x = 0.2, 0.5, 0.7–0.8) were prepared by reacting stoichiometric mixtures 

of the appropriate binary phosphides M2P placed within evacuated fused-silica tubes.  The 

homogeneity of the products, as gauged by examining the powder XRD patterns, was optimized 

by grinding and reheating (1323 K for 5 d); this procedure was repeated three times.  In cases 

where single crystals were found in the products, windowless energy-dispersive X-ray (EDX) 

analysis performed on a Hitachi S-2700 scanning electron microscope confirmed the absence of 

oxygen and gave approximate elemental compositions in good agreement with expectations (e.g., 

observed Ni/Fe ratios of 1.05(4) in (Ni0.5Fe0.5)2P and 0.25(1) in (Ni0.2Fe0.8)2P). 

 

 



148 
 

 

8.2.2  XPS analysis 

Phosphorus 2p and metal 2p3/2 XPS spectra were measured on a Kratos AXIS 165 

spectrometer equipped with a monochromatic Al Kα X-ray source (14 mA, 15 kV) and a hybrid 

lens with a spot size of 700 × 400 µm2.  To minimize exposure to air, samples were finely 

ground under Ar in a glove box, pressed into In foil, mounted on a Cu sample holder, and 

transferred within a sealed container to the analysis chamber of the XPS instrument, where the 

pressure was maintained at 10–7 to 10–9 Pa.  To remove surface oxides, samples were sputter-

cleaned with an Ar+ ion beam (4 kV, 10 mA) for varying times depending on the degree of 

oxidation until core-line peaks associated with phosphorus- and iron-containing surface oxides 

were no longer observed in the XPS spectra.  A small shoulder in the P 2p XPS spectra indicated 

that a slight reduction of P occurred, whereas no evidence of reduction was observed in the metal 

2p spectra. 

 Survey spectra were collected with a BE range of 0–1100 eV, a pass energy of 160 eV, a 

step energy of 0.7 eV, and a sweep time of 180 s.  The chemical compositions determined from 

these survey spectra agreed well with the expectations for each sample.  High-resolution spectra 

were collected with an energy envelope of 20 eV (P 2p peak) or 50 eV (metal 2p3/2 peak), a pass 

energy of 20 eV, a step size of 0.05 eV, and a sweep time of 180 s.  No charge correction was 

required because these compounds are good conductors.  The high-resolution spectra, referenced 

to the C 1s line at 248.8 eV, were analyzed with the CasaXPS software package.128  The 

background arising from energy loss was removed by applying a Shirley-type function, and 

peaks were fitted to either Gaussian (P 2p) and pseudo-Voigt (metal 2p) lineshapes.  Multiple 

spectra of each sample were analyzed to establish a precision of BE values, estimated to be better 

than ±0.10 eV. 
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8.2.3  XANES analysis 

Measurements were performed at the Canadian Light Source (CLS) in Saskatoon, 

Saskatchewan.  Phosphorus K- and metal L-edge XANES spectra were collected with the 

spherical grating monochromator (SGM) undulator beamline (11-1.D1).  Powder samples were 

mounted on carbon tape and inserted into the vacuum chamber via a load lock.  Spectra were 

collected from ~20 eV below to ~65 eV above the edge using both total electron yield (TEY) and 

X-ray fluorescence yield (FLY) modes.  Because the P K-edge lies outside the design range of 

the SGM beamline, a dark current (a small pressure-dependent current that runs through the XRF 

detector in the absence of a radiation source) correction was applied to the XRF yield P K-edge 

spectra to suppress the background.  The phosphorus spectra were calibrated against Na4P2O7 

with the peak maximum of the K-edge set to 2152.4 eV.224  The metal spectra were calibrated 

against the elemental metals, with the maxima in the first derivatives of the L3-edges set to 574.1 

eV (Cr), 706.8 eV (Fe), 778.1 eV (Co), and 852.7 eV (Ni).147  All edge energies reported were 

located from the maxima in the first derivatives. 

 Nickel K-edge XANES spectra were collected on the hard X-ray microanalysis (HXMA) 

superconducting wiggler beamline (06ID-1).  Powder samples were sandwiched between Kapton 

tape and positioned in front of the X-ray beam.  A silicon (220) crystal monochromator provided 

a monochromatic flux of ~6 × 1011 photons/sec, with a resolution of 1 eV at 10 keV and a beam 

size of 100 × 500 µm2.  Spectra were collected in transmission mode with a N2-filled ion 

chamber detector, and in fluorescence mode with a Lytle detector.182  The spectra were calibrated 

against the literature values for elemental metal standards, whose spectra were measured 

simultaneously in transmission mode.  All XANES spectra were analyzed with the Athena 

software program.147 
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8.2.4  Band structure calculations 

Interpretation of the Ni K-edge XANES spectrum was aided with tight-binding linear 

muffin tin orbital band structure calculations for Ni2P (Fe2P-type structure) within the local 

density and atomic sphere approximations using the Stuttgart TB-LMTO program.127  

Contributions from the Ni 3d, Ni 3p, and P 3p orbitals to the density of states were extracted. 

 

8.3  Results and discussion 

Samples of binary phosphides M2P (M = Cr, Fe, Co, Ni) and mixed-metal phosphides 

(Ni1–xMx)2P (M = Cr, Fe, Co; x = 0.2, 0.5, 0.7–0.8) were found to be phase-pure as ascertained by 

their powder XRD patterns.  Representative XRD patterns for a series with fixed composition, 

(Ni0.8M0.2)2P (M = Cr, Fe, Co), and a solid solution series, (Ni1–xCrx)2P (0 ≤ x ≤ 1), are shown in 

Figure A6-1 (Appendix 6).  Consistent with previous studies, the mixed-metal phosphides adopt 

the hexagonal Fe2P-type structure of the parent Ni2P end-member, except for the Cr- and Co-rich 

members (Ni0.5Cr0.5)2P, (Ni0.3Cr0.7)2P, and (Ni0.2Co0.8)2P, which adopt the orthorhombic Co2P-

type structure.  Table A6-1 (Appendix 6) lists the cell parameters, which do not follow Vegard’s 

law, as previously noted, because of preferential occupation by metal atoms on the tetrahedral vs 

square pyramidal sites.  Table 8-1 summarizes the BE and absorption energies for all samples 

examined here, with additional literature data provided for comparison.  Representative XPS and 

XANES spectra are shown for the discussion below, with remaining spectra available in 

Appendix 6 (Tables A6-2–A6-3; Figures A6-2–A6-5). 
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Table 8-1  BE and absorption energies (eV) for elemental metals, M2P, and (Ni1–xMx)2P. 

Sample Structure type P 2p3/2 BE P K-edge Ni 2p3/2 BE / M 2p3/2 BE 

Cr metal Bcc   574.1 

Mn metal α-Mn   638.7 

Fe metal Bcc   707.0 

Co metal Hcp   778.1 

Ni metal Fcc   852.73 

Cr2P Cr2P-type 129.15 2142.5 574.00 

Mn2P Fe2P-type 129.25 2142.7 638.65 

Fe2P Fe2P-type 129.31 2142.7 706.82 

Co2P Co2P-type 129.43 2142.8 778.28 

Ni2P Fe2P-type 129.45 2142.9 852.89 

(Ni0.8Cr0.2)2P Fe2P-type 129.41 2142.7 852.94 / 574.04 

(Ni0.5Cr0.5)2P Co2P-type 129.35 2142.7 853.14 / 574.05 

(Ni0.3Cr0.7)2P Co2P-type 129.25 2142.6 853.16 / 574.04 

(Ni0.8Fe0.2)2P Fe2P-type 129.41 2142.8 852.87 / 706.66 

(Ni0.5Fe0.5)2P Fe2P-type 129.44 2142.8 853.01 / 706.87 

(Ni0.2Fe0.8)2P Fe2P-type 129.36 2142.4 853.07 / 706.80 

(Ni0.8Co0.2)2P Fe2P-type 129.46 2142.9 852.98 / 778.12 

(Ni0.5Co0.5)2P Fe2P-type 129.42 2142.8 852.91 / 778.14 

(Ni0.2Co0.8)2P Co2P-type 129.41 2142.8 853.01 / 778.27 
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8.3.1  P 2p XPS and K-edge XANES spectra 

The phosphorus component in Ni2P and related transition-metal phosphide HDS and 

HDN catalysts has been proposed to play several roles, including stabilizing the metal d levels to 

assist in the dissociation of substrates and acting as a base to abstract protons.  Thus, it is of 

interest to identify what effects can be observed in the P BE and absorption energies as different 

metal atoms are doped into Ni2P, and whether phosphidic (anionic) species are present.  The P 2p 

XPS spectra reveal two peaks corresponding to the 2p1/2 and 2p3/2 spin-orbit coupled final states, 

as exemplified for Ni2P and (Ni0.3Cr0.7)2P (Figure 8-1a).  The spectra were fitted to these 

components, which are separated by 0.9 eV, using a full-width at half-maximum (FWHM) of 

0.7–0.8 eV and an intensity ratio of 2:1 (2p3/2:2p1/2), consistent with theoretical expectations.87  

In general, the P 2p3/2 BE decreases as more of the Ni atoms are replaced by M atoms in (Ni1–

xMx)2P.  A similar shift is seen in the P K-edge XANES spectra for Ni2P and (Ni0.3Cr0.7)2P 

(Figure 8-1b), in which the absorption arises from the dipole-allowed transition of a 1s electron 

into unoccupied 3p states.  Figure 8-2 shows plots of the P 2p3/2 BE and the P K-edge absorption 

energy for these (Ni1–xMx)2P phosphides versus the difference in Allred-Rochow 

electronegativity (∆χ) between phosphorus and metal, with a weighted average assigned to the 

latter ((1–x)χM + xχM′) because of the mixing.  The correlation of these energy shifts with ∆χ is 

strong, as indicated by the good linear fits for the BE (R2 = 0.95) and absorption energy (R2 = 

0.84).  Although XPS is normally considered to be a surface-sensitive technique, the similar 

trends seen in the absorption energies measured by XANES, which is a bulk-sensitive technique, 

imply that these shifts are intrinsic to the solid. 

A simple interpretation is that, as ∆χ is increased, the metal atoms transfer more electrons 

to the phosphorus atoms which become increasingly anionic, as reflected by their lower binding 
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Figure 8-2  Dependence of (a) P 2p3/2 BE and (b) P K-edge absorption energy on the weighted 
electronegativity difference ∆χ for binary phosphides M2P (n) and ternary phosphides (Ni1–

xMx)2P (M = Co (�), Fe (�), Cr (�); 1 = (Ni0.8Co0.2)2P, 2 = (Ni0.5Co0.5)2P, 3 = (Ni0.2Co0.8)2P, 4
= (Ni0.8Fe0.2)2P, 5 = (Ni0.5Fe0.5)2P, 6 = (Ni0.2Fe0.8)2P, 7 = (Ni0.8Cr0.2)2P, 8 = (Ni0.5Cr0.5)2P, 9 = 
(Ni0.3Cr0.7)2P). 

a) b) 

Figure 8-1  (a) High-resolution P 2p XPS and (b) P K-edge XANES spectra (measured in 
fluorescence mode with a dark current correction) for Ni2P and (Ni0.3Cr0.7)2P. 

a) b) 
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and absorption energies.  However, a thorough analysis must take into account that the BE is 

really the difference between the initial (ground) state and the final (excited) state of the ionized 

atom resulting from the photoionization process.  Various relaxation mechanisms may alter the 

final state energy.  For example, the core hole that remains after photoionization acts as a 

positive charge adiabatically attracting the remaining electrons thereby imparting a greater 

nuclear screening, which would result in a negative shift in BE.91  As well, the presence of less 

electronegative nearest neighbour atoms in a fixed coordination environment around a P atom 

would tend to increase relaxation, also lowering the BE.187,188  Although this trend is observed in 

the BEs as more M atoms substitute for Ni atoms in (Ni1–xMx)2P (e.g., 129.45 eV in Ni2P vs. 

129.25 eV in (Ni0.3Cr0.7)2P), we do not consider this relaxation mechanism to be the main 

contributor to the BE shifts in this case because similar shifts are found in the P K-edge 

absorption energy.  Unlike the XPS experiment, where electrons are ionized into the vacuum, the 

XANES experiment is less sensitive to final state effects because it involves excitation of 

electrons into unoccupied bound conduction states which remain associated with the atom.148  

The similar trends in BE and absorption energies therefore confirm that ground state effects are 

chiefly responsible for the energy shifts in the phosphorus spectra. 

 If ground state effects are assumed to dominate, these energy shifts can be understood by 

applying the charge potential model (first introduced in Chapter 6):183 

∑
≠

∆+∆=−=∆
ij ij

j
i

o
iii r

q
qkEEE . (8-1) 

Thus the BE or absorption energy Ei for an electron in an atom i is shifted (∆Ei) relative to a 

reference energy Ei° because of two contributing factors.  The first term (k∆qi) describes 

intraatomic effects resulting from a change in charge on an atom and the second term describes 

interatomic effects (a Madelung potential) which result from a change in the chemical 
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environment defined by all other surrounding atoms j with charges qj at some distance, rij.  

According to this model, intraatomic effects would lead to a negative shift in phosphorus BE and 

absorption energy as the concentration of more electropositive M atoms increases in (Ni1–xMx)2P, 

because the core electrons of P atoms experience greater nuclear screening and acquire a more 

negative charge (∆qi is negative, relative to elemental phosphorus as the reference) as a result of 

the enhanced electron transfer.  On the other hand, interatomic effects would lead to a positive 

shift in phosphorus BE and absorption energy because the surrounding metal atoms acquire a 

more positive charge ( ∑
≠

∆
ij ij

j

r

q
 is positive).  The observed trends seen in Figure 8-2, where the 

energy shifts for the mixed-metal series (Ni1–xMx)2P do not deviate much from the linear fit to 

those for the parent binary phosphides M2P, imply that intraatomic effects are more important 

than interatomic effects, as is usual.  This behaviour differs from the metal-poorer M1–xM′xP 

(MnP-type) series examined previously, where significant deviations from a linear fit were 

attributed to next-nearest neighbour contributions to the interatomic effects, involving a 

secondary metal-metal (M-to-M') charge transfer taking place.7  To probe more directly whether 

any metal-metal charge transfer takes place in the metal-richer (Ni1–xMx)2P series, it is helpful to 

examine the metal-based spectra. 

 

8.3.2  Metal 2p3/2 XPS spectra 

In phosphide HDS and HDN catalysts such as Ni2P, it is assumed that the primary sites to 

which substrate molecules adsorb are the transition-metal atoms.  In principle, the metal XPS 

spectra may be useful in providing information about the electronic structure of these metal sites, 

but as we have shown earlier on the simpler monophosphides MP and their mixed-metal variants, 
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the energy shifts are quite small.  It is thus important to develop techniques for analyzing these 

spectra for eventual application to real catalytic systems and to understand what factors affect the 

appearance of these spectra.  The metal 2p3/2 XPS spectra for all M2P and (Ni1–xMx)2P samples 

reveal an asymmetric lineshape, as exemplified for the Ni 2p3/2 peaks in Ni2P and (Ni0.3Cr0.7)2P 

(Figure 8-3).  If an electron transfer from M to Ni takes place, one might expect to see shifts to 

higher M and lower Ni 2p3/2 BEs as the M concentration increases in (Ni1–xMx)2P.  However, the 

measured BEs either change little or do not follow this expectation (Table 8-1).  The inability to 

relate the charges of the metal atoms with BEs indicates that the charge potential model is 

inapplicable here because of the failure in the assumption that ground state effects dominate.  In 

fact, the asymmetric lineshape in the metal 2p3/2 XPS spectra is a signature of important final 

state effects in which valence electrons, interacting with the core hole generated after 

photoionization, are excited into the continuum of empty conduction states near the Fermi edge 

(Doniach-Šunjić process).130  The lower probability of electrons occupying conduction states at 

higher energies leads to the asymmetric tail.  Such a feature is characteristic of the delocalization 

of valence electrons, which provide greater nuclear screening in the final state around the metal 

atoms, consistent with the extensive metal-metal bonding network present in the structures of 

these metal-rich phosphides.  Because of these final state effects, other approaches are required 

to extract information about metal charges in the metal-rich phosphides. 

An interesting trend is observed in the (Ni1–xMx)2P series in which the Ni 2p3/2 BE 

generally shifts to higher energy with increasing concentration of M atoms (Table 8-1).  This 

trend is opposite to expectations, since greater electron transfer from M to Ni should lead to a 

more negative charge on Ni and shift its 2p3/2 BE to lower energy, as occurs in the M1–xM′xP 

series.  These shifts in energy are likely a manifestation of a next-nearest neighbour effect.  In 
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the metal-richer (Ni1–xMx)2P series, each metal atom is generally surrounded by more metal 

atoms and fewer P atoms than in the M1–xM′xP series.  As Ni is progressively substituted by the 

more electropositive M atoms, each Ni atom is surrounded by a greater number of positively 

charged M atoms, thereby raising the Madelung potential.  This effect becomes particularly 

noticeable at high M concentrations, when Ni atoms preferentially occupy the tetrahedral sites.  

At this stage, each Ni atom will then be surrounded by only four P atoms in the first coordination 

sphere and six M atoms (in the square pyramidal sites) in the second coordination sphere.19 

 A satellite feature has been previously observed at about 3.9 or 5.3 eV above the main 

peak in the Co and Ni 2p3/2 XPS spectra, respectively, of the elemental metals6 and metal 

phosphides discussed in Chapter 7.  As seen in Figure 8-3, the Ni 2p3/2 XPS spectra for the Ni-

Figure 8-3  Ni 2p3/2 XPS spectra for Ni2P and (Ni0.3Cr0.7)2P. 
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containing phosphides examined here also exhibit the same feature. Two explanations, a two-

core-hole or a plasmon loss model, have been advanced to account for the origin of these 

satellites, as has been described in detail elsewhere in this thesis (Chapter 5).  The two-core-hole 

model proposes that the core hole initially generated after photoionization draws conduction 

states below the Fermi edge into the valence band, which results in two possible final states, 

depending on whether the conduction state was occupied (corresponding to the main core line) or 

empty (generating the second hole and corresponding to the satellite peak).212  The plasmon loss 

model proposes that the ejected photoelectron loses kinetic energy as it interacts with valence 

electrons, causing them to oscillate and produce a satellite peak that appears at higher BE.184  

Although some controversy still exists about which model is applicable, both provide useful 

information about the charge of the metal atoms to the extent that the cross-section of two-core-

hole states or the degree of plasmon oscillations is proportional to the number of valence 

electrons.120  Figure 8-4 shows a plot of the normalized satellite intensity (Isatellite/Icore-line) versus 

the difference in electronegativity between the metals (χNi – χM′) for Ni2P and the three (Ni1–

xMx)2P (M = Cr, Fe, Co) series examined.  Relative to Ni metal, the satellite intensity in the Ni-

containing phosphides is always lower, indicating less electron density and thus the presence of 

positively charged Ni atoms.  On proceeding from Ni2P to (Ni1–xMx)2P, the intensity increases 

slightly as the electronegativity difference between the metals grows, evidence of the greater 

electron transfer from M to Ni.  Admittedly, the trend is weak because the analysis is somewhat 

hampered by partial overlap of the satellite peak with the core-line peak, particularly in the (Ni1–

xCox)2P series.  However, the satellite structure is quite prominent in the (Ni1–xCrx)2P series, 

where an increase in Cr concentration x also leads to a more intense satellite peak (Figure 8-4), 
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consistent with expectations of a greater Cr-to-Ni electron transfer and less positively charged Ni 

atoms. 

 

 

8.3.3  Metal L- and K-edge XANES spectra 

Further evidence for the proposed metal-metal charge transfer may be gained from an 

examination of the metal L- and K-edge XANES spectra.  The metal L-edge corresponds to the 

dipole-allowed transition of a 2p electron into unoccupied 3d and possibly 4s states (∆l = ±1), 

with spin-orbit coupling causing a splitting into an L3- (2p3/2 → 3d) and L2-edge (2p1/2 → 3d).  

The L3-edge is generally sharper and more detailed because of the longer lifetime of the excited 

state, to which the peak width is inversely proportional.232  The lineshape is influenced by the 

metal coordination environment and the intensity by the number of conduction states.239-241  

Although there are two different metal coordination environments in this metal phosphide series, 

Figure 8-4  Plot of normalized satellite intensity versus the difference in electronegativity 
between Ni and M for Ni2P and (Ni1–xMx)2P (M = Cr, Fe, Co), with x increasing according to the 
arrows in each series.  The horizontal dashed line corresponds to the satellite intensity for Ni 
metal. 
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they cannot be resolved and we present only a qualitative interpretation of the spectra.  

Moreover, we compare spectra only for those mixed-metal phosphides (Ni1–xMx)2P that adopt the 

same structure type as the parent binary phosphides. 

 The Ni L-edge spectra for Ni2P and (Ni0.8M0.2)2P (where any metal-metal charge transfer 

will be most extreme in each series and adopting the same Fe2P-type structure) are shown in 

Figure 8-5a.  The intensity (especially clear in the L3-edge) gradually diminishes through the 

progression Ni2P, (Ni0.8Co0.2)2P, (Ni0.8Fe0.2)2P, and (Ni0.8Cr0.2)2P, consistent with the presence of 

fewer Ni-based conduction states and less positively charged Ni atoms resulting from increasing 

M-to-Ni electron transfer, confirming the trend seen earlier.  Correspondingly, one expects that 

the M atoms will become more positively charged in the mixed-metal phosphides relative to the 

parent binary phosphides.  The Fe L-edge spectra for Fe2P and (Ni0.2Fe0.8)2P (both Fe2P-type 

structure; Figure 8-5b), and the Co L-edge spectra for Co2P and (Ni0.2Co0.8)2P (both Co2P-type 

structure; Figure 8-5c) reveal that the L3-edge intensity grows upon increased substitution by Ni, 

consistent with the presence of more M-based conduction states and more positively charged M 

atoms.  (Cr L-edge spectra were not analyzed because no samples in the (Ni1–xCrx)2P series adopt 

the same structure as Cr2P.)  Although the spectra exhibit fine structure that may originate from 

crystal field splitting, identifying which states gain or lose electron density is complicated by the 

energy overlap of states arising from the mix of tetrahedral and square pyramidal metal sites.  

For example, the intensities of the two peaks in the Fe L3-edge are very different between Fe2P 

and (Ni0.2Fe0.8)2P.  The Ni atoms preferentially substitute into the tetrahedral sites, which in turn 

are surrounded by Fe atoms in the square pyramidal sites.  Thus, the largest intensity change in 

the Fe L3-edge most likely reflects a change in the charge of those Fe atoms within square 

pyramidal sites. 
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 Ni K-edge spectra have been previously measured for Ni2P and (Ni1–xFex)2P.  However, 

most of these studies have focused primarily on changes to features in the extended X-ray 

absorption fine structure (EXAFS) during HDS and HDN processes.116,118  Here, we compare the 

Ni K-edge spectra of Ni2P to that of (Ni0.8Cr0.2)2P, selected because this contrast should exhibit 

the most prominent metal-metal charge transfer among the three mixed-metal series while still 

retaining the same Fe2P-type structure (Figure 8-6a).  The calculated conduction states in the  

Figure 8-5  Normalized total electron yield (a) Ni, (b) Fe, and (c) Co L-edge XANES spectra for 
various metal phosphides. 

b) c) 

a) 
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band structure of Ni2P (Figure 8-6b) assist in the interpretation.  Analogous to the metal K-edge 

spectra in other metal phosphides, peak A is assigned to be a pre-edge peak, involving a 

quadrupolar transition of a Ni 1s electron into unoccupied states just above the Fermi edge with 

predominantly Ni 3d and some P 3p character.  At higher absorption energy are two broader 

peaks that can be assigned as dipole-allowed transitions of a Ni 1s electron into Ni 4p / P 3p 

(peak B) or mostly Ni 3p states (peak C).  Although weaker than the dipolar transitions, the 

quadrupolar transition corresponding to the pre-edge peak of the Ni K-edge spectra provides 

similar information as the Ni L-edge spectra above in that both interrogate the unoccupied Ni 3d 

states.242  Relative to Ni2P, the pre-edge peak is less intense in (Ni0.8Cr0.2)2P, consistent with an 

increase in occupied Ni valence states and with the earlier conclusions for the charge transfer 

from Cr to Ni atoms.  This intensity change is less pronounced than that in the Mn K-edge 

XANES spectra for the P-richer Mn1–xCoxP and Mn1–xVxP series,7 whose MnP-type structure 

Figure 8-6  (a) Normalized Ni K-edge XANES spectra (measured in transmission mode) for 
Ni2P and (Ni0.8Cr0.2)2P, with peak assignments (A, B, C) discussed in the text.  (b) Orbital 
projections of the calculated conduction states in the band structure of Ni2P, with the Fermi edge 
set to 0 eV. 

a) b) 
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accommodates octahedral metal sites in contrast to the tetrahedral and square pyramidal sites in 

the Fe2P-type structure of Ni2P and (Ni0.8Cr0.2)2P.  The pre-edge feature in Figure 8-6a may be 

assigned as largely a dipole-allowed 1s-to-4p transition, because complexes containing metal 

atoms in tetrahedral and square pyramidal coordination have been shown to exhibit Ni 4p 

character in this feature, unlike those in octahedral coordination.243 

 

8.3.4  Comparison between M1–xM'xP and (Ni1–xMx)2P 

Compared to the metal-poorer M1–xM′xP series reported previously,7 a key difference in 

the metal-richer (Ni1–xMx)2P series studied here is the lesser degree of metal-metal charge 

transfer taking place, as manifested by the lack of next-nearest neighbour effects in the P 2p BEs 

(Figure 8-2), as well as smaller changes in satellite intensity in the Ni 2p3/2 XPS spectra (Figure 

8-4) and in L-edge intensity in the metal L-edge XANES spectra.  In both cases, a P charge of 

about 1– can be estimated based on comparison of the P 2p3/2 BEs to other phosphorus-

containing compounds in various oxidation states.  To a first approximation, then, the average 

charge of the metal atoms will start out less extreme in the metal-richer binary phosphides M2P 

(with the formulation “(M0.5+)2(P1–)” as determined in the previous chapter) than in the 

monophosphides MP (with the formulation “M1+P1–”).6,7  Furthermore, at low levels of 

substitution in (Ni1–xMx)2P, the electropositive M atoms preferentially occupy one (square 

pyramidal) of the two possible metal sites.  With less metal-metal charge transfer and smaller 

changes in the absolute charge on the metal atoms, these factors in turn lead to smaller changes 

in the Madelung potential ∑
≠

∆
ij ij

j

r

q
 that influence the P BEs.  Only in the (Ni1–xCrx)2P series, 
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which exhibits the greatest difference in electronegativity between the dissimilar metal atoms, do 

significant changes begin to be detected in the metal XANES spectra. 

 

8.4  Conclusion 

Unlike the M1–xM'xP series, next-nearest neighbour effects imparted by the presence of 

two different metal atoms around a P atom do not play an important role in influencing the shifts 

in P 2p3/2 BE and K-edge absorption energy in the metal-richer (Ni1–xMx)2P (M = Cr, Fe, Co) 

series, because of the relatively smaller magnitudes of the metal charges.  However, metal-metal 

charge transfer (from M to Ni) continues to operate, as evidenced by changes in the satellite 

intensity of the Ni 2p3/2 XPS spectra and in the metal L- and K-edge XANES spectra.  

Establishing these trends allows an application to the evaluation of changes in the electronic 

structure of different and mixed metal phosphides which can be used as catalysts.  In particular, 

enhanced catalytic activity of the binary phosphides Fe2P and Ni2P in the course of HDS and 

HDN processes can be correlated with an increase in P 2p3/2 BE and K-edge absorption energy.68  

On the other hand, the (Ni1–xCox)2P series exhibits no increase in BE or absorption energy with 

increasing Co concentration even though there is apparently an enhancement of the catalytic 

activity for Co-doped Ni2P.74  It appears that the support used in these catalytic studies may be 

something to be considered more closely.  In fact, analysis of the P 2p XPS spectra of silica-

supported cobalt phosphides suggests that greater metal-to-phosphorus charge transfer takes 

place in CoP/SiO2 than in Co2P/SiO2.71  This observation differs from our previous studies which 

indicate approximately the same charge for P atoms in these compounds.  The SiO2 support may 

alter the electronic properties of the metal phosphides, perhaps by favouring the deposition of a 
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preferred orientation of the catalyst, such as the (001) surface of Ni2P, which exposes a greater 

concentration of metal atoms than the bulk average.73 
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Chapter 9 

 

 

 

Conclusion 

 

 X-ray spectroscopy is an effective experimental technique for probing the electronic 

structure of solids.  Although XPS and XANES have been applied in the past to study metal 

pnictides, extensions to more complex systems or solid solutions (mixed cation or mixed anion) 

is more difficult particularly because shifts in BE and absorption energies are very small, 

sometimes less than 0.1 eV between members in a series.  These small shifts, however, reflect 

the degree of electron transfer and provide information about the bonding character in these 

compounds.  To gain further information about the electronic structure, more advanced 

interpretation can be made by comparing intensities of satellite peaks, fitting the valence band 

spectra, and analyzing the fine-structure in XANES.  Table 9-1 summarizes the type of electronic 

information obtained from these analyses. 

a   Determined from the fitting of the valence XPS spectra.  
b  Determined from shifts in the P 2p3/2 BE and Co/Ni 2p3/2 satellite intensity.   

Table 9-1  Electronic information obtained from XPS and XANES analysis. 

 Compound Charge formulation 
from XPS 

Electron 
transfer 

Metallic  3-D/2-D 
bonding 

Agrees with 
Theory 

Interatomic 
effects 

Zr(GexAs1-x)As   Yes  Yes  

ZrCuSiPn  Yes Yes 3-D No  

REMAsO° RE3+M2+As3-O2- a Yes Yes 2-D No Yes 

(M1-xM′x)2P (M1-xM′x)
0.5+

2P
1- b Yes Yes 3-D No Yes 

M3P M0.33+
3P

1- b Yes Yes 3-D No Yes 
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9.1  PbCl2-type compounds 

 Within the pseudobinary ZrAs2-ZrGe2 system, it has been found that ZrAs2 is a true 

binary phase (not a Si-stabilized ternary phase) and Zr(GexAs1-x)As, a partially ordered solid 

solution, adopts the PbCl2-type structure for 0 ≤ x ≤ 0.4.  No ternary PbFCl-type phase forms, 

unlike the corresponding Zr(SixAs1-x)As series.  If the end members of Zr(GexAs1-x)As are 

simplified as ZrAs2 and Zr(Ge0.5As0.5)As, their bonding can be rationalized through the Zintl 

concept, giving the formulations Zr2+As0As2- and Zr2.5+(Ge1-
0.5As0

0.5)As2-, respectively.  The Zr 

3d5/2 BE suggests that Zr 4d states are occupied, indicating that the Zr atoms are not 4+, whereas 

the As 3d BE reveals an average oxidation state of 1- for both As atoms.  Although two peaks 

(for As0 and As2-) would have been expected in the As 3d XPS spectra based on the Zintl 

approximation, they cannot be resolved.  As the FWHM of the As 3d core-line peaks were 

similar to those in other compounds presented in this thesis, it is likely that the two As atoms 

have the same oxidation state. 

 

9.2  ZrCuSiAs-type compounds 

 The ability of X-ray spectroscopy to distinguish between ionic and covalent bonding 

character is best illustrated in the analysis of the ZrCuSiAs-type compounds, which may be 

viewed in a first approximation as consisting of alternating [ZrSi] and [CuPn] layers in 

ZrCuSiPn, and alternating [REO] and [MPn] layers in REMPnO.  The charge formulation of 

Zr4+Cu1+Si2-Pn3- was shown by XPS and XANES analysis to be too simplistic.  Similar to the 

case in Zr(Ge1-xAsx)As, the Zr 3d5/2 BE is smaller than predicted for Zr4+.  Likewise, the Si 2p3/2, 

As 3d5/2, and P 2p3/2 BEs shifted less than expected.  These small BE shifts are attributed to 

strong covalency between [ZrSi] and [CuPn] layers.  Further evidence of interlayer bonding is 
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shown in the Cu K-edge and Zr K/L-edge XANES spectra.  Replacing As with P resulted in 

greater Cu-to-Pn and Zr-to-Pn charge transfer, a strong indication that bonding in ZrCuSiPn is 3-

dimensional. 

 In contrast, The [REO] and [MAs] layers in REMAsO are separated by more than 3 Å, 

and the charge formulation RE3+M2+As3-O2- is proposed.  The [REO] layer contains RE3+ (as 

found in the RE 3d XPS) and O2- (as found by O 1s BE), with considerable ionic character.  The 

[MAs] layer contain cationic M (as found from satellites), and anionic As atoms (as found from 

As 3d5/2 BE) but they are not as highly charged as expected.  The asymmetric line shape of the M 

2p XPS spectra confirms the presence of delocalized valence electrons.  Thus there is 

considerable covalent, delocalized bonding in the [MAs] layer.  The DOS curves also reveal that 

the M and As states are much broader than the La and O states.  To our knowledge, this is the 

first demonstration of distinctly different bonding character for the substructure of a complex 

solid through X-ray spectroscopy.  

  Chapter 5 and Chapter 6 explored the effects of altering bonding in the [REO] layer 

(substituting the RE atom) and [MAs] layer (substituting the M atom), respectively.  Shifts in the 

As 3d5/2 and O 1s BEs were explained using the charge potential model.  Intraatomic effects 

(change in As charge) dominated the shifts in the As 3d core-line XPS spectra, whereas 

interatomic effects (change in RE size) dominated the shifts in the O 1s core-line XPS spectra.  

Interestingly, altering the electronic structure of one layer has no effect on the other, confirming 

the two-dimensionality of the REMAsO structure, which is believed to be critical to its 

superconducting properties.  In general, it has been found that the critical temperature (TC) 

increases in the FePn-based superconductors as the distance between [FePn] layers increases, 

suggesting that TC is tunable.244  Given that Fe 3d levels are believed to be the superconducting 
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states, greater delocalization of valence electrons near the Fermi edge may enhance their 

movement along the surface, inducing superconductivity.41  It is possible that greater covalency 

in the [MAs] layer may result in a larger TC. 

 

9.3  M2P- and M3P-type compounds 

The analysis of the metal-rich phosphides (M2P, (M1-xM′x)2P, and M3P; M, M′ = Cr-Ni) 

extends previous work on the monophosphides (MP, M1-xM′xP).7,8  The XPS and XANES spectra 

support the formulations (M0.5+)2P1- and (M0.33+)3P1-, with the P 2p3/2 BE and K-edge absorption 

energy decreasing as M becomes more electronegative, an indication of increasing ionic 

character in the M–P bond.  In contrast to the monophosphides, for which the shifts in P BEs and 

absorption edge energies agree well with the formulation M1+P1- derived from the Zintl concept,6 

the more metal-rich phosphides M2P and M3P experience additional interatomic effects that 

induce secondary variations in the BE and absorption energy shifts.  The strong delocalization of 

valence electrons arising from M–M bonding in these metal-rich phosphides is confirmed by the 

lineshape in the M 2p XPS spectra. 

 These spectroscopic results lead to interesting implications about the catalytic mechanism 

of Ni2P doped with other metals, such as Co, in HDS and HDN processes.74  It has been 

proposed that the catalytic activity increases as the M–P bond becomes more covalent, enhancing 

the backbonding of P to the C atoms of the S- or N-containing substrate in the HDS and HDN 

mechanism.73  However, our results show that Co-substituted Ni2P does not significantly 

enhance the covalent character of the M–P bond.  Although we initially suggested that charge 

transfer between the metal phosphides and the silica substrate may play a role in the catalytic 

process, a recent study by Bussell and co-workers has shown that the P 2p3/2 BEs in (Ni1-xFex)2P 
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are similar in the bulk as well as when they are supported on silica.245  The electronic effects of 

the substrate may still well be negligible.  Rather, as shown by XPS and XANES analysis on the 

mixed-metal phosphides (Ni1-xMx)2P, the Ni atoms may be gaining electron density through a 

metal-metal interaction from other M atoms.  That is, the enhanced catalytic activity of Co-doped 

Ni2P may likely be arising from a Co-to-Ni charge transfer. 

 

9.4  Co and Ni 2p satellite features 

 A recurring feature that illustrates the complexities of interpreting XPS spectra is the 

satellite peak always found in conjunction with the Co or Ni 2p core-line peak.  This satellite 

peak was exploited to extract information about the charge of the Co or Ni atoms in various 

compounds analyzed in this thesis, even when the BE of the core-line peak itself undergoes no 

apparent shift.  The physical origin of this satellite has been much debated in the literature, and 

two competing explanations have emerged:  a two-core-hole or a plasmon loss model (section 

5.3.1).  For many years, the two-core-hole model was generally accepted.  However, Grosvenor 

and co-workers recently observed plasmon features in the REELS spectra of Ni and Co 

metal,6,213 suggesting that the plasmon loss model could provide a viable alternative explanation 

of the satellite peaks.  The satellite peak can be fitted to two components corresponding to 

surface and bulk plasmon oscillations at energies in the expected ratio of 1: 2 .231  

Subsequently, Oppeneer and co-workers have revealed a satellite peak above the 1s core-line in 

the hard X-ray photoelectron spectrum of Ni metal.246  The shift in BE of the satellite relative to 

its core-line peak is less in 1s than in 2p.246  This observation is consistent with the two-core-hole 

model (since a 1s core-hole has less influence than a 2p core-hole on the valence electrons and 

thus is less effective in pulling 3d conduction states below the Fermi edge).  It is not consistent 
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with the plasmon loss model (since the number of valence electrons scattering the photoelectron 

is the same and the satellite BE is independent of the core-shell). 

Comparison of the Co and Ni 2p satellites in most samples studied in this thesis (Co metal, 

Ni metal, Co2P, Ni2P, LaCoAsO, CeNiAsO) presents conflicting evidence for both models.  The 

general observation is that the difference in BE between the core-line and its satellite is smaller 

for Co 2p than for Ni 2p.  This is consistent with the plasmon loss model (since fewer valence 

electrons in Co cause less scattering of the photoelectron, increasing its KE and lowering the BE) 

but not with the two-core-hole model (since fewer valence electrons in Co would reduce 

screening of the core-hole, allowing more conduction states to fall below the Fermi edge, thereby 

raising the BE of the Co 2p satellite).  In the special case of the Ni-rich phosphides (Ni2P and 

Ni3P), the observation is that the BE of the satellite relative to the Ni 2p core-line follows an 

opposite trend with decreasing valence electrons:  Ni metal < Ni3P < Ni2P.  Here, surprisingly, 

the plasmon loss model fails (fewer valence electrons result in the photoelectron having a higher 

KE and thus lower BE) but the two-core-hole model works (fewer valence electrons provide 

reduced screening of the core-hole, allowing more conduction states to fall below the Fermi edge 

and increasing the BE)!  Finally, no BE shifts were observed in the Co 2p satellites for any of the 

Co-containing compounds.  All these observations tend to suggest that other factors, such as 

shake-up processes and crystal structure differences, may well play important roles, but these 

remain poorly understood. 

 In the plasmon loss model, a further distinction can be made between intrinsic and 

extrinsic mechanisms.  When this model has been applied in this thesis, it has been assumed that 

the plasmon loss is extrinsic, as the photoelectron undergoes inelastic scattering and interactions 

with the valence band.  But the possibility must also be allowed that the plasmon loss can be 
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intrinsic, as the core-hole can also interact with the valence electrons.  Extrinsic plasmon loss 

tends to dominate in both the bulk and surface, whereas intrinsic plasmon loss occurs more often 

in the surface, as shown in several theoretical studies on Al metal.247  Although we have not 

carried out similar calculations for the contributions of extrinsic vs intrinsic plasmon loss for the 

Co and Ni 2p satellites, we note that these satellites generally exhibit a symmetrical lineshape 

consistent with extrinsic plasmon loss.  (In contrast, an asymmetric lineshape arises from 

intrinsic plasmon loss because of the Doniach-Šunjić process.248)  However, competing evidence 

for intrinsic plasmon loss is shown by no change in intensity in the angle-resolved XPS spectrum 

of Co metal (not shown); the plasmon intensity should be independent of the take-off angle since 

intrinsic plasmon loss does not depend on scattering of the outgoing photoelectron. 

 The discussion above indicates that one model alone is insufficient to explain the Co and 

Ni 2p satellite features in all instances (Table 9-2).  It is likely that the satellites result from 

various degrees of mixing of plasmon loss (both extrinsic and intrinsic) and a two-core-hole final 

state.  Given the difference in lineshape and BE shifts of these satellites, the degree of mixing 

probably differs in Co and Ni metal.  In this thesis, we have related the charge in the metal atom 

to the satellite intensity, which is predicted to be proportional to the valence electron 

concentration in either model (including extrinsic and intrinsic plasmon loss).120,248  That is, the 

same information about the metal charge can be extracted no matter which model is applied. 

 

9.5  Limitations of XPS and XANES 

XPS and XANES are powerful techniques that can be used to extract important 

information about the electronic structure of solids, providing experimental evidence for bonding 

type, oxidation state, metallic behaviour, and charge transfer effects.  However, they do have  
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some limitations when applied to intermetallic phases, which have bonding character that is 

highly metallic (i.e., delocalized) or polar covalent.  The chief difficulty is that the charge on an 

atom is not trivially related to the BE shift.  For the phosphides and arsenides examined, it is true 

that the core-line peaks shift to lower BE (relative to the element), confirming the presence of 

anionic P or As atoms.  In the phosphides M2P and M3P, the correct relative charges of P are 

obtained if a linear relationship to BE is assumed.  In the arsenide oxides, REMAsO, however, 

similar assumptions lead to As3- if the As K-edge XANES and valence band XPS spectra are 

analyzed but As1- if the As 3d5/2 BE is analyzed.  This apparent discrepancy illustrates the care 

that must be taken in interpreting energy shifts.  Core-line XPS BEs measure how energy levels 

are influenced by the screening that an atom experiences in a specific environment; as such, they 

reflect the polarity of the bonds formed by this atom, that is, the degree of ionic vs. covalent 

character.  As illustrated for the P 2p3/2 and As 3d5/2 BEs (Figure 9-1), larger shifts are 

experienced by the more electronegative P atoms, which are able to participate in more polar 

bonds. 

 

Table 9-2.  A summary of the feature of the Co and Ni 2p satellite that supports plasmon loss 
model and two-core-hole fin al state. 

Observation Plasmon loss model Two-core-hole final state 

REELS on Co and 
Ni metal ü û 

Comparison of Ni 1s 
and Ni 2p satellites  û ü 

Comparson of Co 2p 
and Ni 2p satellites ü û 



174 
 

 

 

 

X-ray spectroscopy can be used to detect subtle charge transfer effects.  This was first 

demonstrated in the transition-metal phosphides MP and their mixed-metal counterparts M1-xM′xP 

(M′ is more electronegative than M),6,7 where the expected M-to-P and M-to-M′ charge transfers 

were observed.  The more metal-rich phosphides M2P and M3P also show evidence of M-to-P 

charge transfer (Figure 9-2a), but the smaller shifts imply less polar character in the M–P bonds.  

In even more complex phases studied in this thesis, XANES analysis indicated Zr-to-Pn and Cu-

to-Pn charge transfer in ZrCuSiPn (Figure 9-2b), and M-to-As (and possibly RE-to-O) charge 

transfer in REMAsO (Figure 9-2c).  The small shifts (<0.3 eV) in the O 1s and As 3d5/2 BEs 

refect the smaller electronegativity difference with the RE atoms and the more covalent character 

of the M–As bonds.  The [REO] and [MAs] substructures are essentially isolated in REMAsO, 

whereas the [ZrSi] and [CuPn] substructures interact through Zr–Pn bonds in ZrCuSiPn. 

 

Figure 9-1  Correlation between bonding character and (a) P 2p3/2, and (b) As 3d5/2 BE shifts. 

Covalent 
Bonding 

Ionic 
Bonding 

Decreasing P 2p3/2 BE 

Ionic 
Bonding 

Covalent 
Bonding 

Decreasing As 3d5/2 BE 

a) 

b) 
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Mixed-metal systems present the possibility for a secondary electron transfer between 

two different metal atoms.  Unlike the monophosphides M1-xM′xP, where interatomic effects (M-

to-M′ charge transfer) arising from the difference in electronegativity between M and M′ lead to 

shifts in the P 2p3/2 BE and K-edge absorption energy,7 similar next-nearest neighbour effects 

Figure 9-2  Charge transfer effects that are observed in (a) ZrCuSiPn, (b) REMAsO, and (c) 
M2P, M3P, and (M1-xM′x)2P. 

Si Zr Pn Cu 

b) ZrCuSiPn 

O RE  As M 

c) REMAsO 

 M P M′ 

a) M2P, M3P, (M1-xM′x)2P 
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were not observed in (M1-xM′x)2P and REM1-xM′xAsO.  For (M1-xM′x)2P, only intraatomic effects 

are needed to account for the shifts in BE and absorption energy, notwithstanding the evidence of 

M-to-M′ charge transfer from the Ni K/L-edge XANES spectra.  This apparent absence of next-

nearest neighbour effects may be attributed to the smaller magnitude of charges on the M and M′ 

atoms, and possibly preferential occupation of these atoms.  For REM1-xM′xAsO, extensive 

electron delocalization within the [MAs] layer likely reduces M-to-M′ charge transfer.  In 

general, we conclude that next-nearest neighbour effects are much less prominent in intermetallic 

phases that exhibit high electronic delocalization and significant metallic bonding. 

Finally, it is important to distinguish between the charges determined from X-ray 

spectroscopic analysis and those derived from simple electron-counting schemes.  In the Zintl 

concept, full electron transfer is assumed from the electropositive component to the 

electronegative component; charges are necessarily integral and always overestimated relative to 

the true values.  In intermetallic phases, electronic delocalization tends to lead to intermediate, 

less extreme charge distributions.  Analysis of the valence band spectra, which can be fitted to 

states of component atoms, is a way to recover charges that correspond to expectations from the 

Zintl concept, as was shown earlier for MP.6  However, this procedure becomes increasingly 

more difficult for compounds with significant covalency, for which the component atomic states 

in the valence band will be much broader, a reflection of the greater electronic delocalization, as 

demonstrated in the fitting of the valence band XPS spectra for REMAsO.  An important general 

conclusion is that charges obtained from core-line XPS BEs are influenced by screening effects 

of delocalized valence electrons, whereas charges obtained by fitting valence band spectra to 

component states are derived from the number of valence electrons associated with each atom. 
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9.6  Future studies  

 The results presented here have highlighted the successful application of X-ray 

spectroscopy to resolve questions about bonding and electronic structure in solid-state chemistry.  

In particular, even complex intermetallic phases can be analyzed through detailed interpretation 

of these spectra.  Several systems merit further investigation.  For example, although the effects 

of metal substitution in M2P have now been clarified through the study of (M1-xM′x)2P, the 

corresponding effects of pnicogen substitution through the study of M2(As1-yPy) are still not well 

understood.  Unlike the monopnictides, MAs1-yPy, which contain an extensive Pn–Pn bonding 

network,8 the more metal-rich pnictides, M2As1-yPy, lack Pn–Pn bonds.  Furthermore, given that 

there are two metal sites in M2As1-yPy, it is not known how Pn substitution will affect M-to-Pn 

charge transfer.  Eventually, these studies could lead to investigation of more complicated 

quaternary systems ((M1-xM′x)2As1-yPy) where M and Pn substitution will allow us to “tune” the 

electronic properties of these materials. 

 Among the quaternary ZrCuSiAs-type materials, only three silicide pnicitides are known 

so far.13,132  Given their potential applications as high temperature superconductors, it is 

wothwhile to attempt the preparation of related compounds.  On the basis of different 

combinations of quaternary phases in the (Ti, Zr, Hf)-(Cu-Ag)-(Si-Ge-Sn)-(P-As-Sb) system, 

there are potentially 51 new compounds that could form this structure type.  Altering the size of 

the atoms in these compounds may destroy the 3-dimensional bonding network and possibly 

affect the electronic structure of these materials.  Recent efforts by an undergraduate student 

(Alyson Baergen) in our group have resulted in the discovery of ZrCuGeAs and HfCuGeAs, with 

electronic properties very similar to those of ZrCuSiAs. 
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 The more numerous “layered” representatives of the ZrCuSiAs-type phases present 

attractive opportunities to explore the relationship between structure and electronic properties.  

From our results, it is clear that the distance between the two layers influences the bonding 

character (ionic vs. covalent) and possibly the superconducting behaviour of the pnictide oxides 

REMPnO.  Several related layered Fe-containing pnictides that do not adopt the ZrCuSiAs-type 

structure (such as LixFeAs, BaFe2As2, Sr4Sc2Fe2P2O6) exhibit superconductivity.  Given that TC 

increases as the [FePn] layers become further apart,244 we propose that covalent character also 

increases within their layers.  This correlation could be probed through appropriate X-ray 

spectroscopic experiments. 
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Appendix 1 

 

Supplementary Data for Chapter 3 

 

 

 

Table A1-1  Cell parameters for Zr(GexAs1–x)As. 
 

Loading 
composition 

a (Å) b (Å) c (Å) V (Å3) Remarks 

ZrGe0.1As1.9 6.779(5) 3.688(3) 9.051(6) 226.3(2) Single phase 

ZrGe0.2As1.8 6.772(3) 3.685(1) 9.068(3) 226.3(1) Single phase 

ZrGe0.3As1.7 6.749(2) 3.673(1) 9.079(3) 225.1(1) Single phase 

ZrGe0.4As1.6 6.753(4) 3.675(2) 9.087(5) 225.5(1) Single phase 
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 Figure A1-1  Powder XRD patterns for samples of ZrAs2 prepared under different conditions. 
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 Figure A1-2  Powder XRD patterns for different members of Zr(GexAs1–x)As. 
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Appendix 2 

 

Supplementary Data for Chapter 4 

 

 

 

 

Table A2-1.  BEs (eV) for separate samples, or same sample measured at different times. 
 

Sample Run 1 Run 2 Run 3 

ZrCuSiP    

Zr 3d5/2 179.71 179.66 179.62 

Cu 2p3/2 933.72 933.64 933.75 

Si 2p1/2 99.46 99.38 99.36 

P 2p3/2 128.87 128.76 128.82 

ZrCuSiAs    

Zr 3d5/2 179.62 179.65  

Cu 2p3/2 933.65 933.70  

Si 2p1/2 99.43 99.38  

As 3d5/2 41.08 41.17  

Zr metal    

Zr 3d5/2 178.89 178.93  

Cu metal    

Cu 2p3/2 932.89 932.83  
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 Figure A2-1  Powder XRD patterns for ZrCuSiP and ZrCuSiAs. 

a) 

b) 
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Appendix 3 

 

Supplementary Data for Chapter 5 

 

 

 

 

 

a
 ZrCuSiAs-type structure:  space group P4/nmm (no. 129); atomic positions La 2c (1/4, 1/4, 

~0.14), M/M´ 2b (3/4, 1/4, 1/2), As 2c (1/4, 1/4, ~0.66), O 2a (3/4, 1/4, 0) taken from Ref 13. 
 

Table A3-1  Cell parameters for LaMAsO (M = Fe, Co, Ni) and LaFe1–xM′xAsO (M′ = Co, Ni) 
samples.a 
 

Sample a (Å) c (Å) V (Å3) 

LaFeAsO 4.054(1) 8.791(4) 144.5(1) 

LaCoAsO 4.063(2) 8.532(9) 140.9(2) 

LaNiAsO 4.148(2) 8.247(6) 141.9(1) 

LaFe0.9Co0.1AsO 4.055(2) 8.757(4) 144.0(1) 

LaFe0.8Co0.2AsO 4.056(2) 8.701(4) 143.1(1) 

LaFe0.4Co0.6AsO 4.058(1) 8.642(7) 142.3(1) 

LaFe0.2Co0.8AsO 4.060(3) 8.591(8) 141.6(2) 

LaFe0.8Ni0.2AsO 4.062(2) 8.756(3) 144.5(1) 

LaFe0.7Ni0.3AsO 4.076(2) 8.689(5) 144.4(2) 

LaFe0.4Ni0.6AsO 4.096(3) 8.547(1) 143.4(2) 
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a Obtained before Ar+-ion sputter-cleaning. 

 

Table A3-2  As 3d5/2 BEs (eV) for separate LaMAsO (M = Fe, Co, Ni) and LaFe1–xM′xAsO (M′
= Co, Ni) samples, or same sample measured at different times.a 
 

Sample Run 1 Run 2 Run 3 

LaFeAsO 41.17 41.15 a 41.23 

LaCoAsO 41.26 41.28 a 41.33 

LaNiAsO 41.43 41.39 a 41.47 

LaFe0.9Co0.1AsO 41.11 41.16  

LaFe0.8Co0.2AsO 41.14 41.22  

LaFe0.4Co0.6AsO 41.25 41.19  

LaFe0.2Co0.8AsO 41.32 41.27  

LaFe0.8Ni0.2AsO 41.26 41.30  

LaFe0.7Ni0.3AsO 41.32 41.29  

LaFe0.4Ni0.6AsO 41.41 41.37  
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a Obtained before Ar+-ion sputter-cleaning. 

 

Table A3-3  Fe and Co 2p3/2 BEs (eV) for separate LaMAsO (M = Fe, Co) and LaFe1–xM′xAsO 
(M′ = Co, Ni) samples, or same sample measured at different times. a 
 

Sample 
Fe 2p3/2 Co 2p3/2 

Run 1 Run 2 Run 3 Run 1 Run 2 Run 3 

LaFeAsO 707.16 707.12 a 707.05    

LaCoAsO    778.55 778.51 a 778.59 

LaFe0.9Co0.1AsO 707.04 707.09  778.58 778.49  

LaFe0.8Co0.2AsO 707.08 707.03  778.62 778.56  

LaFe0.4Co0.6AsO 707.13 707.16  778.38 778.45  

LaFe0.2Co0.8AsO 707.21 707.14  778.41 778.44  

LaFe0.8Ni0.2AsO 707.09 707.15     

LaFe0.7Ni0.3AsO 707.15 707.06     

LaFe0.4Ni0.6AsO 707.13 707.09     
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a Obtained before Ar+-ion sputter-cleaning. 

Table A3-4  La 3d5/2 and O 1s BEs (eV) for separate LaMAsO (M = Fe, Co, Ni) and LaFe1–

xM′xAsO (M′ = Co, Ni) samples, or same sample measured at different times. a 
 

Sample 
La 3d5/2 O 1s 

Run 1 Run 2 Run 3 Run 1 Run 2 Run 3 

LaFeAsO 834.85 834.94 a 834.94 529.94 529.88 a 529.99 

LaCoAsO 834.91 834.83 a 834.81 529.83 529.93 a 529.92 

LaNiAsO 834.92 834.95 a 834.89 529.98 529.89 a 530.01 

LaFe0.9Co0.1AsO 834.93 834.89  529.91 529.94  

LaFe0.8Co0.2AsO 834.78 834.83  529.84 529.88  

LaFe0.4Co0.6AsO 834.91 834.96  529.89 529.93  

LaFe0.2Co0.8AsO 834.74 834.80  529.94 529.91  

LaFe0.8Ni0.2AsO 834.82 834.75  530.01 529.93  

LaFe0.7Ni0.3AsO 834.99 834.91  529.96 530.03  

LaFe0.4Ni0.6AsO 834.87 834.84  530.04 529.98  

 



202 
 

 

 

 

Figure A3-1  Powder XRD patterns for LaMAsO (M = Fe, Co, Ni) and representative members 
of LaFe1–xM′xAsO (M′ = Co, Ni). 
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Figure A3-2  As 3d XPS spectra of LaFeAsO before (grey squares) and after (black circles) Ar+

ion sputtering.  The fitted envelope and the component peaks are in blue. 
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 Figure A3-3  Fe 2p and Co 2p XPS spectra for some members of LaFe1–xM′xAsO (M′ = Co, Ni). 
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. 

Figure A3-4  (a) Fe L-edge. (b) Co L-edge, (c) Fe K-edge, and (d) Co K-edge XANES spectra 
for mixed-metal arsenide oxides LaFe1-xM'xAsO (compared to the parent LaMAsO compounds).  
The spectra are overlapped to emphasize their similarity. 

a) b) 

c) d) 
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Appendix 4 

 

Supplementary Data for Chapter 6 
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a Obtained before Ar+-ion sputter-cleaning. 

 

Table A4-1  BEs (eV) for separate REFeAsO (RE = Ce, Pr, Nd, Sm, Gd) and CeNiAsO samples, 
or same sample measured at different times. 
 

Sample Run 1 Run 2 Run 3 

Ce 3d5/2    

CeFeAsO 881.71 881.80 a  

CeNiAsO 881.83 881.90 a  

Fe 2p3/2    

CeFeAsO 707.20 707.15 a 707.12 

PrFeAsO 707.09 707.12 a 707.06 

NdFeAsO 707.12 707.16 707.19 

SmFeAsO 707.12 707.07  

GdFeAsO 707.14 707.06 707.04 

Ni 2p3/2    

CeNiAsO 853.15 853.18 a 853.22 

As 3d5/2    

CeFeAsO 41.14 41.16 a 41.11 

PrFeAsO 41.10 41.14 a 41.18 

NdFeAsO 41.08 41.16 41.07 

SmFeAsO 41.09 41.16  

GdFeAsO 41.12 41.17 41.09 

CeNiAsO 41.35 41.38 a 41.32 

O 1s    

CeFeAsO 530.04 530.06 a 530.01 

PrFeAsO 530.12 530.09 a 530.07 

NdFeAsO 530.17 530.12 530.09 

SmFeAsO 530.20 530.14  

GdFeAsO 530.32 530.26 530.35 

CeNiAsO 530.07 530.01 a 529.99 
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Figure A4-1  Powder XRD patterns for REFeAsO. 

a) d) 

b) e) 

c) 
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Figure A4-2  RE L3-edge XANES spectra for REFeAsO.  (The spectrum for SmFeAsO was not 
measured.) 

a) 

b) 

c) 

d) 

e) 
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 Figure A4-3  (a) Fe 2p, (c) As 3d, and (d) O 1s XPS spectra for REFeAsO. 

c) b) a) 
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Appendix 5 

 

Supplementary Data for Chapter 7 

 

 

 

 

a Obtained before Ar+-ion sputter-cleaning. 

 

Table A5-1  P 2p3/2 BEs (eV) for separate M2P and M3P (M = Cr–Ni) samples, or same sample 
measured at different times. 
 

Sample Run 1 Run 2 Run 3 

Cr2P 129.13 129.17  

Mn2P 129.27 129.22 129.26 

Fe2P 129.38 129.25 129.29 a 

Co2P 129.44 129.41 129.39 

Ni2P 129.46 129.43 129.51 a 

Cr3P 129.26 129.21  

Mn3P 129.30 129.31 129.28 

Fe3P 129.47 129.41 129.44 

Ni3P 129.50 129.56 129.52 
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 Figure A5-1  P 2p XPS spectra for (a) M2P and (b) M3P (M = Mn, Fe, Co). 
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 Figure A5-2  P K-edge XANES spectra for (a) M2P (M = Mn, Co) and (b) Mn3P. 
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Figure A5-4  M L-edge XANES spectra for M2P, M3P, and M metal (M = (a) Cr, (b) Mn, (c) Fe, 
(d) Co). 
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a) b) c) d) 

Figure A5-3  M 2p3/2 XPS spectra for M2P and M3P (M = (a) Cr, (b) Mn, (c) Fe).  
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Appendix 6 

 

Supplementary Data for Chapter 8 

 

 

 

a Cr2P-type, space group Imm2; Fe2P-type, space group P6 2m ; Co2P-type, space group Pnma. 

Table A6-1  Cell parameters for (Ni1–xMx)2P (M = Cr, Fe, Co) samples. 

Sample Structure 
type a 

a (Å) b (Å) c (Å) V (Å3) 

Cr2P Cr2P-type 6.648(2) 10.458(2) 6.371(1) 443.0(1) 

Fe2P Fe2P-type 5.894(1)  3.478(3) 104.64(8) 

Co2P Co2P-type 5.674(1) 3.5290(9) 6.6387(8) 132.93(3) 

Ni2P Fe2P-type 5.893(4)  3.402(6) 102.3(2) 

(Ni0.8Cr0.2)2P Fe2P-type 5.886(3)  3.396(5) 101.9(2) 

(Ni0.5Cr0.5)2P Co2P-type 5.854(2) 3.555(1) 6.874(3) 142.8(1) 

(Ni0.3Cr0.7)2P Co2P-type 5.878(2) 3.570(1) 6.912(2) 145.07(5) 

(Ni0.8Fe0.2)2P Fe2P-type 5.896(1)  3.367(3) 101.36(7) 

(Ni0.5Fe0.5)2P Fe2P-type 5.878(2)  3.451(3) 103.26(7) 

(Ni0.2Fe0.8)2P Fe2P-type 5.881(2)  3.479(5) 104.2(1) 

(Ni0.8Co0.2)2P Fe2P-type 5.886(2)  3.401(3) 102.0(3) 

(Ni0.5Co0.5)2P Fe2P-type 5.851(6)  3.394(4) 100.6(4) 

(Ni0.2Co0.8)2P Co2P-type 5.701(3) 3.5076(2) 6.6363(6) 132.72(6) 
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a Obtained before Ar+-ion sputter-cleaning. 

Table A6-2  P 2p3/2 BEs (eV) for separate (Ni1–xMx)2P (M = Cr, Fe, Co) samples, or same sample 
measured at different times. 
 

Sample Run 1 Run 2 Run 3 

(Ni0.8Co0.2)2P 129.45 129.47  

(Ni0.5Co0.5)2P 129.44 129.42 129.39 a 

(Ni0.2Co0.8)2P 129.41 129.39 129.42 a 

(Ni0.8Fe0.2)2P 129.43 129.39 129.42 a 

(Ni0.5Fe0.5)2P 129.39 129.49 129.43 a 

(Ni0.2Fe0.8)2P 129.42 129.33 129.32 a 

(Ni0.8Cr0.2)2P 129.44 129.37  

(Ni0.5Cr0.5)2P 129.37 129.32  

(Ni0.3Cr0.7)2P 129.23 129.26  
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Table A6-3  Metal 2p3/2 BEs (eV) for separate (Ni1–xMx)2P (M = Cr, Fe, Co) samples, or same 
sample measured at different times. 

Sample 
Ni 2p3/2 M′ 2p3/2 

Run 1 Run 2 Run 3 Run 1 Run 2 Run 3 

(Ni0.8Co0.2)2P 852.93 853.02  778.10 778.14  

(Ni0.5Co0.5)2P 852.91 852.88 852.94 a 778.14 778.17 778.11 a 

(Ni0.2Co0.8)2P 852.96 853.03 853.05 a 778.23 778.30 778.28 a 

(Ni0.8Fe0.2)2P 852.91 852.86 852.85 a 706.62 706.64 706.71 a 

(Ni0.5Fe0.5)2P 853.05 853.01 852.98 a 706.86 706.83 706.92 a 

(Ni0.2Fe0.8)2P 853.09 853.04 853.08 a 706.74 706.84 706.81 a 

(Ni0.8Cr0.2)2P 852.92 852.96  573.98 574.09  

(Ni0.5Cr0.5)2P 853.11 853.16  574.01 574.09  

(Ni0.3Cr0.7)2P 853.20 853.12  574.08 573.99  
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Figure A6-1  Powder X-ray diffraction patterns for (a) (Ni0.8M0.2)2P (M = Cr, Fe, Co) and (b) 
(Ni1–xCrx)2P (x = 0, 0.5, 0.7, 1). 

a) b) 
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 Figure A6-2  P 2p XPS spectra for (a) (Ni1–xCox)2P, (b) (Ni1–xFex)2P, and (c) (Ni1–xCrx)2P. 
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Figure A6-3  P K-edge XANES spectra for (a) (Ni1–xCox)2P, (b) (Ni1–xFex)2P, and (c) (Ni1–

xCrx)2P. 
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Figure A6-4  Metal 2p3/2 XPS spectra for (a) (Ni1–xCox)2P, (b) (Ni1–xFex)2P, and (c) (Ni1–xCrx)2P. 

861 858 855 852

(Ni
0.8

Cr
0.2

)
2
P

cp
s

BE (eV)

cp
s

BE (eV)

(Ni
0.5

Cr
0.5

)
2
P

Ni 2p
3/2
 XPS

 

 

 

580 578 576 574 572

Cr
2
P

 

 

(Ni
0.3

Cr
0.7

)
2
P

 

 

(Ni
0.5

Cr
0.5

)
2
P

 

 

Cr 2p
3/2
 XPS

 

(Ni
0.8

Cr
0.2

)
2
P

 

 

c) 



224 
 

 

 

 
Figure A6-5  Normalized TEY (a) Ni, (b) Co, (c) Fe, and (d) Cr L-edge XANES spectra for 
(Ni1–xMx)2P (M = Cr, Fe, Co). 
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