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Abstract

Intermetallic compounds, containing metals or metalloids in definite ratios, are a
broad class of materials with a wide range of properties, structures, and applications.
X-ray photoelectron spectroscopy (XPS), photoemission spectroscopy (PES), and X-ray
absorption near-edge spectroscopy (XANES) were used to investigate the electronic
structure of several transition-metal pnictides (Pn = P, As, Sb).

Monophosphides, MP, having the MnP-type structure were examined by XPS.
The charges were found to be closer to M 1*p!- than M>*P3" and the P 2p XPS binding
energies decrease linearly because the M-P bond becomes more ionic as M is changed
from Co to Cr. In contrast, the mixed-metal phosphides M..M P (M is more
electronegative than M) and mixed arsenide phosphides MAs;.,P, do not interpolate with
the linear trend seen for MP, with the P 2p binding energies being lower than expected.
These shifts were found by XANES to result from a next-nearest neighbour effect
involving M’—M charge transfer in M;..M’,P and As—P charge transfer in MAs,.,P),
lowering the Madelung potential operating on the P site and thus the P 2p binding
energy.

CoAss-type (skutterudite) compounds of the form REFesPni, (RE = La, Ce) and
CoPnj; were also examined by XPS. Analysis of the spectra of the RE members led to
the charge formulation RE>*(Fe’")4(Pn')i,. The Ce charge was confirmed by the
presence of a Ce 4f peak in the valence band spectrum. The Co 2p spectra of CoPn;s
showed no appreciable shift in energy relative to Co metal because of the delocalized
valence electronic structure. However, the higher binding energy plasmon loss satellite

peak observed in the Co 2p spectra was informative. In the series CoPn3, CoP, and Co



metal, this satellite peak intensifies as the Co-Prn bond becomes more covalent and as the
Co charge decreases.

A new metallic compound, Hf(Sig sAsg s)As, having the ZrSiS-type structure was
identified. The atomic charges are not as extreme as those predicted from an ionic
model. Using XPS and PES, the charge formulation was revealed to be
Hf?"[(Sig.sAsos)As]*. These charges were determined by fitting the valence band

spectrum, allowing for the number of valence electrons per atom to be extracted.
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Chapter 1

Introduction

1.1 Intermetallic Compounds

Intermetallic compounds can be defined as those containing several metals in
relatively fixed compositions,! distinguishing them from metal alloys, which show
extensive solid solubility of the component metals. In the Fe-Ni system, FeNiz is an
intermetallic compound? whereas Fe1,Nix (kamacite, x < 0.07) is an alloy that has been
observed in meteorites.3- 4 This definition has conventionally been extended to include
metalloids and even some of the less electronegative nonmetals, such as Si, P, As, Sb,
and Te.! Since the electronegativities of constituent elements in intermetallics differ only
slightly, the bonding character is more covalent or polar-covalent than ionic. Thus,
electron-counting formalisms often used to estimate charge distributions are problematic.
In this thesis, X-ray photoelectron spectroscopy (XPS) and X-ray absorption near edge
spectroscopy (XANES) have been employed to examine charge distributions and bonding
in intermetallic compounds.

Compounds adopting three crystal structure types, MnP, CoAs;, and ZrSiS, will
be discussed in this thesis. Many binary metal phosphides and arsenides, as well as

several mixed metal phosphide and mixed arsenide phosphide systems are known to
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adopt the MnP-type structure. Of these compounds, CoP has been suggested as a catalyst

for the removal of N and S from petrochemicals.> The CoAs;-type structure is adopted
by a diverse set of binary metal phosphides, arsenides, and antimonides.® There are also
some rare-earth containing ternary members having this structure type, which have been
proposed for use in thermoelectric applications including power generation and
refrigeration.® Some intermetallic thermoelectric materials (e.g., BiyTes) are currently
being used for refrigeration applications in portable coolers.” Although applications of
compounds which posses either the MnP-type or CoAs;-type structure have been
extensively developed, as will be described in the following section, less effort has been
applied to understanding their electronic structure. The ZrSiS-type structure represents a
case wherein the metal atoms have a coordination environment that is different than that
which exists in either the MnP-type or CoAs;-type structures and this class has not been
examined by X-ray spectroscopy. The examination of this structure type allows for a
novel study of the differences between the charges determined through electron counting
and those found experimentally.
1.2 Applications

Descriptions of some of the applications of MnP-type and CoAs;-type compounds
will be provided before further examining the different structure types investigated.
1.2.1 MnP-type Compounds

Many petroleum sources, such as the Alberta oil sands, contain high levels of S
that must be removed, so much current work has been focussed on finding catalysts with
high activity for removing S from petrochemicals. Transition metal phosphides,

particularly Ni,P (Fe,P-type structure) and CoP (MnP-type structure), have been found to
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be useful as hydrodesulfurization (HDS) and hydrodenitrogenation (HDN) catalysts for

the removal of S and N from petroleum feedstocks.’ 8-10  Although some work has
already been done to determine the efficiency of these compounds for S removal from
model compounds such as thiophene (C4H;S),5- 9 significantly less effort has been
applied to examine the overall electronic structure (in terms of atomic charge and
bonding) although some studies do exist.11-15 X-ray spectroscopy is quite useful in this
respect and has been used herein to study the simpler of the two compounds listed above,
CoP, as well as related compounds.

In terms of catalytic activity, CoP has been found to remove ~30-40 % of the S
found in a model feedstock (dibenzothiophene, CioHgS) and ~30-40 % of the N found in
quinoline (CgH7N).> Although it is much less active than the common commercial
catalyst (Ni-Mo-S supported on Al,O3) for HDS (77 %), its HDN conversion is very
similar (38 %).5 Ni,P, on the other hand, has significantly higher HDS and HDN
conversion ratios of 98 % and 90 %, respectively (compared to either CoP or Ni-Mo-S).5
Although there has been some speculation on the mechanism for HDS/HDN catalysis by
Ni,P, at present, the mechanistic process for removal of S or N from organic compounds
by CoP has not been examined. To increase the performance of these catalysts in bulk
form, they are dispersed on a support material (e.g., SiO,, Al,O3) which increases the
surface area of the catalyst.® The catalytic activity may also be increased if nanocrystals
of these compounds are used and some investigations in this direction have been
undertaken with the preparation of “nano” transition metal phosphides, such as MnP,
FeP, CoP, CusP, and Ni,P, being a topic of current interest.16-1° As indicated above,

mixed metal and mixed arsenide phosphides can also be prepared having the MnP-type
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structure. To further evaluate the application of transition metal phosphides for the
catalytic removal of S from petroleum sources, it is important to determine how the
electronic structure of these compounds compare to that of the known catalyst, CoP, and
whether the properties of these compounds can be modified through substitution.
1.2.2 Skutterudites

The rare earth containing skutterudites (compounds that adopt the CoAs;-type
structure) have been studied for thermoelectric power generation and refrigeration.¢
Thermoelectric power generation is based on the observations made by Seebeck that
when two dissimilar materials are joined and the two ends held at different temperatures,
a potential is developed.20 This voltage was found to be proportional to the temperature
gradient applied across the two materials. The potential difference arising from an
applied temperature gradient across the two joined materials is defined by the Seebeck
coefficient, o, and is equal to AV/AT.20 A thermoelectric power generation device is
shown in Figure 1-1a. Two dissimilar semiconductors (one being a p-type and the other
being an n-type) are connected together via a solid metal block at the hot end (T + AT)
and are connected independently to the colder end (T). The temperature gradient creates
electrical carriers in the two materials (holes in the p-type material and electrons in the n-
type material) which travel from the cold end towards the hot end.20 These carriers also
transport heat.20 The effect is the production of a current which can be used as a power
source following Ohm’s law (V = IR).

Besides power generation, thermoelectric materials can also be used for

refrigeration applications. A schematic of this setup is shown in Figure 1-1b. Applying



Figure 1-1 Schematic of a thermoelectric device used for either power generation (a) or
refrigeration (b).
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an electrical power source, the heat carrying holes and electrons can be driven from the
heat source (labelled as T) to the heat sink (labelled as T,). This process produces active
cooling at the heat source and is referred to as the Peltier effect.20

Various materials have been found to be useful for thermoelectric applications

2

and their performance is described by the figure of merit, Z = , where o is the

electrical conductivity and X is the total thermal conductivity (which includes both lattice
and electronic contributions).20 A high value of Z is desirable for thermoelectric
applications. An important aspect that emerges from the equation for Z is that if the total
thermal conductivity (L) can be reduced, Z is increased. Rare earth skutterudites have
been found to be good thermoelectrics because of the presence of a rare earth atom in a
large dodecahedral cage of pnicogen (P, Sb) atoms. It has been suggested that the rare
earth atom may “rattle” within the cage causing phonon scattering, which reduces the
lattice thermal conductivity contribution to the A parameter and therefore should increase
7Z.20  For this reason, these materials have been described as being “phonon-glass-
electron crystals” because they have low thermal conductivity but considerable electron
conduction as most are small band-gap semiconductors or metallic.20 The Fe-containing
materials examined in this thesis are considered p-type (i.e., a hole is present in the
valence band) but n-type skutterudites can also be produced by substitution of some Co
atoms for Fe atoms (e.g., REFe;CoSb,;).20  Although much effort has been spent on
examining these materials, there are still some lingering questions regarding the

electronic structure of different skutterudite compounds. Here, X-ray spectroscopy has
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been used to try to answer these questions to more fully understand these materials and
their applicability as thermoelectrics.
1.3 Bonding in Extended Solids

The extended structures of intermetallic compounds, which will be discussed in
the next section, create bonding environments which may be unfamiliar to conventional
chemists more familiar with molecular systems. We shall here describe a simple
molecular bonding picture and then transform the environment to describe extended
intermetallic compounds containing not only metal-anion bonding but also metal-metal
bonding and anion-anion bonding.

To begin, consider a simple isolated metal-centred octahedral complex (MLs).
This local coordination geometry is found in two of the three structure types discussed
later. If we start with a metal (M) ion such as Fe** and bring six ligand (L) atoms close,
as shown in Figure 1-2, then the atomic orbitals, having the appropriate symmetry, can
mix to form molecular orbitals (MO). The extent of the interaction (the “bonding”) is
described by the amount of “overlap” which represents the concentration of electron
distribution that is established between the atoms. On the Fe atom, the five 3d, three 4p
and one 4s orbitals may contribute to the bonding. For simplicity, only sigma (o) bonds
forming between the M and L atoms involving a p orbital from each L atom, containing
two electrons (i.e., o-donor ligands), will be considered.2! In this octahedral
environment, only the Fe 4p, 4s, 3dx.y2, and 3d,, orbitals are properly oriented to interact
strongly with the L p orbitals. Essentially, the Fe 3dy,, 3d,,, and 3d,, orbitals are non-
bonding. With this information, a molecular orbital (MO) diagram can be fashioned and

is shown in Figure 1-2. Such a diagram shows the atomic orbitals involved in making



Figure 1-2 Octahedral ML molecule (lower) and the corresponding molecular orbital
(MO) diagram (upper). In the upper orbital diagram, the symmetry labels are given for
the atomic and molecular oribtals. The low spin case for M = Fe?* is indicated (10Dgq is
large). This diagram has been compiled using references 21 and 22.
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certain molecular orbitals having discrete energies, which can be described using
symmetry labels.22 In this diagram, the bonding molecular orbitals are filled by the total
of 12 electrons that the six L atoms contribute.

Depending on the oxidation state of the M atom, the non-bonding t;; and anti-
bonding e;* levels may also contain electrons. The energy separation between the t», and
eg* states is called 10Dg and varies depending on the ligand and metal.2! The value of
10Dgq is larger with strong field ligands (e.g., CN") than with weak field ligands (e.g.,
F1). If the d orbitals on the metal atom contain 6 electrons as is the case for Fe**, and
10Dgq is greater then the electron-electron repulsion energy, then all six electrons will
occupy the three tyg states and the M ion will be in a low spin state. If, however, a weak
field ligand is used then the electron-electron repulsion energy is greater than 10Dg and
the six d electrons will be distributed between the tp; and e,* states creating a high spin
configuration.2! Before examining how bonding differs in intermetallic compounds,
compared to that of the ML¢ example discussed above, the structures must first be
examined.

1.4 Structure and Bonding in MnP-type, CoAs;-type, and ZrSiS-type Compounds
1.4.1 MnP-type Structure

The first row transition metals form a series of monophosphides, MP (M = Sc-Ni),
whose structures progress from NaCl-type (ScP) to TiAs-type (TiP), NiAs-type (VP),
MnP-type (CrP, MnP, FeP, CoP), and NiP-type.23 The different structure types result
from successive distortions arising from the interplay of metal-metal and phosphorus-
phosphorus bonding.23 As the structure changes from ScP to NiP, so does the

coordination environment around P. In ScP, P has octahedral symmetry, whereas in TiP
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there are two inequivalent P atoms with octahedral and trigonal prismatic coordination.
From VP through to NiP, all the P atoms have a trigonal prismatic coordination.?4 This
trend in coordination environment is in accordance with good space-filling and is
consistent with the variation in size of the metal atoms although electronic effects also
play a role.24 Along with strong M-P bonding, which is found in all of these structures,
M-M bonding is prevalent in the MnP-type and NiP-type structures. As well, a trend in
the P-P distances is observed going from ScP to NiP with a P-P distance of >3 A in ScP
to VP and decreasing to ~2.6-2.7 A in CrP to CoP and ~2.4 A in NiP.23 With the shorter
distances, uniform P-P bonding in the form of zigzag chains is observed in the MnP-type
compounds.23 At the end of the series P-P dimers are observed in NiP.23 This P-P
bonding can only be considered weak because the distances are longer than the normal P-
P single bond distance observed in the molecule, P4 (~2.2 A).25 A graph showing the P-P
and M-M interactions in the first row transition-metal phosphides is presented in
Figure 1-3.

The transformation from NiAs-type (VP) to MnP-type (CrP, MnP, FeP, and CoP)
is related to an electronically driven distortion of triangular nets in which the metal atoms
approach each other along the b and ¢ directions.25 A schematic representation of this
distortion is shown in Figure 1-4. The occurrence of the NiAs- or MnP-type structures
has been related to the overall valence electron count, with the transition from NiAs to
MnP occurring when the electron count exceeds 10 electrons but is less than 14, at which
point the NiP-type structure is preferred.25 The distortion of the NiAs- to the MnP-type
structure can be associated with the presence of M-M bonding in the latter, a result of the

increased occupation of M 3d orbitals.25 Other non-first row transition metal phosphides,
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Figure 1-3 Graph of the P-P and M-M distances in the first row transition-metal
phosphides (ScP — NiP).
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Figure 1-4 Distortion of M atom positions that occur as a NiAs-type structure evolves to
a MnP-type structure with chains of bonded M-M atoms being developed.2> The
coordinating Pn atoms have been represented as polyhedra.
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MoP and WP, as well as transition metal arsenides (CrAs, FeAs, and CoAs) adopt the

MnP-type structure. Pseudo binary compounds M. .M’,P where M#M’ (M =V, Cr, Mn,
Fe, Co),26: 27 MAs.,P,,28 29 and Mn,_Cr,As;,P,3% 31 can also adopt this structure type.
In these compounds, the substituted atoms are randomly distributed and both X-ray and
neutron diffraction indicate no development of a super structure.26-28

The MnP-type structure is shown in Figure 1-5. The metal atoms occupy all the
octahedral sites between hexagonal close-packed (hcp) layers of phosphorus atoms so
that columns of face-sharing distorted metal-centred octahedra develop along the
stacking axis (a). The P atoms lie in a trigonal prismatic coordination environment. The
electronic structure of these compounds consists of bands that arise from the interaction
of metal 3d, 4s, and 4p orbitals with the phosphorus 3s and 3p orbitals. The result is a
filled, lower energy, set of M-P bonding levels, a partially filled set of mostly metal-
based d levels (split into tp; and e; components), and an empty, higher energy, set of M-P
antibonding levels.2%, 32. 33 Metal-metal bonding is present not only along the columns of
face-sharing octahedra along the a-direction, but also between the columns in the form of
zigzag chains running along the b-direction. The metal-metal bonding network originates
from the interaction between the metal-based tyg orbitals, whose lobes are directed away
from the metal-phosphorus bonds. These metal-metal interactions are quite strong as
indicated by bond lengths of 2.6-2.8 A.34 A result of these metal-metal bonds is that the
tyg-based bands are broad and overlap significantly with the e,-based bands leaving no
gap between them in agreement with the metallic character of these compounds.3>. 36
These structural distortions also generate zigzag chains of phosphorus atoms running

along the b-direction, but at distances (2.6-2.7 A)34 that are somewhat longer than the
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the metal-metal bonding network present along the a and b directions while the thin grey
lines indicate the P-P bonding present along the b-direction.
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typical single PP covalent bond length of 2.2 A.25.37 If the P-P interactions are assumed

to be 2 centre-2 electron bonds, only six electrons are required in the valence states for P
to attain a closed shell octet with the P charge being 1- but a charge of 3- has also been
suggested.2> A MO picture of the bonding found in compounds having this structure
type is presented in Figure 1-6.

A description of the density of states and the bonding involved within an
extended crystal lattice can also be developed using Bloch functions.  Within this
formalism, the energies of states are plotted as a function of k (wave vector) in reciprocal

space. For a 1-D chain of atoms having a unit cell spacing of a in real space, the wave

2 . . . .
vector can be represented as — . In a one dimensional chain of P atoms (Figure 1-7a),
a

similar to that found in MnP, the bonding may incorporate 3s orbital interactions. To

solve the Schrodinger equation, Hy;=Ev;, the P 3s orbitals are assigned basis functions,

% and the wavefunction can be written as y, = Ze”‘"" %, 3% Because the energies are
n

symmetrical around the Brillouin zone centre (k = 0), we can focus our analysis on one

half of the first Brillouin zone (—_—ﬂ <k< z) which represents the smallest unit of the
a

reciprocal lattice.38 At k= 0, the wavefunction
Vi =2, 2, =D 0" X =Ho + X1+ oo
n n
leads to the P 3s orbitals participating in only bonding (in-phase) interactions,
corresponding to the lowest energy. At the zone edge, £ = w/a, the wavefunction

Ve =" 2, =0 (-0 2, =0 — 20+ 22 — Xsom
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Figure 1-7 Chain of P atoms (a) separated by a distance a with each having a basis
function y,. A schematic representation of the Bloch function when 3s orbitals are
considered is shown in (b) and when 3p orbitals are considered in (c).
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leads to the P 3s orbitals participating in only anti-bonding (out-of-phase) interactions,

corresponding to the highest energy (Figure 1-7b). Between the two most extreme values
of k there are intermediate states containing combinations of both bonding and
antibonding interactions. The energies of these states can be plotted vs. £, or they can be
portrayed as a “block” of energies as in Figure 1-7b.38 Because of the enormous number
of k points, a band is often drawn instead of many closely spaced points when energy is
plotted vs. £.

Because the P-P distances within the MnP-type structure are longer than expected
for a normal P-P single bond, one might expect that the greatest contribution to the
bonding is from P 3p orbitals. If the band structure for a linear chain of P 3p orbitals is
examined (Figure 1-7¢), the most anti-bonding (highest energy) interaction lies at the
zone centre (k = 0) while the lowest energy bonding interaction lies at the zone edge,
k=mn/a.

The unit cell and corresponding reciprocal space representation (Brillouin zone or
Wigner-Seitz cell) for MnP is shown in Figures 1-8a,b with special k vectors marked (T,
X, Y, Z). These vectors map out the 3 dimensional reciprocal space. The band structure
of MnP is shown in Figure 1-8c. The total density of states, DOS, is proportional to the
inverse of the slope of E vs. k. The total DOS for MnP as well as the partial DOS for the
contributing Mn and P valence orbitals is shown in Figure 1-8d. This representation
resembles the molecular orbital diagram described above and presented in Figure 1-6.
The Fermi energy (Er) cuts through the DOS with no gap because MnP is metallic.35, 36

Both representations of the valence states shown in Figures 1-8d and 1-6 for MnP contain
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Figure 1-8 The unit cell of MnP is presented in (a) with its reciprocal space analogue
(Brillouin zone or Wigner-Seitz cell) being shown in (b). The band structure going from
I'to X, Y, and Z is shown in (c¢) and the total density of states (DOS) and partial DOS for
the Mn 3d, P 3p and P 3s states are shown in (d). In (c) and (d), the Fermi edge (Ef) has
been set to 0 eV. The band structure was calculated using a tight-binding linear muffin
tin orbital package using the atomic spheres approximation.40
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broad bonding and antibonding states. This is quite different from the narrow bonding
states expected for isolated systems such as ML discussed above.
1.4.2 CoAs;-type Structure

Since their initial discovery by Jeitschko and Braun,3? the ternary rare-earth (RE)
transition-metal pnictides, REM4Pni, (RE=La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Yb; M=Fe,
Ru, Os; Pn=P, As, Sb),® particularly the antimonide members, have received
considerable attention because of their potential as thermoelectric materials at high
temperatures.20 All of these compounds have a cubic structure related to that of the
parent mineral CoAs;, called skutterudite.#! Many other binary transition metal pnictides
MPn3 (M=Co, Rh, Ir; Pn=P, As, Sb) adopt the same structure.42- 43 The crystal structure,
presented in Figure 1-9, consists of a network of corner-sharing metal-centred octahedra,
which are tilted to form nearly square Pny rings creating large voids in the form of
dodecahedral cages of Pn atoms (two such voids are present per unit cell). In the MPn;
versions, the M charge is considered to be 3+ (i.e., the metals are d6) with the Pn atoms
having a charge of 1- owing to 2 centre — 2 electron (2¢-2¢”) Pn-Pn bonding. If Group 9
metals are exchanged for Group 8 metals, the M charge is reduced from 3+ to 2+, and a
RE atom such as La, with a charge of 3+ can occupy the dodecahedral cage formed by the
Pn atoms (e.g., LaFe4Py, — see Figure 1-9). With these charges and the chemical formula
as written above, it can be seen that the valence states are not fully occupied, leaving a
hole. The presence of a hole in the valence states has been observed44 (i.e., these
compounds are p-type) with the hole being suggested to reside on the Fe or P atoms.45

The rare-earth atoms that reside within the dodecahedral cage have been observed, by
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Figure 1-9 Filled skutterudite-type structure of ternary rare-earth transition-metal
pnictides REM4Pn,, with the body-centred cubic unit cell outlined in dashed lines. The
large grey spheres are RE atoms, the small solid spheres are M atoms, and the medium
lightly-shaded spheres are Pn atoms. (a) The framework of M-centred octahedra is
emphasized. (b) An alternative representation highlights the cubic arrangement of M
atoms enclosing the RE atoms (centred in a dodecahedral cage) and Pny rings.
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X-ray diffraction, to have large displacement parameters,*6 which suggests that these

atoms “rattle” within the cage.

In binary skutterudites such as CoP;, an electron-counting scheme is easily
derived by applying the Zintl concept.® In this model, the more electropositive Co atoms
are assumed to transfer a sufficient number of valence electrons so the P atoms attain
closed-shell configurations. An assignment of the resultant low-spin Co’* (tzg6 ego)
accounts for the octahedral metal coordination and the observed diamagnetism.47 An
assignment of P!~ is consistent with the presence of P4 rings with each P atom engaged in
two 2c—2e” P-P bonds. Extrapolated to a band picture in which the metal 3d, 4s, and 4p
orbitals and the phosphorus 3s and 3p orbitals interact with each other within the
extended structure, the electronic structure of the solid consists of filled M~P bonding
and metal-based ty; levels lying at lower energy, and empty metal-based e, and M-P
antibonding levels lying at higher energy.4> Overlaid on this energy-level diagram are
filled P-P bonding and empty P-P antibonding levels. Although an energy gap is
expected between the filled t;; and empty e, bands, more subtle effects conspire to close
this gap so that most binary skutterudites are narrow or zero band-gap semiconductors, as
has been predicted by calculations and confirmed by experiments.48-52 The closing of the
gap can be related to hybridization between the M nd states and Pn np states.49 The
related ternary compounds have RE atoms which may bond through hybridization of their
4f states with Pn np and M nd states.53
1.4.3 ZrSiS-type Structure

Many metalloid-rich compounds having the formula MAB crystallize in the

tetragonal structure type known most commonly as the PbFCl- or ZrSiS-type, an ordered
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ternary variant of the Cu,Sb-type adopted by metal-rich compounds.% 55 They can be

distinguished by the quantity A, the electron deficiency attributed to A and B (after full
electron transfer from M) with respect to each attaining an octet.5¢ In general, the PbFCl-
type derives from normal valence compounds where M provides sufficient electrons so
that A and B each have an octet (A = 0) and form isolated anions, as in PbZ*'FCI". In
contrast, the anions in ZrSiS-type compounds must participate in homoatomic bonding to
fulfill their octets, as in Zr*"Si*"S*” (A = 2) where polyanionic Si-Si bonding is present.57
Reflecting the more covalent bonding character, the ZrSiS-type structure is a robust one
which is possessed by many MAB compounds. In these cases, M is an early transition
metal or f-block element (e.g., Zr, Hf, La, Ce) and A and B are heavier p-block elements
(e.g., Si, Ge, As, Sb, S, Se, Te).54 The A and B sites are subject to substitutional disorder
(Zr(Si1xAs)(As, Ter.,),54 Zr(Sig 7Sbg 3)Sb37) or partial occupancy (ZrAsgo(Asp sSeo s)>8).
The ZrSiS-type structure, adopted by MAB compounds, shown in Figure 1-10,
can be described in terms of a stacking of square nets with those containing the A atoms
(Si in ZrSiS) being twice as dense as those containing the M (Zr) or B (S) atoms. The
Si-Si distances present in the A net in ZrSiS are longer than expected for a 2¢-2e” bond
(2.51 A compared to 2.34 A37), and, as such, only fractional Si-Si bonding can be
suggested (2c-1¢). The atomic charges in ZrSiS can be predicted by electron counting.
The isolated S atoms accept two electrons from the less electronegative Zr atoms to
achieve an octet. The Zr atom, which is coordinated to Si and S atoms in a 9-coordinate
monocapped square antiprismatic geometry,>#4 attains an octet and a charge of 4+ when it
donates its two remaining 4d electrons to the Si atoms. As a result, the Si atoms should

then have a charge of 2- with a total of 6 valence clectrons on each Si atom. If we
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Figure 1-10 Structure of ZrSiS viewed down the a direction. Like other MAB
compounds with the ZrSiS-type structure, it consists of a stacking of nets of M (Zr), A

(Si), and B (S) atoms.
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designate the square sheet of Si atoms as lying on the xy plane (ab plane in Figure 1-10),
then placing 2 electrons each into the 3p, and 3s orbitals leaves one electron each in the
3px and 3py orbitals. Because four Si-Si bonds are present in the xy plane per Si atom,
with each bond donating 1/2 of an electron to the Si atom, the Si atoms are, like the S and
Zr atoms, able to attain a closed shell octet. Such an electron counting scheme suggests
that the Si atoms follow the rule of 6 valence electrons per atom for those present in a
square net.>?
1.5 Spectroscopy

In this thesis, X-ray photoelectron spectroscopy (XPS) and X-ray absorption
spectroscopy (XAS) have been used to study various intermetallic compounds. The
absorption of an X-ray, with appropriate energy, results in electrons being either fully
ejected from atoms (XPS) or promoted to bound/continuum conduction states (XAS). By
measuring the energy of the ejected electrons (photoelectrons) by kinetic energy analysis
(XPS) or by observing the magnitude of X-ray absorption that occurs (XAS), information
can be gained about the charge on the atom under study as well as variations in the local
and extended chemical environment. XPS can also be used to directly examine the
valence band and therefore the occupied bonding, antibonding, and nonbonding states
found within a compound. Both XPS and XAS reveal the atomic charges and degree of
ionic bonding present. This is very important in the case of intermetallic compounds
where the bonding is rarely fully covalent or ionic and does not always follow simple
electron counting rules. A more detailed description of these techniques will be provided

in Chapter 2.
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1.6 Overview

This thesis is devoted to the study of the electronic structure of various
intermetallic compounds by applying XPS and XAS. The electronic structure of
intermetallics has not been extensively studied spectroscopically so many unanswered
questions persist. First, the charges of the constituent atoms in compounds having the
MnP-type structure can be formulated as either M'*P'" or M>*P?" depending on
whether or not the weak P-P bonds are considered. XPS has been used to examine the
charges in CrP, MnP, FeP, and CoP not only by an analysis of the core-line binding
energies but also the valence band spectra. This study will be described in Chapter 3. In
Chapters 4 and 5, the variation in atomic charges in M or Pn substituted MnP-type
compounds has been investigatéd by XPS and XAS in both mixed metal, M M’ P
(Chapter 4), and mixed pnicogen, MAs;.yPy (Chapter 5), systems. Both studies show how
charge transfer between the M atoms via M-M bonding and between Pn atoms via Pn-Pn
bonding can affect the atomic charges, which is revealed by the resulting photoelectron
binding energies. In Chapters 6 and 7, the charge environments of skutterudites will be
discussed. Particular attention has been given to the charge of Ce in CeFesP12 (Chapter
6) and CeFe4Sby, (Chapter 7) because there is still considerable discussion in the
literature as to whether the Ce charge is 4+ or 3+ and whether the hole present in the
valence of the REFe Pn;; compounds is located on the Fe or Pn atoms.#> Besides the
known compounds, the new phase HIf(SixAsix)As (0.5<x<0.7) has been discovered
which adopts the ZrSiS-type structure. The synthesis, structure and electronic structure,
as determined by XPS and photoemission spectroscopy, of this material are described in

Chapter 8. In this study (Chapter 8) we show that atomic charges predicted by electron
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counting, using an ionic model, do not always correlate with the more realistic charges
deduced for intermetallic compounds by spectroscopic analysis. We have also been able
to examine how the charge environments on the anions changes when proceeding from
systems with weak Pn-Pn bonding (MnP-type) to those where strong Prn-Pn bonding
(CoAss-type) occurs and finally to cases of heteroatomic anion-anion bonding

(Hf(SixAsix)As). These comparisons will be discussed in Chapter 9.
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Chapter 2

X-ray Spectroscopy

2.1 Introduction

In this thesis, X-ray spectroscopy in the form of X-ray photoelectron spectroscopy
(XPS), X-ray absorption spectroscopy (XAS), and photoemission spectroscopy (PES) has
been used to study the electronic structure of various intermetallic compounds. The last
two techniques (XAS and PES) require the use of synchrotron radiation whereas XPS is
most commonly a laboratory-based technique using a conventional X-ray source. All
these spectroscopic techniques involve the absorption of X-ray energy by an atom but
differ in how the resulting excitation is analysed.

2.2 X-ray Photoelectron Spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS or ESCA — Electron Spectroscopy for
Chemical Analysis) is a surface sensitive technique that is widely used to study the
composition of surface layers (e.g., oxide films formed on transition metals).60 XPS can
also be used to study the bulk electronic structure of materials when the surface is
properly prepared. This technique is capable of detecting all of the elements in the
periodic table except H and He, which lack core electrons.®! Developed by Kai Siegbahn

and co-workers in the 1950s, this technique is an application of the photoelectric effect,6!
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which was discovered by Hertz and later developed by Einstein who won the Nobel Prize
in physics for this work in 1921.60. 62 The photoelectric effect describes the phenomenon
wherein, if the radiation energy is sufficient, an atom can absorb the energy and the
resulting excitation can lead to the emission of an electron (termed a photoelectron).6!
This description can be represented by the following model;

M2 M* +e (2-1)
where M is the atom in its ground state (containing » electrons), hv is the excitation
energy, M" is the atom in its final excited state after being photoionized (containing »-1
electrons), and ¢ is the photoelectron. A soft X-ray source is typically used (E <2 keV),
but ultraviolet and hard X-ray radiation experiments can also be performed. When X-
rays (either monochromatic or achromatic) are focused onto a surface, this effect can be
used to determine the elements present by analyzing the energy of the ejected
photoelectrons.0 The energy of the photoelectron depends on the element from which it
originated, the oxidation state of that element, the identity of its nearest and next-nearest
neighbours, and the ground state orbital in which the electron resided.6%: 61 The energies
associated with the excitation, described by the photoelectric effect, can be represented
as:

hv=KE+BE+®
Sam

ple (2-2)
where hv is the energy of the absorbed X-ray, KE is the kinetic energy of the
photoelectron after it has been ejected from the atom, BE is the binding energy of the

electron, and ®gampie is the work function of the surface (i.e., the energy required to

transport the electron from its original depth to a distance outside of the surface, ®samplc =
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Evacuumv) — Eremi(r))-%¢ The BE can be defined as the energy required to remove the
electron from its ground state orbital to just above the Fermi edge (Er), or as the
difference in energy between the ground state containing »n electrons and the final state,
after photoionization, containing z-1 electrons.%% 63 A scheme for the excitation of a P
atom leading to the production of a 2p photoelectron is presented in Figure 2-1. The
resulting peak intensities are proportional to the element concentration, hence
composition information can be obtained (this will be discussed in more detail later).

A schematic diagram of an XPS instrument is shown in Figure 2-2. The
excitation is initiated by bombarding the surface with photons. Typical sources include
achromatic and monochromatic Al and Mg X-ray tubes, He ultraviolet sources and
synchrotron radiation.6%. 64, 65 Although the incident photon flux is lower,
monochromatic sources are preferred because they give better resolution than achromatic
sources. After the photoelectron is ejected from the surface, it is transported within a
vacuum environment to an analysis system where its energy is measured. The angle
between the X-ray source and the detector system is typically fixed at 54.7°, which
reduces the orbital orientation dependence of the excitation.66. 67 A concentric
hemispherical analyzer (CHA) is used to direct the photoelectrons to a detector.60 The
photoelectron enters the transfer lens (entrance slit) of the CHA where its kinetic energy
is reduced by an aperture having a retarding electric field. The retarding energy is
stepped across a range of energies so that all photoelectrons have the same energy (pass
energy) after they enter the CHA.%0 The lower the pass energy, the higher the resulting
spectral resolution. Within the vacuum chamber, electrostatic or magnetic fields, or both,

are applied to collect and focus electrons to increase the flux of photoelectrons



30

e- (KE=hv-BE-¢g
A

ampl e‘)

........... g.............EV
¢Sample[

BE

Figure 2-1 Excitation of a P atom leading to the ejection of a photoelectron from the 2p
orbital.
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Figure 2-2  Schematic representation of a modern XPS instrument having a
monochromatic X-ray source.
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entering the CHA.

In the CHA, photoelectrons are focussed at the exit slit by opposing electric fields
(negative potentials, V) on each hemisphere of the analyser.®® The potential on the upper
hemisphere is more negative than that on the lower hemisphere. Photoelectrons that
enter the CHA with energies greater than or less than the pass energy are unable to
successfully travel through the analyser and collide with the walls and are absorbed. In
the XPS instruments used in this work (Kratos AXIS 165 and Kratos AXIS ULTRA), the
energy filtered photoelectrons enter a channeltron detector which amplifies the electrons
to a magnified pulse current which is then counted leading to an increased signal-to-noise
ratio. By scanning the retarding energy in the transfer lense, a spectrum is recorded as
intensity (counts per second, cps) vs. either the total kinetic energy of the photoelectron
(i.e., its original energy before being reduced to the pass energy) or its calculated binding
energy (BE).%0 In Eq 2-2, the work function term, ®gampe, iS an energy specifically
related to the sample. However, in XPS, by pinning the Fermi level of the sample and
spectrometer to the same energy through grounding, the work function (@) is transformed
to:

) -

(D = (cDSpectrometer + CD (2-3).60

Sample Sample cDSpectrometer
This new work function, @gpecirometer, 1S @ constant value that can be measured allowing
for Eq 2-2 to be simplified to:
hv = KE + BE (2-4).
During the XPS experiment, as electrons are being actively removed from the

sample under study, charging may occur. The effect of charging is it tends to raise the

measured BE of all the photoelectron peaks.%9 In modern instruments, the sample stage
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is grounded. Through proper preparation, the sample is placed in electrical contact with
the stage. If the sample is a metal or small band-gap semiconductor, the effect of
charging is significantly reduced through grounding of the stage (i.e., the sample is able
to recover the electrons that it has lost). For larger band-gap semiconductors and
insulators, the effects of charging cannot be eliminated entirely by grounding. In such
cases, the BE of a peak can be calibrated to a known value. Often the 1s signal from
adventitious C deposited on the sample surface that is desorbed from the walls of the
vacuum chamber is used for charge referencing by calibrating it to the known value of
284.8 + (0.2 eV.%0 In the case of insulators, charging is often so severe that the resulting
spectrum is very broad and difficult or impossible to interpret. Low energy electrons
(e.g., from a tungsten filament) can be used to “bathe” the surface and compensate for
charging, allowing well-resolved spectra to be obtained.®0 This process is referred to as
charge neutralization.

XPS is a surface-sensitive technique with a maximum analysis depth of nearly 10
nm depending on the X-ray energy used (~5 nm is a more typical analysis depth).60
Although X-rays can readily penetrate solids, the surface sensitivity of XPS arises from
the numerous interactions that an ejected photoelectron suffers as it travels through the
surface. The photoelectron may collide with other electrons, either elastically so that its
trajectory changes, or inelastically so that its kinetic energy decreases (~10 - 40
eV/collision).60. 68, 69  The distance that a photoelectron can travel between inelastic
collisions is called the inelastic mean free path (IMFP, A). This value depends on the

sample and can be estimated from calculations.’® The IMFP generally becomes longer as
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the kinetic energy of the exiting photoelectron increases,%0 and is typically in the range of
~10-30A.70

Electrons traveling from deep within the sample are more likely to undergo
multiple scattering events, losing enough kinetic energy to the point that they cannot
penetrate the surface and be detected.®® The maximum depth from which electrons can
travel successfully through the material and be detected depends on the photoelectron
kinetic energy and the angle (relative to the surface) of the exiting photoelectrons (take-
off angle, ® — See Figure 2-2).60 (In an XPS instrument, the take-off angle is defined as
the angle between the sample surface and the detector.) The sampling depth is
maximized when the kinetic energy of the photoelectron is the highest and when the take-
off angle is 90°. An XPS peak is considered to contain information from a depth, d,
equal to 34sin® .0 This equation indicates that a photoelectron can only travel a
maximum distance of 3\ (when ® = 90°) before it becomes >95% probable that it will
undergo an inelastic collision and lose energy. With the IMFP values indicated above, an
XPS peak contains information from a maximum sample depth of ~3-9 nm. Those
electrons that have lost energy but are capable of breaching the surface make up the
intense stepped background observed in all XPS spectra.90 The intensity of the
background increases with decreasing kinetic energy (increasing BE). As the take-off
angle decreases (from 90° to 0°), the amount of material that the photoelectrons have to
travel through before breaching the surface increases. This enhances the probability that
the photoelectrons will undergo inelastic electron scattering and lose energy and therefore

the observed spectral peaks (formed from photoelectrons that did not lose energy) are
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more surface sensitive. This effect of varying the surface sensitivity of XPS by changing
the take-off angle forms the basis of angle-resolved XPS (ARXPS), to be described later.

To examine the electronic structure of a compound by XPS, the surface must be
free of surface oxides (formed by reaction with the atmosphere) or contaminants. There
are several ways to produce clean surfaces. Single crystal or polycrystalline samples can
be cleaved in vacuum to produce a fresh surface but samples must be fairly large to
produce surfaces that are larger than the spot size of the instrument (~400 pm x 700 pm
in Kratos spectrometers). If this is not possible, clean, oxide-free surfaces can be
obtained by grinding small crystals under an inert atmosphere in a glove box directly
attached to the vacuum chamber of the instrument.

A widely used alternative method for preparing samples is to sputter-clean the
surface in vacuum with a beam of energetic Ar' ions.%0 The ion impact removes
contaminant or oxide layers, exposing a clean surface for analysis. A scheme of the
sputtering process is shown in Figure 2-3. A drawback of this technique is that lighter
atoms may be preferentially removed, rendering the composition of the surface layer
different from that of the bulk.69 Defects can also be introduced into the structure and
atoms may undergo reduction,®® which is very common when sputtering ionic oxides
such as Ce0,.71: 72 Although annealing in vacuum can often heal the surface, this is not
always appropriate and depends on the sample. To overcome these possible side effects,
the user must carefully compare the spectra of the sputter-cleaned surface to those from
the “as received” surface, to determine whether or not the surface has been changed

adversely.
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Figure 2-3 Diagram of the Ar’ ion sputtering of a surface, which removes
contaminate/oxide layers, exposing a clean surface for analysis.
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Figure 2-4 Survey spectrum of sputter cleaned Hf metal containing ~3% Zr impurity.
All of the visible core-line peaks have been labelled. The hatched part of the spectrum
represents the stepped background found in all XPS spectra resulting from photoelectrons
losing kinetic energy by inelastic electron scattering as they travel through the surface and
into vacuum. This spectrum was collected using a monochromatic Al Ko X-ray source
(1486.7 eV).
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As discussed above, XPS can differentiate between atoms of the same elements in
different chemical environments. Small differences may be revealed with high-resolution
spectra which are collected using a low pass energy, a small energy step (~0.1 eV) and an
energy envelope of only a few tens of eV. To determine the concentrations of different
species on a surface, survey spectra are collected using a high pass energy (reduced
resolution), a large energy step (0.7 e¢V) and a large energy envelope (> 1000 eV)
allowing collection of all peaks that can be excited using the available X-ray source.
When examining survey (or high resolution) spectra, the peaks resulting from the
excitation of photoelectrons from particular orbitals sit on top of the stepped background,
which arises from inelastic electron scattering. A representative survey spectrum of Hf
metal is shown in Figure 2-4 with the different core-line peaks and energy loss
background labelled.

The concentration of different species in a survey spectrum can be calculated by
first subtracting the energy loss background resulting from inelastic electron scattering
and dividing the peak area by the probability (cross-section, o) that a photoelectron will
be excited from a particular orbital. The photoelectron cross-sections for most elements
in the periodic table, for a range of excitation energies, have been calculated.’3: 74 The
peak intensities must also be corrected for various spectrometer related factors (K).”5
These can include the efficiency of the detector, the presence of stray magnetic fields
which affect transmission of low energy electrons, and the transmission function of the
instrument.”> The spectrometer transmission function depends on the photoelectron
kinetic energy while the other factors may be influenced by the instrument and its

location. The transmission function corrects for the fact that not all of the photoelectrons
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that are emitted from the surface with a particular energy are detected. The final
correction factor required is the inelastic mean free path (IMFP, A). When inelastic
collisions occur, the photoelectrons lose considerable amounts of kinetic energy and no
longer contribute to the XPS peak which has a defined energy width. Thus, the peak
intensity arising from a particular species is lower, implying a smaller concentration than
the true value.6® The percent concentration (C;) of species on a surface can be calculated
as follows:

I, (0,K,A,)

ij N(o,K;4;)
=1

C =

i

(2-3)

where I,/(c,K,A,) is the corrected intensity of the species under consideration and
n

ZI ;/(o,K,4;) is the sum of the corrected intensities from all of the species present in
J=1

the material.”> Such an analysis allows for the detection of concentrations of elements
that are greater than ~0.1 atomic percent.50 Lower concentrations of elements are
difficult to determine because of the presence of the intense energy loss background over
the entire spectrum. When determining the concentration of species present in the same
sample matrix that have peaks that are relatively close in binding energy, the values of K
and A are likely to be similar and can therefore be removed from the equation.

As stated above, the BE can be described as the energy difference between the
initial state and the final state after the atom has been photoionized. In the 1930s (before
the devolpment of XPS but after the discovery of the photoelectric effect), Koopmans
suggested that the final state(s), produced after removal of an electron, could be

represented by a single wave function (i.e., a single energy).7¢ This approximation is
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referred to as Koopmans’ theorem and was initially employed to interpret XPS spectra.
In early work, this theorem proved sufficient because spectral resolution was low. When
higher resolution spectrometers became available, however, spectral fine structures were
observed. This suggested that Koopmans’s theorem oversimplified the photoemission
process and new theories were developed that allowed for different final states to be
recognized with the differences in final state energy accounting for the observed fine
structure.

When spectra are examined that result from the excitation of an orbital having a
non-zero angular momentum, two peaks are observed.%0 These peaks are a result of final
state configurations which have either a spin-up or spin-down electron left in the core-
orbital after removal of a photoelectron. The difference in final state energy depending
on if a spin-up or spin-down unpaired electron is left in the excited core-orbital is a result
of spin-orbit coupling — the vector coupling of the spin angular momentum with the
orbital angular momentum of the unpaired electron. The spin-up (parallel) peak is
always lower in BE than the spin-down (anti-parallel) peak.®%: 77 The difference in
energy between the two final states, referred to as the exchange or spin-orbit splitting
energy, is dependant on the orbital angular momentum, and is proportional to the inverse
of the cube of the orbital radius (1/r’) as well as the atomic number (Z).0 The labels
used to describe these peaks are represented as nl;—.., where » is the principal quantum
number of the excited orbital, l is the angular orbital momentum, and s is the spin
quantum number of the unpaired electron remaining in the orbital after photoionization.60
For example, if a P 2p orbital is excited then two final states are produced: 2p;, and

2p12 where the former is lower in energy than the latter. The intensity ratio of these peaks
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is related to the degeneracy of the two final states and is equal to (2j;+1)/(2j2+1) where j;

is the coupled angular momentum (/) and spin (s) quantum numbers from the spin-up
core electron and j; is the coupled momentum and spin quantum numbers from the spin-
down core electron.%0 In the case of a 2p orbital, the 2p3;:2p1» intensity ratio is 2:1. An
example of this splitting can be observed in the P 2p spectrum of FeP (Figure 2-5).
When [/ = 0, as is the case for an s orbital, the final states are degenerate, regardless of the
spin of the electron left in the orbital after removal of a photoelectron, and no spin-orbit
splitting is observed.

Besides spin-orbit coupling, metal and rare-earth atoms having partly occupied d
and/or f valence orbitals can show significant final state fine-structure.’8: 79 When a
photoelectron is removed from a core orbital of a metal atom containing spin-unpaired
valence electrons, these electrons can undergo spin-orbit coupling with the unpaired core
electron (or hole) producing multiple non-degenerate final states which yield broad
photoelectron peaks.%% 78 This process is referred to as multiplet splitting.6% 78 If no
spin-unpaired valence electrons are available, then this process does not occur and only a
single symmetric peak is found which is similar to those observed for main group
elements. Metal atoms found in metallic systems (or low to nearly zero bandgap semi-
conductors) show spectra that have an asymmetric lineshape to higher BE.7. 80 The
reason for this lineshape will be discussed in the forthcoming chapters.

Apart from lineshape, detailed information about the system can be obtained from
the binding energy (BE). As was indicated above, shifts in BE depend on the charge of
the atom under study as well as the nature of the coordination environment.60 61 Shifts

can also be related to the degree of ionic character of the bonding between the excited
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Figure 2-5 High resolution P 2p XPS spectrum from FeP.
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Figure 2-6 Plot of the Fe 2ps; binding energy (BE) vs. nominal Fe charge for a series of
Fe oxides and halides.8! Although the BE increases with Fe charge from 0 to +3, the BE

also varies between compounds having identical charges.

This shift results from

variations in the bonding environment and screening of the Fe nuclear charge provided

by the different ligands.
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atom and the coordinating ligands.60: 61 The shifts in BE can be described by the ability

of electrons to screen the nuclear charge on the atom. Generally, the more electrons
available, the easier it is to remove a photoelectron and therefore a lower BE is observed.
Although the atomic charge tends to have the greatest effect on the BE, the other effects
listed above can have a substantial influence.%9 An example of this is the variation of the
Fe 2p;; BE for the element, and its various oxides and halides with the nominal Fe
charge, which is illustrated in Figure 2-6.81 Although substantial shifts are observed
between Fe’, Fe?*, and Fe**, BE shifts are also observed between compounds having the
same nominal Fe charge. These latter BE shifts can be related to the difference in
screening of the Fe nuclear charge provided by the neighbouring atoms.8! In the
intermetallic compounds discussed in this thesis, the bonding is much more covalent than
it is in the more ionic Fe compounds discussed above and the shifts in BE between
similar compounds can be fairly small. In these cases, the entire system must be
considered when analyzing BE shifts from a particular atom.

In addition to characteristic core orbital excitations, valence band spectra can also
be measured in an XPS spectrometer.! Such spectra probe the fully or partially occupied
bonding, nonbonding or antibonding levels of the system and can be used to deduce
atomic charge by fitting the spectrum with component peaks. This fitting method will be
discussed in later chapters. One advantage of collecting valence band spectra is they can
be directly compared to the calculated density of states to determine the validity of these
calculations. To properly compare the valence spectrum of a compound with the
calculated density of states, the spectral peak intensities need to be corrected for

differences in photoelectron cross-section arising from different orbital components.
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A typical use of XPS is to examine not only the thickness, but also the

composition of surface layers such as oxides formed on metals. Although XPS has been
used in this thesis to analyze the bulk electronic structure of intermetallic compounds,
some of the methods used to examine surface layers will be discussed here. As was
discussed above, XPS analysis becomes more surface sensitive as the take-off angle is
lowered from 90° to 15°.60 By collecting spectra, both high resolution and survey, at
different take-off angles, the changes in intensity of the components of the spectra can
give a qualitative picture of the surface in terms of depth and composition. Such an
analysis is referred to as angle resolved XPS (ARXPS). A typical method used for
examining thick films is depth profiling.69 Using an Ar’ sputter beam to remove surface
material, spectra can be collected from different depths after sputtering for different
amounts of time. Repeated sputtering followed by spectral measurement allows
examination of the composition of very thick films such as oxide layers formed on steels
during high temperature annealing.32 The thickness of these layers can be estimated by
calibrating the sputtering rate of the Ar" source using a standard material. Because
sputtering rates differ from material to material, the standard needs to be chemically
similar to that of the surface to be examined. Calibration can be performed by
determining the thickness of the sputter crater formed over a specific period of time by
use of atomic force microscopy (AFM).00 A disadvantage of this technique is that it is
destructive, making it inappropriate when examining heritage samples such as artefacts.
Non-destructive, quantitative techniques have also been developed that determine the

film thickness through direct analysis of high resolution and survey spectra.83-85
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2.3 Synchrotron Radiation

When relativistic electrons (or positrons) travelling near the speed of light are
forced to move in a circular orbit by the application of a magnetic field, electromagnetic
radiation is released in the forward direction of motion at a tangent to the orbit.8¢ This
“synchrotron radiation” (SR) was originally observed in particle accelerators and was
considered problematic because its release caused the particles to lose energy.87: 88 Later
it was realised that this radiation could be exploited to examine materials and dedicated
systems were constructed to perform many different types of experiments, including
spectroscopy and diffraction.86. 89, 90 Synchrotron radiation is characterized by three
attributes: (i) it is a tuneable radiation source, as will be discussed below, (ii) the
radiation is plane polarized, and (iii) the radiation is highly intense and focussed.8¢ The
intensity can be quantified in terms of flux (photons/second) or brightness
(photons/second/area (mm?)). The brightness of synchrotron radiation is compared to
that of some typical sources in Figure 2-7.

To produce synchrotron radiation, high energy electrons are confined in a storage
ring (held under ultra-high vacuum) with magnetic fields being used to accelerate them
around the orbit of the ring.86 As the electrons are accelerated around the radius of the
storage ring, a fan of polychromatic radiation is released that spans a wide energy range
extending from IR through ultraviolet to soft (<2 keV) and hard (>2 keV) X-ray
radiation.?! The released radiation is directed down a beamline, a vacuum pipe installed
tangent to the ring. Within this pipe, monochromators or diffraction gratings (for hard or
soft X-rays, respectively) are installed to select the wavelength of light to be used for the

experiment and mirrors can be positioned to control the size of the beam.86:91 At the end
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Figure 2-7 Difference in brightness between a synchrotron radiation source and other
light sources.
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of the beamline is the endstation where the experiment is performed. The brightness of

this light, compared to other sources, allows very dilute samples to be examined that one
may not be able to study by other techniques.

A diagram of a synchrotron is shown in Figure 2-8. Electrons from a linear
accelerator are ramped up to the appropriate energy in a booster ring and injected into the
storage ring where they are accelerated around the circumference by dipole magnets
(bending magnets, B ~1.35 T (CLS)) to release synchrotron radiation, which travels down
the beamline to the endstation.?! The radiation produced is polarized in the plane of the
storage ring (horizontally polarized). To keep the electrons travelling in the storage ring
without hitting the walls, the focus and orbit is maintained by use of quadrupole and
sextupole magnets.?1 The energy that the electrons have lost through the process of
releasing electronmagnetic radiation is recovered by the application of radio frequency
(RF) radiation by means of a cavity within the vacuum ring.%2 The RF radiation field
causes the electrons to be bunched, which lowers the emittance (a product of the
horizontal and vertical standard deviation and divergence of the electron beam) and
increases the brightness of the synchrotron radiation.86 This bunching also introduces a
time structure to the emitted radiation which can be used to study dynamic processes.
The maximum energy of the released synchrotron radiation depends on the energy of the
electrons in the storage ring. The radius of the ring is also important as it becomes
significantly more difficult to change the path of electrons as their energy increases. For
example, the Canadian Light Source (CLS) uses electrons with an energy of 2.9 GeV and
the storage ring radius is ~27 m, whereas the radius of the storage ring at the Advanced

Photon Source (APS) is ~176 m for electrons having an energy of 7 GeV. The energy
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Figure 2-8 Layout of a synchrotron radiation source. For the purposes of simplification,
only a few of the magnetic structures (quadrupoles and sextapoles) have been drawn.

Figure 2-9 Schematic representation of (a) wiggler and (b) undulator insertion devices.
Both the magnetic field strength and magnetic period (Aw,) of an undulator are less than
that for a wiggler. The curved solid line represents the path of the electrons as they travel

through the insertion devices.
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lost to the production of synchrotron radiation by electrons traveling in a storage ring

when accelerated by a single bending magnet can be expressed as
E* 3
AE =88.5—— =26.6E”B (2-6)
P
where AE is the range of SR energies produced in keV, E is the energy of electrons
traveling in the storage ring in GeV, p (in m) is the radius of the orbit of electrons when
deflected by the bending magnet (this value is not necessarily the same as the radius of
the storage ring), and B is the magnetic field strength in tesla (T).8¢
Besides bending magnets, insertion devices located in the straight sections of the
storage ring (Figure 2-8) can also be used to produce synchrotron radiation. Insertion
devices can be characterized as structures of multiple magnets having alternating poles.
These devices can be separated into two categories: wigglers and undulators. In wigglers
(Figure 2-9a), magnets having high magnetic fields (B up to 4 T (CLS)) are spaced apart
so that the electrons travel in long magnetic periods (Awigglerw))-8¢ The effect of this
insertion device is to increase the brightness of the radiation produced compared to a
bending magnet. If a wiggler has N magnetic periods, then the brightness of the radiation
is comparable to 2N bending magnets.8¢ As well, the magnetic field strengths in
wigglers are often higher than those of bending magnets which increases the maximum
obtainable photon energy (Eq 2-6). Like bending magnets, wigglers also produce
horizontally polarized radiation.8¢ Undulators (Figure 2-9b) typically provide weaker
magnetic fields and shorter periods (Mndutatorny) @and the pulses of radiation generated as

the electrons traverse each magnetic period are out of phase with the next pulse.8¢ Pulses

having wavelengths (L) equal to this phase difference (or a subharmonic (M#n)) add,
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creating radiation profiles wherein the energies correspond to the harmonic wavelengths
rather than the “white line” spectrum that is produced by either bending magnets or
wigglers.86 The brightness of the radiation produced by undulators is greater than that
produced by wigglers or bending magnets but the maximum X-ray energy obtained is
generally less. The wavelength of the photons released by the undulator can be adjusted
by changing the magnetic field (accomplished by changing the gap distance, g, between
poles — see Figure 2-9).86  Although horizontally polarized radiation is normally
produced, the polarization of undulator radiation can be varied by changing the
orientation of the magnetic fields so that circularly or elliptically polarized radiation can
be produced.86

2.4 X-ray Absorption Spectroscopy (XAS)

The most prevalent spectroscopic technique utilizing synchrotron radiation to
study materials is X-ray absorption spectroscopy (also referred to as X-ray absorption
fine structure (XAFS)). This technique can be subdivided into two separate but
intertwined techniques: X-ray absorption near-edge spectroscopy (XANES) and
extended X-ray absorption fine structure (EXAFS).93 XAS follows the well known

“Beer-Lambert” law

I=I,e ™ (2-7)
where I, is the intensity of the exciting radiation (X-rays in the case of this thesis), 7 is the
intensity of the transmitted radiation after interacting with the sample, p is the absorption
coefficient, and ¢ is the sample thickness.9% 95 As X-rays with increasing energy are

passed through the sample, absorption will occur for each atom at a specific energy

(threshold) through the process of exciting a core electron into an unoccupied bound
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(bonding) or continuum state.”¢ This sharp increase in absorption probability is called an
“edge”. These XANES (edge) spectra are characteristic of the atom and can provide
information on atomic charge and ligand effects by analysis of shifts in the absorption
energies (similar to analysis of XPS BEs) and can also provide information on the
coordination environment of the atom under study through analysis of the lineshape.®7
The excitation normally follows dipole selection rules, i.e., Al =<1, (e.g., Co 1s - Co 4p
or P 3p in CoP) but quadrupolar excitations can also occur (e.g., Co 1s — Co 3d), as
shown in Figure 2-10a for the Co K-edge spectrum from CoP.%3- 97 These quadrupolar
peaks are often observed below the absorption threshold and are referred to as pre-edge
peaks. The pre-edge peak intensity can provide information on the coordination
environment and charge of transition metal atoms as will be discussed in Chapters 4
and 5.97

As the excitation energy increases past the absorption edge (threshold energy),
core electrons are ejected from the atom producing photoelectrons. This can be
envisioned in a similar manner to that shown in Eq 2-1. The photoclectron can travel
through and out of the surface of the material but if it interacts with other atoms within
the sample it may be backscattered toward the atom from which it was initially excited
(this is referred to as single scattering, see Figure 2-11).95 Treating this photoelectron as
a wave with a wavelength of A=2n/k (k = wave vector), the wave front of the
backscattered photoelectron can interfere constructively or destructively with the
outgoing photoelectron.?> This interference results in a modification of the absorption
coefficient, n, which appears as oscillations in the spectrum above the absorption edge.

These features are known as the EXAFS (Figure 2-10a). The oscillations can be
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Figure 2-10 (a) Co K-edge XAS spectrum from CoP collected in transmission mode.
The parameters found in Eq 2-9 are labelled as well as the quadrupolar pre-edge peak and
the peaks resulting from dipolar transitions. The identity of the quadrupolar and dipolar
transitions will be discussed in Chapters 4 and 5. The energy at which the XAS spectrum
is separated into XANES or EXAFS is approximate. The EXAFS (y) vs. k is shown in
(b) while the magnitude of the y vs. R after being Fourier transformed is shown in (c)
with the identities of the main peaks being labelled.
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represented vs. k (Figure 2-10b) by application of the equation

k= BT%_;_E_O_) (2-8)

where m is the electron mass, E is the energy where the oscillation is observed, E, is the
absorption edge threshold energy, and 7 is the reduced Planck’s constant.?3: 94 The

intensity of these peaks is described by the function

_ H(E)— py(E) )
M= (Ey) &)

where W(E) is the intensity of the oscillation resulting from the EXAFS phenomenon,
Lo(E) is a background function that describes what the absorption would look like for an
isolated atom, and Ap,(E,) is the absorption edge step height.93: 94 Fourier transforming
this spectrum replaces the oscillations with peaks at specific values of R which relate to
the scattering path length. These peaks can provide information on atom-atom distances
and, by analysis of the peak amplitude, the coordination environment surrounding the
atom.3.95 A representative EXAFS spectrum for CoP is displayed in Figure 2-10c.

The EXAFS function, ¥, can be modelled by

5 —2k20'2.
Nj fj Sge J
= i - 94
z(k) %: "~ sm[2kRj +5j )] (2-10).
J

In this simplified model, the different variables take into account variations in the
scattering amplitude of the surrounding atoms (f)), the coordination number of
neighbouring atoms (%)), the distance between the absorbing and scattering atom (R)),
effects of disorder within the system resulting from thermal atom-atom osciallations (¢?)

and a phase shift §,(k).9% The photoelectron wave vector (k) and an amplitude reduction
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Figure 2-12 Typical set-up of a hard X-ray XAS experiment.
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term (So%) are also included.9% 9% The value of S,* accounts for energy loss of the

photoelectron from multi-electron excitations of the absorbing atom.93 EXAFS is a local
probe of the structure around an absorbing atom providing information on two to three
coordination shells. Besides single scattering, multiple scattering can also occur in which
the photoelectron is scattered by two or more atoms before returning to the excited atom.
Because these path lengths are often long and since k is inversely related to R,%8
oscillations resulting from multiple scattering can have energies, E, that are similar to E,
(i.e., they can overlap the XANES portion of the spectrum — See Eq 2-8).99-101
Consequently, quantitative analysis of XANES spectra is difficult.

A scheme of a hard X-ray XAS experiment is presented in Figure 2-12. X-rays
with a particular energy, which is selected by a monochromator, first enter an ionization
chamber (labelled in Figure 2-12) containing an inert gas (e.g., N» or He).9% 100 The
incident X-ray photon flux (/,) is determined by measuring the ionization current. The
X-rays that exit through this chamber are focussed onto the sample where absorption
occurs as the X-ray energy is scanned through and above the absorption edge energy.
The flux of X-rays that are transmitted through the sample is measured using an
ionization chamber placed directly behind the sample (/). In this way, a spectrum of

absorption intensity (uf) vs. energy is collected where ut =—1In[l/] 0]. The sample

thickness, f, is often not known so absorption is represented as pf rather than p.
Alternatively, the absorption spectrum can also be collected by detecting the X-ray
fluorescence (Figure 2-12) that results when the excited atom (having a core-hole
vacancy) decays to a more stable (less energetic) state by filling the core-hole with an

outer shell electron.”* The absorption coefficient, p, for a fluorescence experiment is
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represented by the ratio, [5/1,.94 100 To calibrate the recorded spectra, a reference sample
is typically placed between the sample ionization chamber (/) and the reference ionization
chamber (Ig.s) with the spectrum being collected concurrently (Figure 2-12).

In addition to hard X-ray spectroscopy, soft X-ray XAS experiments have also
been performed in this thesis to examine the P K-, As L-, and M L-edges. To reduce the
absorption of X-rays by air, soft X-ray XAS experiments are performed in vacuum.
Fluorescence yield (FLY) or total electron yield detectors are employed because soft X-
rays are not well transmitted except through the thinnest samples. Besides fluorescence,
the final excited state of an atom can also decay through an interactive process wherein a
higher energy electron drops down to fill the core-hole and gives its extra energy to
another electron, which can be excited out of the atom.102 This process is referred to as
Auger emission.!02 Auger processes are also observed in XPS spectra.0 An absorption
spectrum can be obtained by scanning the X-ray energy through the absorption edge and
detecting the Auger electrons as well as secondary electrons and photoelectrons that are
emitted by measuring the drain current from the sample.102 This is referred to as a total
electron yield (TEY) experiment. Spectra collected in this way tend to be more surface
sensitive than those collected by fluorescence.102
2.5 Photoemission Spectroscopy (PES)

Photoemission spectroscopy is very similar to XPS except that synchrotron
radiation rather than a fixed energy X-ray source is used. Using synchrotron radiation,
two types of selected energy analysis Become available that cannot be easily performed
using normal laboratory based XPS. When the X-ray energy is changed, only the kinetic

energy of the photoelectron is changed because the binding energy is fixed. As was
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discussed in the XPS section, the IMFP generally increases with the kinetic energy of the

photoelectron.®0 Therefore by smoothly changing the excitation energy, the surface
sensitivity of the measurement can be varied. Along with altering the IMFP, varying the
excitation energy also changes the cross-section for producing a photoelectron from a
specific atomic orbital which can affect the peak intensity (see Eq 2-5).74 103 The
calculated atomic photoelectron cross-sections (o) for electrons from an As 4p orbital as
the excitation energy is changed are presented in Figure 2-13.7* As can be seen, o
increases as the excitation energy is lowered and approaches the As 4p ionization
threshold energy (~7.9 €V).74 103 Electrons cannot be excited when the energy is below
the ionization threshold. The atomic orbital contributions to valence band spectra can
therefore be determined by examining the variation in peak intensity with excitation
energy, as the values for ¢ are different for dissimilar atomic orbitals.”7* This type of
analysis, as well as resonant PES which will be described in Chapter 8, has been applied
to aid in the identification of the Hf 5d valence states in the valence band spectrum of

Hf(Si0.5AS().5)AS.
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Figure 2-13 Calculated As 4p photoelectron cross-section with varying excitation
energy from 0 to 1400 eV.74 The cross-sections are presented in units of mega barns
(Mb, 1 b=10* cm?).
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Chapter 3

An Examination of the Bonding in Binary Transition-Metal
Monophosphides MP (M = Cr, Mn, Fe, Co) by X-ray Photoelectron
Spectroscopy*

3.1 Introduction

The first-row transition metals form a series of monophosphides, MP (M = Sc—
Ni), whose structures and properties have been extensively investigated. There is a
progression of structure types, from NaCl-type (ScP) to TiAs-type (TiP), NiAs-type (VP),
MnP-type (CtP, MnP, FeP, CoP), and NiP-type (NiP), in which successive distortions
arise from the interplay of metal-metal and phosphorus-phosphorus bonding.23 These
compounds exhibit a wealth of interesting physical properties; they are all metallic and
many display unusual magnetic ordering transitions.3> For example, a large body of
work is available on MnP alone, which undergoes transitions to ferromagnetic and
helimagnetic phases.!0% 105 Study of the size-dependent properties of MnP and FeP
nanoparticles has now begun.16. 17 CoP and other transition-metal phosphides may have
applications as hydrodesulphurization and hydrodenitrogenation catalysts.>

To analyze the bonding in these monophosphides in more detail, it is desirable to

focus on a series of isostructural members. Here we select the four MnP-type members:
CrP, MnP, FeP, and CoP.34. 106 This structure, shown in Figure 1-5 and described in

Section 1.4.1 of Chapter 1, is based on a distortion of the NiAs-type, one of the most

*4 version of this chapter has been published. Reproduced with permission from Grosvenor, A. P.; Wik,
S. D,; Cavell, R. G.; Mar, A. Inorg. Chem. 2005, 44, 8988-8998. Copyright (2005) by the American
Chemical Society.
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celebrated structure types in intermetallic chemistry.197 To a first approximation, the
electronic structure of these compounds consists of bands that arise from the interaction
of metal 3d, 4s, and 4p orbitals with the phosphorus 3s and 3p orbitals. The result is a
filled, lower energy, set of M-P bonding levels, a partially filled set of mostly metal-
based d levels (split into tyg and e; components), and an empty, higher energy, set of AM—P
antibonding levels.25, 32. 33 In the orthorhombic MnP-type structure, there is metal-metal
bonding not only along the columns of face-sharing octahedra along the g-direction, but
also between the columns in the form of zigzag chains running along the b-direction.
The metal-metal bonding network originates from the interaction between the metal-
based tyy orbitals, whose lobes are directed away from the metal-phosphorus bonds.
These metal-metal interactions are quite strong as indicated by bond lengths of 2.6-2.8
A34 Zigzag chains of phosphorus atoms running along the b-direction are also present,
but at distances (2.6-2.7 A)3* that are somewhat longer than the typical single P-P
covalent bond length of 2.2 A.37 Several questions arise: To what extent does electron
transfer occur from metal to phosphorus atoms? How reasonable are formulations such
as M> P>~ (which assumes isolated P anions) or M'*P'~ (which assumes 2 centre—2¢
bonds in the zigzag chains of P atoms)? How closely does the metal-metal bonding
character in these compounds resemble that in the elemental metals?

The electronic structure of some first-row transition-metal monophosphides has
been previously investigated with both experimental X-ray photoelectron spectroscopy
(XPS) studies!!-14 and theoretical calculations.25: 32, 33, 108, 109 Here we describe new
high-resolution XPS measurements of CrP, MnP, FeP, and CoP, with the goal of

clarifying the electronic structure and bonding in these important compounds. In
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particular, the metal 2p and phosphorus 2p binding energies have been measured, and the
trends in these energies have been related to the degree of covalency in the metal-
phosphorus bonds. For the first time, the metal 2p;, peak shapes in these
monophosphides have been analyzed in detail and compared to those in clean samples of
the parent transition metal. The origin of the satellite structure found in the Co 2psp
spectra in Co metal and in CoP will also be discussed. Valence orbital electron
populations in these compounds were extracted, for the purpose of bonding analyses,
from peak fitting deconvolution of the valence band spectra.
3.2 Experimental
3.2.1 Synthesis

The monophosphides were prepared from stoichiometric reaction of Cr (99.95%,
Alfa-Aesar), Mn (99.95%, Cerac), Fe (99.9%, Cerac), or Co (99.999%, Spex) metal
powder with red P (99.995%, Cerac), placed in evacuated fused-silica tubes. The tubes
were heated to 1323 K over a 36-h period and maintained at this temperature for 4 d
before being cooled over 12 h to room temperature. The products were isolated and
stored in a glove box under argon to limit exposure to air. The powder X-ray diffraction
patterns, obtained on an Inel powder diffractometer equipped with a CPS 120 detector,
were in good agreement with those calculated from the literature crystallographic data
and revealed that the samples represented pure phases.
3.2.2 XPS Analysis

All measurements were performed on a Kratos AXIS Ultra spectrometer equipped

with a monochromatic Al Ka X-ray source. The analysis chamber was maintained at a
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pressure of 10°~107" Pa throughout the measurements. The resolution function for this
instrument has been determined to be 0.4 eV by analysis of the cobalt Fermi edge.
Samples were finely ground in a glove box and pressed into 0.5-mm thick In foil
(Alfa-Aesar) before being placed on a Cu sample holder and transferred to the XPS
instrument in a sealed container to reduce exposure to air during transport. After being
loaded into the instrument, the samples were sputter-cleaned with an Ar" ion beam (4 kV,
10 mA) to remove any surface oxide or phosphate which had formed. The time required
for sputter-cleaning depended on the degree of oxidation present (as ascertained by initial
survey spectra of the as-received samples), and ranged from 10 min (CoP) to 45 min
(MnP). After the samples were sufficiently clean, both survey (broad range) and high-
resolution spectra were obtained. Survey spectra 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, a sweep time of
180 s, and a spot size of 700 x 400 um. High-resolution spectra were collected with an
energy envelope of 2045 eV (depending on the peak being examined (phosphorus 2p,
metal 2p3p, or valence band)), a pass energy of 20 eV, and a step size of 0.05 eV. All of
the XPS spectra reported in this thesis represent the average of multiple sweeps, which
improves the statistics of the binding energy measurements. The results were analysed
with use of the CasaXPS software package.!l® During this study, it was found that
charge correction was not required, most likely because of the metallic nature of these
compounds. To fit the high-resolution spectra, a Shirley-type function was first used to
remove the background arising from energy loss. The extracted spectra were then fitted
with a combined Gaussian (70%) and Lorentzian (30%) line profile to account for

spectrometer and life-time broadening, respectively. The chemical compositions of the
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samples were determined from both these XPS survey spectra and independent EDX

analysis (Hitachi S-2700 SEM; 20 kV beam voltage). Within experimental accuracy, all
samples were essentially stoichiometric (50+£5% M; 50+£5% P).

XPS spectra of metal standards were also collected. Samples (in the form of foils
or pieces) of Cr (Fisher Scientific), Mn (99.98%, Alfa-Aesar), Fe (99.995%, Alfa-Aesar),
and Co (99.0%, British Drug House) metal were sputter-cleaned to remove any surface
oxide present and analyzed using similar parameters as above. Both survey and high
resolution spectra (metal 2ps;, and valence band) were obtained.

3.2.3 REELS Analysis

To examine the nature of the satellite peaks observed in the XPS spectrum of Co
metal (99.995%, Alfa-Aesar), reflection electron energy loss spectroscopy (REELS) was
performed on a PHI 660 scanning Auger microprobe with electron beam energies of 3 to
0.2 keV. In EELS, an electron energy loss spectrum is obtained which can contain peaks
resulting from core-electron ionization (similar to XAS) as well as plasmon loss.!!!
Before analysis, the sample was cleaned in situ by Ar' ion-beam sputtering at 3 kV. The
sample was considered suitably clean when no O KLL line was observed in the Auger
spectra. This analysis was performed at Surface Science Western (SSW) at the
University of Western Ontario (UWO).

3.2.4 Band Structure Calculations

Although theoretical calculations have been previously performed on some MnP-
type compounds, it was desirable to extract partial density of states profiles for the metal
and phosphorus valence states to illustrate the fitting of the experimental valence band

spectra here. A tight-binding extended Hiickel band structure calculation on MnP was
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performed with 96 & points in the irreducible portion of the Brillouin zone, with use of
the EHMACC suite of programs,!12. 113 The atomic parameters (valence shell ionization
potentials Hj; (eV) and orbital exponents ;) were as follows: for Mn 4s, H;; =-9.8, ;=
1.80; for Mn 4p, H; =-5.9, {; = 1.80; for Mn 3d, H; =-11.7, &;; =5.15,¢; =0.514, §;p =
1.70, ¢, = 0.693; for P 3s, H;; =-18.6, {; = 1.84; for P 3p, H;; =-14.0, §; = 1.45.
3.3 Results and Discussion
3.3.1 Phosphorus 2p High-Resolution X-ray Photoelectron Spectra

Figure 3-1 shows the high-resolution phosphorus 2p XPS spectra collected for
CrP, MnP, FeP, and CoP. Each spectrum shows two peaks corresponding to the P 2p;,
(low binding energy) and P 2p;,; (high binding energy) states. Sharp lineshapes were
observed which could be fitted with component peaks having a FHWM as small as 0.7
eV. In all cases, the intensity ratio of the P 2p3; and 2p;» peaks was 2:1, which is
consistent with the expected ratio of (2/1+1)/(2j,+1), where j; and j, represent the coupled
orbital (/) and spin (s) angular momentum quantum numbers from respective spin-up and
spin-down states of the unpaired core electron which remains after photoionization.® On
progressing through the series CrP to CoP, the P 2p3» and 2p;» binding energies
gradually increase (Table 3-1). On the high-binding energy side in all spectra, there is a
small peak which is attributed to the P 2p;, signal from some remaining unreacted
phosphorus; the corresponding P 2ps,; peak is not indicated as it would be buried under
the main P 2p,,, peak from the transition-metal monophosphide. The precision in the
BE:s listed in Table 3-1 is estimated to be £0.1 eV, but it may be better because each BE

is obtained from the average of several sweeps (e.g., 6 — 20 sweeps per P 2p spectrum).
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Figure 3-1 High-resolution P 2p XPS spectra of (a) CrP, (b) MnP, (c) FeP, and (d) CoP.

Table 3-1 Binding Energies (eV) of Core Photoelectron Peaks in Transition-Metal
Monophosphides MP (M= Cr, Mn, Fe, Co) and Metal Standards.”

CrP MnP FeP CoP
P 2pin 130.0 130.2 130.2 130.4
P 2psn 129.1 129.2 129.3 129.5
M?2psp 573.9 638.7 706.9 778.3

(781.4, 783.0) °

Cr Mn Fe Co

M2p3/2 574.1 638.7 707.0 778.1
(781.1, 783.1) °

“The BEs were obtained from spectra scanned multiple times to improve statistics.
b Satellite peaks arising from plasmon loss processes.
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For the MP (M = Cr, Mn, Fe, Co) compounds studied here, the small variation in BE

from CoP to CtP (0.4 ¢V) is significant as it exceeds the precision of the measurement.

Figure 3-2 shows a plot of the P 2p;;; binding energies versus the difference in
electronegativity (Allred-Rochow)!!4 between the phosphorus and metal atoms for these
and other first-row transition-metal monophosphides. The binding energies are lower in
the monophosphides than in elemental phosphorus, indicating the presence of anionic
phosphorus in these compounds. The trend of increasing phosphorus binding energy
through the series from CrP to CoP clearly confirms our expectation of decreasing ionic
character in the metal-phosphorus bonding as the electronegativity difference between the
elements decreases. Interestingly, theoretical studies on the diatomic gas-phase
molecules MP (M = Sc—Cu) also show the same general trend of decreasing ionic
character.115

Since core-level binding energies are affected by the chemical environment, the
charge on the phosphorus atoms in these compounds may be estimated from the P 2ps;,
binding energies. Binding energies for a large number of compounds containing the
same transition metals and phosphorus in a variety of oxidation states (as well as that of
elemental phosphorus) are available from the NIST XPS database.!'® If a linear
relationship is assumed between the P 2ps;, binding energy and the oxidation state, an
interpolation of the binding energies for the transition-metal monophosphides suggests P
charges of —1.4 in CrP, —1.1 in MnP, —1.0 in FeP, and —0.7 in CoP. A plot of these
values versus the electronegativity difference is shown in Figure 3-3, consistent with the
decreasing ionicity of the metal-phosphorus bond through the sequence from CrP to CoP.

These values also suggest that the formulation A 3*P3~ is untenable, and in fact, they are
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Figure 3-2 Plot of P 2p3;; binding energies, BE, versus the difference in
electronegativity (Allred-Rochow) between the phosphorus and metal atoms, Ay,114 for
several first-row transition-metal monophosphides. Values indicated by solid circles (o)
are from this work, and those by open circles (o) are from Reference 12. Error bars for
the samples examined in this thesis represent the instrumental precision of +0.1 eV. The
variations in BE from CoP to CrP, although small, are significant.
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Figure 3-3 Plot of the charge on P atoms (estimated from binding energy values) versus
the difference in electronegativity, Ay, for CrP, MnP, FeP and CoP.
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remarkably consistent with the formulation ' *P'~ mentioned earlier in which some P-
P bonding is implicated. However, caution must be applied because it is difficult to
separate the effect of electron count, which modifies the degree of P—P bonding, and the
effect of decreased ionicity in the metal-phosphorus bond on the ultimate charge adopted
by the phosphorus atoms. Indeed, the trend in P—P bond lengths through the series CrP
(2.644 A) to CoP (2.701 A),34 as well as charges calculated in theoretical studies,?’ is
opposite to that suggested here, implying that decreased metal-to-phosphorus electron
transfer (from CrP to CoP) is the more important effect in determining the binding
energies observed.

3.3.2 Metal 2p;,, High-Resolution X-ray Photoelectron Spectra

Figure 3-4 shows the high-resolution metal 2p3/, spectra for CrP, MnP, FeP, and
CoP. The binding energies (Table 3-1) are similar to those found for the elemental metal
(within 0.1-0.2 eV) and to values previously reported by Myers et al.12 However, the
high-resolution spectra presented here show a distinct asymmetric line shape that, to our
knowledge, has not been previously reported for these compounds. This feature is
characteristic of significant metal-metal bonding such as has been proposed for MnP-type
structures.?’

To substantiate the inference of metal-metal bonding, we have collected high-
resolution 2p3, spectra for the elemental metals Cr, Mn, Fe, and Co, which are shown in
Figure 3-5. FEach spectrum shows an asymmetric lineshape skewed to higher binding
energy. According to Doniach and Sunjié,!!7 this type of lineshape arises when valence
electrons, interacting with the core hole (produced after photoionization), are excited and

scattered from filled states below the Fermi edge to empty conduction states above.
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Figure 3-4 High-resolution metal 2p3/,
XPS spectra for (a) CrP, (b) MnP, (¢)
FeP, and (d) CoP. The inset in Figure 4d
shows the observed low intensity
satellite structure for CoP.

67

a) Cr Metal

Intensity

2p 312

579 577 575 573

Binding Energy (eV)

b) Nin Metal

Intensity

2P 3

644 642 640 638
Binding Energy (eV)

c) Fe Metal

Intensity

20 3,

714 712

710 708 706

Binding Energy (eV)

d) Co Metal

Intensity

Satellite 2

Satellite 1

786 783 780 777
Binding Energy (eV)

Figure 3-5 High-resolution 2ps;, XPS

spectra of clean

samples of (a) Cr, (b)

Mn, (¢) Fe, and (d) Co metal.



68

Since there is a continuum of states above the Fermi edge in a metal, an asymmetric tail
comprising many closely spaced states is observed instead of a few distinct satellite
peaks.118  The spectrum for Co metal, however, reveals not only an asymmetric line
shape, but also a distinct satellite structure (Figure 3-5d) which has been observed
before.119. 120 To properly fit the spectrum, two satellite peaks centred at 5.0 and 3.0 eV
away from the main core line were required. Note that the spectrum for CoP also shows
two satellite peaks at similar energies as in Co metal, but with much lower intensities
(Figure 3-4d). A detailed interpretation of these satellite peaks is important but is
deferred to Section 3.3.3.

The similarity in the binding energies and lineshapes of the metal 2p3/, spectra for
both the transition-metal monophosphides and the clemental metals argues for the
presence of metal atoms with nearly zero charge and substantial metal-metal bonding in
the monophosphides. Relative to a metal atom in a cationic state with a localized
electronic structure, photoelectrons from a metal atom participating in extended metal-
metal bonding may have a lower binding energy because of the delocalization of
electrons in conduction states allowing the atom to experience, on average, greater
nuclear screening. As well, the strong hybridization of metal- and phosphorus-based
states arising from the primarily covalent nature of the bonding interactions reduces the
difference in binding energy of the metal atoms in the monophosphides versus in the
elemental metals.80 In contrast, the difference in binding energy observed for the P
atoms in the monophosphides compared to elemental phosphorus suggests that the
electrons in the monophosphide P atoms are localized and any bonding within the anionic

P substructure is also localized. At first glance, these binding energy results seem to
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imply a problem with charge neutrality in these transition-metal monophosphides, as the
metal atoms are assigned charges of nearly 0 whereas the phosphorus atoms are assigned
charges of nearly —1. It is interesting to note that a similar problem was encountered in
an earlier band structure calculation, which revealed that the clear presence of some P—P
bonding (as evaluated by overlap populations) was not reflected correctly in the charges
borne by the phosphorus atoms.25 Resolving this problem involves a more sophisticated
interpretation of the XPS spectra, given below.
3.3.3 Satellite Structure in Co Metal and CoP Co 2p3,; Spectra

The satellite structure in the Co 2pj3.; spectra of Co metal and CoP noted above is
also observed in the spectrum of Ni metal, which has received considerable attention in
the past.121-123  Two explanations have been developed to account for this satellite
structure: plasmon loss (loss of kinetic energy of the photoelectron when it interacts with
bound valence electrons, causing them to oscillate)!1! and the “two core hole” theory.12!
The former was initially abandoned when no evidence of plasmon loss was found in
optical or electron energy loss spectra.l2l Instead, it was suggested that the satellite
structure found at 6 eV above the core line in the XPS spectrum of Ni metal could arise
from final state effects,!?! similar to those proposed by Kotani and Toyozawa.124 After
photoionization, the resulting core hole increases the effective charge operating on the
remaining electrons. This increased charge pulls conduction states below the Fermi
energy. If the conduction state is empty, then the satellite peak is observed because of a
final state containing two holes (one in the core level present after photoionization and

one in the valence band). If a filled conduction state is pulled below the Fermi energy,
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then this final state represents the observed core line.!2! The same description has been
applied to describe the satellite peak observed in the spectrum of Co metal.!19

Although the “two core hole” theory has been widely accepted, there is evidence
that the plasmon loss explanation deserves further consideration. Previous electron
energy loss studies of the first-row transition metals have revealed the presence of two
peaks at <10 ¢V below the main elastic line for Co and Ni metal.125. 126 These peaks
were attributed to plasmon loss as well as to My s ionization.125 It should be noted that
these results were not specifically used to rationalize the nature of the satellite peak found
in the XPS spectrum of Ni metal during the period in which the “two core hole” theory
was developed. Recently, a careful re-examination of REELS data for Ni metal has
revealed peaks at a similar energy separation from the main elastic line as is found for the
satellite peak from the core line observed in the Ni 2ps» XPS spectrum.!?’? These
features were attributed to both bulk and surface plasmon structures. Plasmon loss
events occurring by interaction of the exiting photoelectrons with valence electrons of
atoms located closest to the surface (surface plasmon loss) are lower in energy than those
occurring by interaction with valence electrons of atoms located below the surface (bulk
plasmon loss).128 If the presence of the satellite peak in the XPS spectrum were really
due to the process involved in the “two core hole” theory, then no corresponding
transitions should be observed in the REELS spectrum because photoionization does not
occur in this experiment.12”7 The fact that these features were indeed observed in the
REELS data militates against the “two core hole” explanation and instead favours the

plasmon loss explanation.
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Further, REELS analysis of NiO showed no such similar peaks, as expected since

no low energy plasmon loss satellite structures are observed in its corresponding Ni 2ps3;
XPS spectrum.127 This confirms that the peaks observed for Ni metal are real and not
due to noise or other associated spectrometer effects. Plasmon loss peaks normally occur
at much higher energy than was observed during this study of Ni metal (typically ~20 eV
as determined by EELS).125. 126 However, similar low energy plasmon loss has been
observed by EELS of Mo (110) after deposition of two monolayers of Ba onto the
surface.128  The surface plasmon peak found at 2.6 €V was proposed to arise from
interaction of the exiting electrons with the layer of Ba atoms located closest to the
surface, whereas the bulk plasmon peak found at 6.7 eV was attributed to interactions of
the exiting electrons with the layer of Ba atoms beneath it.128 These observations imply
that the interaction of electrons with atoms found within the uppermost region of a
surface result in a much lower energy plasmon loss than is the case deeper within the
surface. Moreover, in the initial reports that suggested the presence of lower energy
surface plasmon peaks, it was observed that although these losses were found during
experiments using EELS in reflection mode, they were not specifically observed when
transmission EELS was used.126

To understand the nature of the satellite peaks observed in the XPS spectra of Co
metal and CoP, a REELS analysis was performed on Co metal (Figure 3-6). The overall
spectrum, taken at 0.3 keV (Figure 3-6a). compares well with that obtained by Robins
and Swan.!25 1In the energy loss region at ~10 eV below the elastic line, five low
intensity peaks were observed (Figure 3-6b). The positions of these peaks, which are

attributed to plasmon loss, were located more precisely by analyzing a plot of the first
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Figure 3-6 (a) REELS spectrum of Co metal taken at 0.3 keV. (b) Expanded spectrum
showing the plasmon loss region located just below the main elastic line. (c) First

derivative of the expanded spectrum.
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Table 3-2 Bulk Plasmon Loss Peak Energies (¢V) in Co Metal ¢

Line Peak Energy (eV) Energy separation from elastic peak
elastic peak 295.5

A 291.5 4.0

B 290.0 5.5

C 289.0 6.5

D 287.5 8.0

E 286.0 9.5

? Energies were determined from the first derivative of the REELS spectrum (Figure
3-6¢) taken using a beam energy of 0.3 keV. Surface plasmon loss peaks were also
observed in spectra taken at 0.2 keV with energies of 2 and 3 eV from the main elastic
line.
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derivative of the intensity (Figure 3-6¢) and are listed in Table 3-2. The peaks labelled A

and B are the most intense (after subtraction of the background due to inelastic electron
scattering); they are believed to represent bulk plasmon loss and also appear in the
corresponding XPS spectrum as a broad peak centred at 5 eV above the main 2ps/, core
line (satellite 2 in Figure 3-5d). The bulk plasmon event might be represented by two
peaks rather than one because of interactions with different valence states, i.e., Co 3d and
Co 4s states. Peaks C, D, and E may represent higher energy plasmon loss or multiple
plasmon loss events. The broad satellite peak centred at 3.0 eV above the core line in the
XPS spectrum of Co (labelled as satellite 1 in Figure 3-5d) was not observed in the
REELS data taken at 0.3 keV, likely because it is overlapped by the intense and broad
clastic peak. A REELS spectrum was also taken at a lower beam energy of 0.2 keV (not
shown). Intense peaks separated only slightly from the elastic line, at 2 and 3 eV away,
were observed and attributed to surface plasmon loss since such peaks were not observed
in spectra taken using higher energy and thus less surface sensitive electron beams. Thus,
it appears that satellite 1 arises from surface plasmon loss and satellite 2 arises from bulk
plasmon loss in the XPS spectra of Co metal (Figure 3-5d) and CoP (Figure 3-4d). As
pointed out earlier, these losses most likely arise from interactions of the exiting
photoelectrons and valence electrons of atoms located within the uppermost region of the
surface. It should also be noted that as the electron beam energy was increased, the
higher energy loss peaks were consistently observed, indicating that these are real
transitions and not noise.

The Co 2p3n XPS spectra of Co metal and CoP could be fitted with individual

peaks representing the different plasmon loss structures observed in the REELS data, but
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it was found to be much simpler to model these loss events using two broad peaks
(FWHM > 2 eV). The observation of the plasmon loss peaks in CoP at similar energy
separations as those found in Co metal (Table 3-1) indicates that similar valence
electrons are involved in the plasmon loss process (most likely Co 3d and 4s electrons).
However, the lower intensity of the satellite peaks in CoP suggests that there are fewer
valence electrons around the Co atoms in CoP than in Co metal. That is, analysis of the
satellite structure points strongly to the conclusion that, despite their similar binding
energies, the Co atoms in CoP are definitely cationic relative to the elemental metal. By
analogy, we assert that this argument can be extended to the other monophosphides
studied as well.
3.3.4 Valence Band Spectra

Comparing the valence band spectra of the elemental metals and the metal
phosphides provides further insight into the bonding interactions present in ;these
compounds. The valence band spectra of the metals (Figure 3-7) show a broad peak
located at the Fermi edge which can be fitted by two peaks representing 3ds,; and 3dsp
states with a fixed intensity ratio of 3:2. As was earlier observed in the metal 2psp»
spectra (Figure 3-5), it was important to model these peaks as asymmetric to higher
binding energy to properly fit the spectra, indicating that Doniach-Sunji¢ processes also
occur during excitation of the 3d valence electrons.!!® No attempt was made to include a
peak representing 4s states since it would be broad and have an energy similar to the 3d
states with a lower intensity due to a low electron population.23: 121 In principle, the d
orbitals are not quite degenerate and the fit could be improved by employing multiple 3d

peak sets, but the two peaks used here were deemed sufficient to give a reasonable fit.
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Figure 3-7 Fitted valence band spectra of sputter-cleaned samples of (a) Cr, (b) Mn, (¢)
Fe, and (d) Co metal. The spectra have been fitted using two peaks representing 3ds,, and

3dsp states with a fixed intensity ratio of 3:2. As these samples are metals, 0 BE can be
described as the Fermi edge (Er).
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The fitted valence band spectra of the transition-metal monophosphides are
shown in Figure 3-8. In general terms, the measured valence band spectra are in
excellent qualitative agreement with calculated band structures, which show a sharp
Fermi edge and a narrow, metal-based, d-band with a high density of states superimposed
partially on a broader, largely phosphorus-based p-band.!3: 14 25, 32, 33 They also
resemble spectra previously reported for MnP,12. 13, 105 FeP,12, 14 and CoSb,!2% but the
use of different excitation energies in different studies affects the photoionization cross-
sections and thus modifies the peak intensities.”3

To fit the spectra presented in Figure 3-8 with both transition-metal and
phosphorus states, they were compared to previously reported band structure calculations
and XPS results. The region 15-10 ¢V below Er has been attributed to P 3s states!!
whereas the broad region above it (8-3 ¢V) has been attributed to P 3p bonding states.!4
The transition-metal 3d states (containing both ty; and e, components) have been
suggested to lie close to Er along with P 3p nonbonding states having a similar to slightly
lower binding energy.!4 The position of the P 3p nonbonding states lying above the
transition-metal 3d states has been implied previously in band structure calculations of
transition-metal monophosphides!4 as well as in the valence band spectrum of Ni,P.15
As an example, the unfitted valence band spectrum for MnP can be compared to the P 3s,
P 3p, and Mn 3d projections of the density of states, as determined from an extended
Hiickel calculation (Figure 3-9). The highest BE region can be assigned to P 3s states,
the region above it to P 3p states, followed by Mn 3d states; there is also a small

contribution of P 3p nonbonding states closest to the Fermi edge. Guided in this manner,
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Figure 3-8 Fitted valence band spectra of sputter-cleaned samples of (a) CrP, (b) MnP,

(c) FeP, and (d) CoP.
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Figure 3-9 (a) Valence band spectrum of MnP compared to the calculated projections of
the density of states for (b) P 3s, (c) P 3p, and (d) Mn 3d orbitals. The shaded regions
represent the projections whereas the solid line represents the total density of states. The
dashed line marks the Fermi level.
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we have developed a fitting methodology for the valence spectra of all four compounds,
described below.

The superior resolution of the spectra obtained here allows deconvolution into
components, labelled from 1 to 7 (Figure 3-8), in an attempt to separate individual
valence states. Although there is some degree of overlap, each of the peaks shown is
required to optimize the fit to the spectrum, especially the shoulder features, which
appear reproducibly. Consistent with calculated band structures and previously reported
XPS results, the following assignments are proposed. Peak 1 represents P 3s states, and
peaks 2 and 3 represent P 3p1, and 3ps); states, respectively, with a fixed intensity ratio
of 1:2. Peaks 4 and 5 represent the tp, set of the metal 3d states and were fitted with an
asymmetric lineshape profile (as was observed in the valence band spectra of the
elemental metals, discussed above) with a fixed intensity ratio of 3:2 (3dsy:3d3). Peak 6
represents the e, set (M-P antibonding) of the metal 3d states and was fitted with a single
profile constrained to represent spin-up electrons. Peak 7 likely represents essentially
nonbonding P 3p states. To properly fit this state, only a Gaussian lineshape was
required, suggesting that spectrometer effects are dominant; lifetime effects are probably
small, given the low energy of this feature, which appears just below the Fermi edge.
The identity of peaks 2a and 3a found in the spectrum of CrP is discussed below. The
binding energies, FWHM values, and peak areas of the component peaks used to fit the
valence band spectra are listed in Table 3-3 and were optimized to provide the best fit.
The goodness of fit was judged from the standard deviation of the difference between the
simulated and experimental spectra, called the residual standard deviation (RSD). A low

RSD (e.g., 2.0 for CoP) implies a good fit. After a preliminary fitting was performed by
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Table 3-3 Binding Energies (¢V) of Component Peaks in Valence Band Spectra of MP
(M= Cr, Mn, Fe, Co) ¢

Peak Assignment CrP MnP FeP CoP

1 P3s 11.8(3.4)[27.0] 11.7(3.4)[233] 11.9@3.D[18.5] 123 (29)[12.3]

2 P3pn, 8.6 (13)[3.6],, 67(1.9[83] 73(Q24H[3.6]  82(2.0)3.4]
5.8 (1.8)[7.3]

3 P3ps 6.8 (1.7)[7.3] 4.8@24)[16.6] 56(Q2)[72]  6.1(2.5)[6.8]
43 (2.0)[14.5]

4 M3dpty 32Q2[7.8]  33(1.8)[12.0] 3.920[144] 43 (2.3)[15.7]

5 M3dspty,  20(LO[1L7]  2.0(13)[17.8] 23 (L.5)[21.5]  2.2(1.3)[23.5]

6  M3dspe, 140D6.1]  12(08)[9.7]  12(1.1[19.0] 1.1(1.0)[26.9]

7 P3p 0.6 (1.0)[14.6] 0.5(0.8)[12.2] 0.5(0.8)[15.7] 0.5 (0.7)[11.4]

? FWHM values (eV) are indicated in parentheses while the peak areas, in percent, are
indicated in square brackets.
> A second set of higher binding energy P 3py, and P 3ps/; peaks, labelled respectively as
peaks 2a and 3a in Figure 3-8a, is present in the spectrum of CrP.
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inspection, the component peak widths and energies were constrained such that they
could only shift from their initial values by 2 eV or less. Within the CasaXPS software,
the widths, energies, and intensities of the different component peaks were allowed to
vary until the RSD converged to within £0.1. Similar constraints and fitting procedures
were applied to the valence band spectra discussed in Chapters 6 to 8.

Consistent with the expectation that the major orbital interactions should be
between the metal 3d and P 3p states, these peaks show considerable overlap in energy.
In this analysis, we have made a distinction for the phosphorus 3p states, which are
dispersed over a very wide energy range according to band structure calculations (Figure
3-9¢), into those that are clearly bonding in character (near 5-7 eV) and those that are
essentially nonbonding in character (close to the Fermi edge). Justifying this analysis, we
note that the P 3p bonding peaks are wide and their binding energies show a significant
shift through the series CtP to CoP (Table 3-3), which is to be expected if they are truly
involved in bonding interactions. In contrast, the P 3p nonbonding peaks are narrow and
their binding energies show little change. Interestingly, the binding energies of the P 3s
states (near 12 eV) show only a slight shift on going from CrP to CoP similar to that
observed for the obviously nonbonding P 2p states, implying that they are less important
than the 3p states in bonding interactions as has been suggested previously.'” The metal
3d states, split into ty; and e; components, have similar energies as those in the valence
band spectra of the pure metals. This verifies our earlier conclusion derived from
analysis of the satellite structure in the metal 2ps;» core spectra of Co metal and CoP
which showed that during the plasmon loss process in which the exiting photoelectrons

interacted with the valence electrons of the metal atoms in the pure metal and in the
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monophosphide, the photoelectrons lost similar amounts of energy. The general increase
in the binding energies of the metal 3ds; ty, peak with a concomitant increase in the
energy separation between this peak and the corresponding 3dsy to; peak as the atomic
number of the metal increases is normally observed in XPS spectra.60
The electron populations of the different orbital states in the valence band spectra
were extracted from normalized peak intensities, C;, according to Eq 3-1.73
I, (o,4,)

: (3-1)
PWNCED

C =

4

In this equation, [,/(c;4;) represents the corrected intensity of the peak under

consideration and ZI ;/(o,4,) represents the sum of the corrected intensities from all
j=1

of the peaks present in the valence band spectrum. The values of the photoionization
cross-section (o) and inelastic mean free path (IMFP, L) corrections are listed in Table
3-4. Much of the variation in the shapes of the valence band spectra shown in Figure 3-8
arises from the different cross-sections for the metal 3d states. The number of electrons
in each state was then calculated assuming a total of 11, 12, 13, and 14 electrons in the
valence band of CrP, MnP, FeP, and CoP, respectively. The results of these calculations
are summarized in Table 3-5.

From the total electron populations, a charge of about +0.7 for the metal and
about —0.7 for the phosphorus atoms in each of these compounds was deduced, providing
further support for the approximate formulation M'*P !~ described earlier. The electron

populations of individual states also correlate with some of the general trends seen in the
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Table 3-4 Corrections Applied to Intensities of Peaks in Valence Band Spectra of MP
(M= Cr, Mn, Fe, Co) °

Atom State Photoionization cross-section, ¢ IMFP, A (A)

Cr 3dsp 0.0264 26.2
3dsp 0.0387

Mn 3dip 0.0424 259
3dsp 0.0622

Fe 3dsp 0.0694 259
3dsp, 0.1017

Co 3dip 0.1082 24.0
3dsp 0.1582

P 3s 0.1116 33.9
3p1n 0.0354
3pan 0.0708

“ The P 3py;, and 3ps, cross-sections were corrected on the basis of comparison of
experimental cross-sections determined by Brillson and Ceasar!30 to those calculated by
Scofield.73 All other cross-sections listed are those calcualted by Scofield.”3 These
cross-sections were determined for an excitation energy equal to that of Al Ka X-rays.”3
The IMFP values were determined using the QUASES™ IMFP calculator.131
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Table 3-5 Electron Populations in MP (M = Cr, Mn, Fe, Co).

State CrP MnP FeP CoP
P 3s nonbonding 1.3 14 1.6 1.4
P 3p bonding 337 3.1 1.9 2.4
M3dty 4.2 5.0 5.2 5.2
M 3d ey antibonding 1.1 1.4 2.3 3.0
P 3p nonbonding 1.1 1.1 2.1 2.0
Total P 5.7 5.7 5.6 5.8
Total M 53 6.3 7.4 8.2
Total number of €~ 11.0 12.0 13.0 14.0

? 1.1 ¢ in P-P bonding states (peaks 2a and 3a in Figure 3-8a) and 2.2 ¢ in Cr-P
bonding states (peaks 2 and 3 in Figure 3-8a).
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crystal structures. The population of the metal t, states, which are involved in metal-
metal bonding, increases through the series CrP (4.2 €") to CoP (5.2 €7), consistent with
the shortening of the average metal-metal bond lengths (2.782 to 2.678 A),34 if contacts
less than 3.0 A are considered significant. The population of the phosphorus 3p bonding
states, which are involved in both metal-P and possibly P-P bonding, decreases on going
from CrP (3.3 €") to CoP (2.4 e), consistent with the lengthening of P-P bond lengths
(2.644 t0 2.701 A).34 Given that these are weak interactions at best, any manifestation of
P-P bonding states should be most prominent in CrP. Indeed, the valence band spectrum
of CrP (Figure 3-8a) reveals extra shoulders that can be fit by invoking a second set of
higher binding energy P 3p states (peaks 2a and 3a in Figure 3-8a) which result from P-P
bonding, in addition to the first set of P 3p states (peaks 2 and 3 in Figure 3-8a) at lower
binding energy which are due to Cr-P bonding. Table 3-5 shows that the electron
population in the P-P bonding states is only half as large as in the Cr—P bonding states.
On progressing to the other transition-metal monophosphides of the series, a trend
towards populating the nonbonding P 3p states, at the expense of the bonding P 3p states
is observed which is consistent with the gradual disappearance of the already weak P—P
bonds. In the case of FeP and CoP, the values of the electron populations of the
phosphorus-based states suggest that there is negligible P-P bonding. Size effects cannot
be ruled out as being responsible for these trends in both metal-metal and phosphorus-
phosphorus bonding behaviour. Progressing along the first-row transition metal series,
we see a contraction of the structure, which may serve as the true driving force for the
observed trends. The occurrence of ferromagnetism in some of these compounds also

complicates the interpretation of the electronic structure.
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From the above analysis of the electron populations deduced from the valence

band spectra, experimental energy level diagrams for these four monophosphides can be
constructed. Figure 3-10 presents plots of the electron population versus energy. These
diagrams are consistent with theoretical band structure calculations. Band dispersion and
electron populations of different metal- and phosphorus-based states agree well with
partial density of states curves and the bonding, nonbonding, or antibonding character of
states agrees well with crystal orbital overlap population curves.?~5

3.4 Conclusions

Core and valence-band X-ray photoelectron spectra have been obtained for the
series of isostructural MnP-type transition-metal monophosphides CrP, MnP, FeP, and
CoP. The high-resolution phosphorus 2p spectra indicated that the charge of the P atoms
is close to —1, as determined from their binding energies. The increase in the phosphorus
2p binding energies through the sequence CrP to CoP confirms the decrease in ionicity of
the metal-phosphorus bond as the difference in electronegativity between the atoms
diminishes.

The high-resolution metal 2ps;, spectra of the monophosphides closely resemble
those of the parent transition metals in terms of both binding energy and lineshape. The
metal atoms in the monophosphides possess a delocalized electronic structure arising
from the presence of extended metal-metal bonding, which provides greater nuclear
shielding than for isolated atoms. The satellite structure observed in the Co 2ps3,» spectra
of both Co metal and CoP was confirmed by REELS analysis of Co metal. This feature
arises from plasmon loss and not as the result of a “two core hole” final state effect. The

common satellite structure for both Co metal and CoP implies that the Co valence
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electrons have similar energies, as was confirmed by analysis of the valence band spectra.
However, there are fewer valence electrons around the Co atoms in CoP than in Co
metal, implying a cationic state which is consistent with the anionic state of the
phosphorus atoms.

The valence band spectra agree well with calculated band structures. We
demonstrate a useful approach for analyzing the valence band spectra by fitting these
bands with component peaks representing electronic states and their populations. The
major orbital interactions arise between the metal 3d and phosphorus 3p states. The
electron count for the metal and phosphorus atoms, extracted from the corrected
intensities of these component peaks, favours the formulation M'"P!™ in which both
metal-metal and phosphorus-phosphorus bonding are present. The metal-metal bonding
network involves highly delocalized states, similar in character to those of the pure metal,
whereas the phosphorus-phosphorus bonding network, which is already weak for CrP and
MnP and probably negligible for FeP and CoP, involves localized covalent bonding.
Energy level diagrams were constructed from the valence band spectra and extracted
electron populations, Which compare well to calculated band structures. This type of
bonding analysis derived from XPS spectra is complementary to theoretical calculations
and may be generalized to study the bonding interactions involved in other inorganic

solids.
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Chapter 4

Next-Nearest Neighbour Contributions to P 2p3,; X-ray Photoelectron
Binding Energy Shifts of Mixed Transition-Metal Phosphides M;_AM’.P
with the MnP-Type Structure*

4.1 Introduction

In the previous chapter, the XPS spectra of binary transition-metal phosphides MP
(M = Cr, Mn, Fe, Co) with the MnP-type structure were examined. The MnP-type
structure was described in Chapter 1. In this structure, the metal atoms are coordinated to
P atoms in a distorted octahedral geometry and establish metal-metal bonding (< 3 A)
through zigzag chains along the a and b directions (Figure 1-5).34 Mixed transition-metal
phosphides M;_.M P with the same structure type can also be prepared in which M and
M are randomly distributed in the metal sublattice, as indicated by the presence of sharp
reflections and the absence of superstructure reflections in the X-ray and neutron
diffraction patterns.26, 27 In these mixed-metal systems, M is designated to be more
electronegative than M’. Both the binary and pseudobinary phosphides are metallic and
display interesting magnetic properties.26: 27, 35, 104, 105, 132, 133 Here, XPS and XANES
have been used to study how metal substitution affects the energies and lineshapes of the
spectra from mixed transition-metal phosphides compared to those for the binary

compounds.

*A version of this chapter has been published. Reproduced with permission from Grosvenor, A. P.; Cavell,
R. G.; Mar, A. J. Solid State Chem. 2007, 180, 2702-2712. Copyright (2007) by Elsevier.
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X-ray photoelectron spectroscopy (XPS) has not been applied extensively to the

study of intermetallic compounds, where the interpretation of binding energy shifts is
difficult. In general, variations in core-line XPS binding energies (BE) are related to the
interactions between an atom of interest and its nearest immediate neighbours, an effect
known as the primary substituent shift.134 Longer-range interactions with more distant
atoms in secondary coordination shells may also exert an influence on these binding
energies, an effect known as the secondary substituent shift (also called -shift or next-
nearest neighbour shift).134

Like XPS, X-ray absorption spectroscopy (XAS), which can be subdivided into
XANES (X-ray absorption near-edge spectroscopy) and EXAFS (extended X-ray
absorption fine structure), also provides information about the electronic structure of
materials. The XANES absorption energy shifts as the local chemical environment is
altered97- 99 and the lineshape reveals valuable information about the composition of the
valence and conduction states.%7 Next-nearest neighbour effects have also been
implicated in XANES spectra.!33

The next-nearest neighbour effect, examined by XPS, has been identified in a few
specific cases. The clearest examples occur in halogenated hydrocarbons.!34, 136-138 I
fluorinated aromatic hydrocarbons, substitution of H by F induces a positive shift in the C
Is XPS spectrum by as much as 3 eV for the a-C atoms (bound directly to F) and by ~1
eV for the B-C atoms (those bound to the a-C). Molecular orbital calculations revealed
that the binding energies of the B-C atoms shift not only because of the change in
electronegativity of the substituent F vs. H, but also because of the change in the charge

developed on the a-C atoms.!3¢ The magnitude of this shift is thus expected to be less
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pronounced as the electronegativity of the substituent decreases, as has been observed in
Cl-, Br-, O-, and N-containing polymers.139-142 The source of the shifts can be identified
using a simple model that describes the binding energy shifts arising from ground state
effects. This model, called the charge potential model, is defined by the equation:

AE, = E,—E° =kAg, +AY.q, /1, . (4-1)

Gt
The total binding energy shift, AE;, which is the difference between the measured binding
energy of the atom of interest, E;, and a reference binding energy, E;°, consists of two
contributions. The kAq; term describes intraatomic effects involving the change in charge
Ag; on atom i multiplied by a constant £ which is related to the interaction between
valence and core electrons.143, 144 The AY; g,/ry term describes interaatomic effects
involving how the charges of coordinating atoms, g, surrounding the photoemission site
influence the BE of the resulting photoelectron and, because of its similarity to the
Madelung potential, is often referred to as such.143. 144 The charge potential model
explains the binding energy shifts in the example above. When H is substituted by the
more electronegative F atom, the a-C atom has a higher binding energy because its
apparent positive charge g; is increased. In turn, the increase in the apparent charge on
the o-C atom induces a more positive Madelung potential felt by the B-C atom, whose
binding energy also becomes higher.13¢ This analysis indicates that intraatomic effects
(i.e., change in charge) have a greater influence on the magnitude of the binding energy
shift than do interatomic effects (i.e., change in Madelung potential).

Next-nearest neighbour effects have also been observed in the XPS spectra for a

few inorganic substances. In nitrided silicon dioxide and silicon oxynitride thin films,
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the N 1s binding energies shift by ~0.1 eV upon substitution of the next nearest

neighbours (O for Si).145, 146 The P 2p binding energies of transition-metal substituted
phosphate (P,Os) glasses decrease when the next nearest neighbour is replaced by a metal
(i.e., P-O-P to P-O-M).147, 148 The magnitude of the shift (1-2 eV) diminishes as the
electronegativity of the metal increases.147-150  According to the charge potential model,
when P is substituted by the more electropositive M atom, the apparent negative charge
on the O atom increases not only because of a change in its formal charge but also in the
degree of ionic bonding. This induces a more negative Madelung potential felt by the
(unsubstituted) P atom, whose 2p binding energy becomes lower. Quantum chemical
calculations for several sulphide minerals showed that the S 2p binding energies depend
on interactions with next nearest neighbours when they are sufficiently close to the S
atom.%3 For example, in MoS; (molybdenite), the calculated S 2p binding energy is
161.7 eV when only nearest neighbours are considered, but is 162.5 eV when next-
nearest neighbours are included, in excellent agreement with the range of experimentally
reported values (162.0-162.8 eV).%3 These observed differences in binding energy can
be related to the expected change in the magnitude of the Madelung potential when both
nearest and next-nearest neighbours are included in the calculation in contrast to the
underestimate when only nearest neighbours are considered.

In this chapter, the XPS spectra of several series of mixed phosphides
(CoyMn,P, Mn,_,V,P, and Co;_V,P) are reported, demonstrating how next-nearest
neighbour contributions resulting from M’ — M charge transfer via metal-metal bonds
can influence the P 2p binding energies. The observed shifts in energies are described in

terms of the charge potential model and electronegativity of the metals. An empirical
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model that combines both nearest and next-nearest neighbour contributions derived from
electronegativity differences allows estimation of the magnitude of the shifts. Metal XPS
and XANES spectra were also analyzed as well as the P K-edge XANES spectra.

4.2 Experimental

4.2.1 Synthesis

Starting materials were powders of the metals (Ti, 99.98%, Cerac; V, 99.5%,
Alfa-Aesar; Mn, 99.95%, Cerac; Co, 99.999%, Spex) and red P (99%, Alfa-Aesar).
Products were identified by their powder X-ray diffraction patterns obtained on an Inel
powder diffractometer equipped with a CPS 120 detector. All samples were manipulated
and stored in a glove box under Ar to limit exposure to air.

The parent binary monophosphides (CoP, MnP, and VP) were prepared through
stoichiometric reaction of metal powders with red P confined in evacuated fused-silica
tubes. The tubes were heated up to 1323 K over 48 h and held at this temperature for one
week before being cooled slowly over 24 h to room temperature. The end member, TiP,
was similarly prepared through reaction of Ti powder and red P in an evacuated fused-
silica tube heated to 1173 K over 36 h and held at this temperature for one week before
being quenched in water.

The mixed metal phosphides (Coy_ Mn,P, Mn;,V,P, and Co,V,P) were
prepared from stoichiometric reaction of the binary phosphides. The mixed materials
were ground together in a glove box under dry Ar and sealed in evacuated fused-silica
tubes. The tubes were heated up to 1273 K over 20 h, held at this temperature for ~5 d,
and then quenched in water. This heating and grinding process was repeated for a total of

three 5-d heat treatments at 1273 K to improve the homogeneity of each sample. The
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following samples were examined by XPS and XANES analyses: Cog10MnggoP,

Coo.30Mng 70P, Cog.40Mng 60P, MngosVo.0sP, MnggsVo.1sP, Mng75Vo2sP, MngeoVo.aoP,
Cop.00Vo.10P, and CoggoVo20P. Powder X-ray diffraction confirmed that these samples
were single-phase and that all adopt the MnP-type structure. The Co;_Mn,P and
Mn;V,P series have been reported previously.26: 27 The Co;_V,P series is new
(although the corresponding arsenide series, Co;,V.As, is known!5!), and the two
members prepared have cell parameters (a = 5.095(3) A, b =3.268(3) A, ¢ = 5.629(4) A
for CogooVo.10P and a = 5.106(3) A, b =3.262(3) A, ¢ = 5.658(4) A for Cog.30Vo.20P) that
extrapolate smoothly from those of CoP (a = 5.077 A, b = 3.281 A, ¢ = 5.587 A) in
accordance with Vegard’s law.152 The smooth variation in cell parameters vs. x (Figure
Al-1 in Appendix 1) and the lack of peak broadening in the powder diffraction patterns
(Table Al-1 in Appendix 1) for the mixed-metal phosphides strongly support the
presence of single-phase samples.
4.2.2 XPS Analysis

Measurements were performed on a Kratos AXIS 165 spectrometer using either
Mg K or Al K X-rays. The resolution function for this instrument has been determined to
be 0.4 eV when monochromatic Al Ko X-rays are used based on analysis of the Co Fermi
edge. Analysis of multiple Cu 2ps/, spectra yielded a binding energy of 932.59+0.03 eV
indicating that the second decimal place is significant. This value agrees with those
previously reported.116

After the samples were finely ground in a glove box under Ar, they were pressed
onto In foil (Alfa-Aesar) or C tape, and placed on a Cu sample holder. The samples were

then transported to the XPS instrument under Ar to reduce the possibility of surface
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oxidation. After being loaded into the spectrometer, samples were sputter-cleaned for
30-60 min. by means of Ar" ion sputtering (4 kV, 10 mA) to remove any surface oxide or
phosphate formed. Analysis of the survey spectra collected indicated that only a small
amount of phosphate remained after this procedure. Preferential sputtering of the light
elements was not observed. High-resolution spectra of the P 2p, metal 2p, and C 1s core
lines were collected with a pass energy of 20-40 eV, a step size of 0.05 eV, a sweep time
of 180 s, and an energy envelope of 20-40 eV. Spectra were analysed with the aid of the
CasaXPS software program.!10 During data analysis, the samples were calibrated using
the C 1s line arising from adventitious C with a fixed value of 284.80 eV, although this
was rarely required because the samples studied are metallic. To remove the background
arising from energy loss, a Shirley-type function was applied.
4.2.3 P K-edge XANES Analysis

XANES spectra of the P K-edge were collected at the Canadian Light Source
(CLS), Saskatoon, Saskatchewan, using the spherical grating monochromator (SGM)
undulator beamline, 11-ID.1.153 Although the P K edge is outside the design range of the
beamline, good quality spectra were still obtained. At this energy, the monochromatized
photon flux is ~10° photons/second, with an estimated resolution of ~1 eV and a beam
size of approximately 50 x 100 um. Powdered samples were mounted on carbon tape
and inserted in the vacuum chamber via a load lock. Total electron yield and total X-ray
fluorescence yield spectra were measured from 10 eV below the edge to ~35 eV above
the edge at 0.1 eV per step. The spectra were calibrated against a sample of NasP,05,
with the peak maximum of the P K-edge set to 2152.4 €V.154 The P edge values reported

herein represent the maximum of the first-derivative peak of each spectrum which
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removes the influence of higher energy surface phosphates. A precision of £0.1 eV was
estimated through comparison of multiple analyses of the compounds studied.
4.2.4 Mn K-edge XANES Analysis

XANES spectra of the Mn K-edge were collected at Pacific Northwest
Consortium/X-ray Operations and Research Collaborative Access Team (PNC/XOR-
CAT), Sector 20 at the Advanced Photon Source (APS), Argonne National Laboratory
with the bending magnet (20BM) beamline. A silicon (111) double crystal
monochromator was used to provide a monochromatic photon flux of ~10"
photons/second, with a resolution of 1.4 ¢V at 10 KeV and a beam size of approximately
1 x 5.5 mm. Powdered samples were ground, sandwiched between Kapton tape, and
positioned 45° to the X-ray beam. The fluorescence spectrum was measured with a
Lytle-type fluorescence ionization chamber detector positioned at 90° relative to the X-
ray beam.!55 Through the absorption edge, the X-ray energy was increased by 0.25 eV
per step. A Mn metal standard was positioned behind the sample and analyzed
concurrently in transmission mode using Nj-filled ionization chambers. The resulting K-
edge was calibrated to the accepted value of 6539 eV.156 All XANES spectra were
analyzed using the Athena software program.157
4.3 Results and Discussion
4.3.1 P 2p XPS Spectra

P 2p spectra were collected for several binary (MnP, CoP) and pseudobinary
mixed (Co;_Mn,P, Mn,_,V,P, and Co,_,V,P) phosphides with the MnP-type structure, as
well as for TiP (TiAs-type) and VP (NiAs-type). These structure types are closely related

and differ only in the extent of small structural distortions.23 Because the P 2p spectra
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Figure 4-1 High-resolution P 2p spectra for MnP and Mn 35V 1sP. Each spectrum has
been fitted with two peaks representing the 2ps;, and 2p;, spin-orbit final states in a 2:1
intensity ratio and the background has been subtracted using a Shirley-type function. The

2p3n binding energies are indicated by vertical dashed lines and are also provided in
Table 4-1.
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for all samples are similar, it suffices to show representative examples, such as MnP and
Mnyg g5V .15P, as presented in Figure 4-1. In general, the separation between the 2p3,, and
2p12 peaks for the parent binary phosphide (MnP) is clear, but it is less obvious for the
mixed phosphide (Mng 35Vo15P). The FWHM of the component peaks required to fit the
spectra increases from 0.7 eV for MnP to 0.9 eV for Mng g5V 1sP. The line broadening
in Mng g5V(.15P can be ascribed to the superposition of multiple signals arising from the
presence of different local distributions of metal atoms around each P atom.
Nevertheless, it is still a reasonable approximation to fit the spectra of the mixed
phosphides with single 2p;, and 2p;, component peaks to determine average binding
energies.

Figure 4-2a shows a plot of the P 2ps/, binding energies (also listed in Table 4-1)
for various binary (MP) and mixed (M;_.M,P) phosphides. The binding energies are
reported to two decimal places with a reliability of better than +0.10 eV based on
multiple analyses of separately synthesized samples or the same sample examined at
different times (Table A1-2 in Appendix 1). The horizontal axis represents the difference
in Allred-Rochow electronegativity between phosphorus and the metal (yp — yas).114 In
the case of the mixed phosphides, y» is replaced by the weighted average
electronegativity of the two metals, (1-x)yas + xyar. This type of plot was applied in
Chapter 3 as well as in previous reports to examine trends in bonding character as the
electronegativity difference between the metal and ligand is altered in a series of related
compounds.81. 158 For the binary phosphides MP, the P 2ps,, binding energies decrease
linearly on progressing from CoP to TiP. This trend is consistent with expectations: as

M becomes more electropositive, the greater ionic character of the M-P bonds induces a
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Figure 4-2 Dependence of (a~b) P 2ps, binding energy and (c—d) P K-edge absorption
energy on electronegativity difference Ay for binary phosphides MP (¥) and ternary
phosphides Co1.,Mn,P (A) (1 = Cog4MngeoP, 2 = Cop30Mng.70P, 3 = Cog.10Mng 9oP),
Co1xV.P (m) (4 = Coo90V0.10P, 5 = Cog.50Vo20P), and Mn; VP (@) (6 = MnggsV.05P,
7= MnogsVoisP, 8 = Mng75VgasP, 9 = MnoeoVoaoP). The expression for Ay
incorporates only nearest neighbour contributions (Eq 4-2) in (a) and (c), but also
includes next-nearest neighbour contributions (Eq 4-3) in (b) and (d), leading to
improved correlations as seen by the linear fits to the data (dashed lines) with R?=0.971
and 0.982, respectively. Error bars for the binary MP compounds have been included in
(a) to illustrate that the BE shift exhibited by most of the MM \P compounds compared
to MP is greater than the precision of the measurement.
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Table 4-1 Phosphorus 2p;;; binding energies, P K-edge absorption energies, and metal
2psn» binding energies for metals, binary phosphides MP, and mixed phosphides
Ml-xMxP.

Compound P 2psp P K-edge Co 2psp Mn 2ps2 V 2ps3n
BE (V) @bSomption  ppyvy  BE(V)  BE(eV)

energy (eV)
Co 778.10
Mn 638.66
A% ‘ 512.3+0.1¢
CoP 129.49 21429 778.33
FeP 129.34 2142.8
MnP 129.18 2142.6 638.73
CrP 129.11 2142.5
VP 128.82 21421 512.50
TiP 128.51 2141.7
Coo.10MnggoP  129.16 2142.6 778.49 638.78
Coo30Mng 7P 129.18 2142.6 778.41 638.78
Cop40MnpgoP 129.28 2142.6 778.35 638.78
Co0.9Vo.10P 129.15 2142.5 778.10 512.48
Cop.30Vo.20P 129.15 2142.5 778.15 512.54
MngosVoosP  128.96 2142.4 638.72 512.55
MnygsVosP 128.95 21423 638.63 512.49
Mngy75VgasP 128.92 21423 638.65 512.47
MnygoVoaoP  128.93 21423 638.70 512.50

“The V metal 2p3,, binding energy was taken from reference 116.
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more pronounced electron transfer to P, which gains more electron density. If Eq 4-1 is

applied to the binary phosphides MP, the charge potential model predicts that the
phosphorus binding energy will be lowered by the enhanced negative charge g; on P, but
raised by the more positive Madelung potential arising from the enhanced positive charge
on the surrounding metal atoms. The observed trend of an overall linear decrease in
binding energy from CoP to TiP confirms that intraatomic effects tend to dominate over
interatomic effects, as asserted earlier. In contrast, however, the binding energies for the
mixed phosphides M;_.M’,P do not follow this linear trend, and instead are lower than
expected relative to those of the binary phosphides MP even when the precision of the
measurement (better than + 0.10 €V) is taken into consideration.

To understand why the mixed phosphides M;_.A",P behave differently, we must
consider the complete crystal structure. In the MnP-type structure, adopted by the
compounds studied here, each metal atom is surrounded by six nearest-neighbour P
atoms at distances of 2.2-2.4 A which define the immediate first coordination shell.34
There are, however, four other metal atoms in the coordination environment, at slightly
longer distances of 2.6-2.8 A.34 These form part of a metal-metal bonding network
which must also be considered. In the binary phosphides MP, all the metal atoms are the
same, but in the mixed phosphides M) M’,P, it is possible for an M atom to be
surrounded locally not only by other M atoms but also by M atoms, particularly when x
is large. As a result, a polarization develops between the two different metals. If M is
designated as the more electronegative metal and M’ as the more electropositive metal in
the formula M;_.M’,P, then M will donate electron density not only to the P atoms but

also to the M atoms. The M atoms in MM P then acquire more electron density than
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they possess in the parent binary compound MP. The apparent charge of the M atoms

decreases as a result of this charge transfer. Within the charge potential model, this will
affect the P 2p binding energies by altering the Madelung potential term (AZ;y g;/ry). If
the P 2pss» binding energies of the mixed metal phosphides are compared to the line of
best fit presented in Figure 4-2a for the binary phosphides, it can be seen that the
deviation in binding energy tends to become more negative with increasing concentration
of M atoms. This can be ascribed to an overall decrease in Madelung potential owing to
the M — M charge transfer (i.e., gy decreases which lowers AXy g;/ry at high
concentrations of M). In this series, there is also a change in the average M-P bond
lengths, ranging from 2.304 A in CoP to 2.358 A in MnP.34 As a result of the 1/r;
dependence, the charge on the smaller, more electronegative M atoms has a greater
influence than the larger, more electropositive atoms M’ in the Madelung potential term.

The next-nearest neighbour effect described here can be compared with those
described in the introduction. It is similar to the case of phosphate glasses in which
substitution of P with a metal (with O located between the P atom under examination and
the substituted atom; i.e., P-O-M) causes a decrease in the P 2p binding energy.147-150 In
these phosphate glasses, the substitution of P with M alters the Madelung potential
component of the P 2p binding energy causing it to be lower than it is in the
unsubstituted case. In this example and those presented in the introduction, the identity
of the nearest neighbour is important in describing the shift in binding energy (in terms of
both magnitude and direction) experienced because of next-nearest neighbour effects.

To improve the correlation of the P 2p binding energy shift trends with atomic

properties for the M;.xM (P system, we have extended the model to include next-nearest
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neighbour contributions employing a simple electronegativity analysis. To derive Figure
4-2a we had assumed that, as in the binary phosphides MP, the magnitude of the ground
state transfer of electron density from the metal to the P atoms in the first coordination
shell was related to the difference in electronegativity of P and of the weighted average of
the metals:
Ay = —[A=2)%0s + %] 4-2)

In the context of the charge potential model, Eq 4-2 incorporates the change in the
apparent charge on the P atoms (Aq;) because of the substitution of one metal for another.
Much of the change can be related to the variation in degree of ionic bonding present as a
metal of different electronegativity is substituted for the original. The lower than
expected P 2ps3» BE values for M_M,P relative to those for MP (Figure 4-2a) and the
fact that these shifts do not fall on the line connecting the simple binaries suggest that Ay
should be increased to achieve a linear correlation. Increasing Ay results naturally when
a term to represent the charge transfer occurring between M and M, i.e., Yu - Yar, 1S
added to Eq 4-2. Introducing this next level of charge readjustment alters the Madelung
potential term, which is AZ;; g;/ry; in the charge potential model. Because the level of
substitution, x, varies through a given M;_,M,P series, Y - Yar must be multiplied by a
scaling factor that reflects the proportionate degree of this additional charge transfer. It is
the concentration of the more electronegative metal M that is most important because M
receives electron density from A, reducing the charge (g;) on M, which results in an
overall decrease in the Madelung potential and thus a lowering of the P 2p binding
energy. As was indicated above, the magnitude of this shift increases with increasing

concentration of M. The fractional concentration of M atoms is (1—x) relative to all metal
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atoms, but because only one out of every two atoms in the formula M, M ,P is a metal,
this must be divided by two to give the concentration of M relative to all atoms. Thus,

the final expression for the difference in electronegativity is:

8= 1 ~10- 9 + 50001+ 2, -0) (4-3)

For the parent binary phosphides MP for which x =0 and M = M’, the expression reduces
to the simple difference in electronegativity between M and P. In those cases, the change
in g; (the charge on P) correlates directly with the magnitude of the P 2p binding energy
shift.

Figure 4-2b shows a plot of the P 2ps;, binding energies vs. the extended
expression for the electronegativity difference for the MP and MM ,P phosphides
which takes next-nearest neighbour effects into consideration. The linear correlation
(R*= 0.971) lends strong support to this model in which both nearest and next-nearest
neighbour effects are included. Additional compelling evidence is provided by
comparing the plots of the P K-edge absorption energies (Table 4-1) vs. the
electronegativity difference calculated using either Eq 4-2 (Figure 4-2¢) or Eq 4-3 (Figure
4-2d). Representative P K-edge XANES spectra from CoP and CoggoVo20P are
presented in Figure 4-3. Because XANES is a bulk-sensitive technique, the agreement
between the XANES and XPS results indicates that the variations in P 2p BE observed
between the binary and mixed-metal phosphides derive from a bulk rather than a surface
electronic effect. The excellent correlation obtained when Eq 4-3 is applied to the P K-
edge absorption energies reinforces the importance of next-nearest neighbour

contributions when the second coordination shell has been modified by substitution.
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Figure 4-3 P K-edge XANES spectra for CoP and Cog g9V 20P representing P 1s — np
transitions. Inset: Absorption edges with the inflection points (Table 4-1) marked by
vertical dashed lines.
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Although the charge potential model describes the variations in P binding energy

and absorption energy well in this system, it should be emphasized that this model is
based only on changes in ground state energies. In reality, the binding energy of the
X-ray excited photoelectron represents the difference in energy between the ground state
of the atom having # electrons and the final state of the atom containing »n—1 electrons.63
As such, various processes can affect the final state energy and therefore alter the binding
energy of the atom under study. The presence of a hole in the core electron states
produced by the removal of a photoelectron can be thought to act like a positive charge.
One of the effects of this added unit of positive charge is adiabatic relaxation of the
electrons towards the nucleus which can be separated into inter- and intra-atomic
contributions.!34 An increase of electron density flowing toward the atom due to the
production of the core-hole acts to decrease the final state energy by increasing the
screening of the nuclear charge; this results in a lowering of the binding energy of the
atom under study.!34 The resulting reorganization of the distribution of electron density
on the surrounding atoms will also alter the Madelung potential component of the final
state.%3 Analysis of the relaxation energy of gas-phase P and S compounds suggests that
when the coordination environment around a given atomic centre is fixed (as is the case
in the metal phosphides discussed here), greater relaxation occurs as the electronegativity
of the ligand decreases.!5% 160 By comparison to the P 2p binding energies presented
above, if relaxation was responsible for the shifts in energy observed in the M;_AL,P
compounds, then the magnitude of the shift would be expected to increase with
increasing concentration of M’ (the more electropositive metal). However, the situation

is reversed in that the magnitude of the shift decreases with increasing concentration of
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M. This suggests then that variations in adiabatic relaxation are not responsible for the
shifts found in these mixed metal compounds compared to the binary phosphides. Given
this conclusion, it is reasonable to use the charge potential model to describe the
observed variations in the P 2p binding energies, particularly since it has been found that
variations in the Madelung potential tend to have a larger influence on the binding energy
than do changes in adiabatic relaxation.161. 162
4.3.2 Metal 2p XPS Spectra

Figure 4-4 shows a collection of metal 2p;, spectra for the parent binary
phosphides MP and several representative members of the MM ,P series. All spectra
exhibit an asymmetric lineshape, which is characteristic of an itinerant electronic
structure and results from a final state effect first described by Doniach and Sunji¢.1!7
This lineshape was described in Chapter 3 (Section 3.3.2). As previously observed in the
parent binary compounds (Chapter 3), the delocalized electronic structure of the metal
atoms arises from the strong metal-metal bonds found in phosphides with the MnP-type
structure. Table 4-1 lists the metal 2p;» binding energies for the elemental metals, the
binary phosphides MP, and the mixed phosphides M;_ A, P. In contrast to the P spectra,
the metal 2ps3/, binding energies generally do not shift appreciably in M;_.M’,P relative to
those in the parent binary phosphides. The electronic delocalization arising from metal-
metal bonding in MM ,P leads to both a well-screened ground state and final state that
is produced after photoionization (as is found in the parent compounds as well as in the
elemental metals), so that little variation in the metal 2ps;, binding energies is observed.

This is a situation where the charge potential model is unable to describe the metal
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Figure 4-4 Representative metal 2ps, spectra for Mn;_, V,P, Co;_,Mn,P, Co|V,P, and
the parent binary phosphides. An asymmetric peak (thin solid line) has been used to fit
the Co 2ps, spectra of CoP and Cog o Vo20P, revealing the superimposed high binding
energy satellite peak. The 2ps;, binding energies, which are listed in Table 4-1, are
marked by vertical dashed lines.
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binding energy shifts properly, because final state effects such as those described above
and in Chapter 3 are not incorporated into Eq 4-1.

Unlike the other mixed phosphides, the Co; VP series appears to be anomalous
in displaying perceptible differences in the Co 2ps binding energies relative to those in
CoP (see Table 4-1 and Figure 4-4). In CogpooVo.10P and Coos0Vo20P, the Co 2p3p
binding energy is ~0.2 eV lower than in CoP, whereas the V 2p;; binding energy is
nearly identical to that in VP. The appearance of a shift in the case of the Co 2p binding
energies of Co_,V,P compared to CoP, in contrast to the constancy of metal 2p binding
energies throughout the parent and mixed metal phosphides, can be ascribed to the
magnitude of the differences in metal electronegativities, ya — yar. As indicated above,
this quantity relates directly to the change in charge experienced by M. The
electronegativity difference between Co and V is the largest (xco — %v = 0.25); in the
other cases, the differences are smaller () — xv = 0.15 and ¥co — ¥mn = 0.10).114 The
downward shift in binding energy observed for the Co 2p spectrum of Co;,V,P
compared to CoP confirms the charge transfer model above. This result shows how
substitution of V (M") for Co (M) can cause a decrease in the Madelung potential term of
the local environment around the P atoms through a reduction of the charge on the M
atoms.

The satellite peak observed in the Co 2ps; spectra at an energy slightly higher
than the main core-line (Figure 4-4c) also provides support for the proposed charge
transfer that occurs from M* — M in the mixed metal phosphides as a result of the metal-
metal bonding framework. In Chapter 3, we attributed this satellite peak to plasmon loss.

Plasmon loss can be described as the loss of kinetic energy of the photoelectron (increase
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in binding energy) arising from an oscillation of bound valence electrons.!!l  This
assignment has been corroborated by identifying the occurrence of the same phenomenon
in most of the first-row transition metals (Sc—Ni).127. 163-166 Note that no such plasmon
loss peak is observed in the Mn or V 2ps/; spectra, likely because it is overlapped by the
significantly more intense core-line. The amplitude of the plasmon loss peak observed in
the Co 2p3; spectra has been found to vary greatly with only a slight change in the
occupancy of the Co valence states as was indicated in Chapter 3. This behaviour will be
further discussed in Chapter 7. Analysis of the 1s XPS peak of Sc—Co using a Cu Ko X-
ray source also revealed that the plasmon loss peak intensifies with greater number of
spin-unpaired electrons, and that the energy separation between the plasmon loss peak
and the core-line increases with greater concentration of 3d valence electrons.!%¢ The
intensity of the plasmon loss peak is more sensitive than the energy of the plasmon loss
peak or the 2p;, core-line binding energy to changes in the occupancy of the valence
states. For example, the plasmon peak is considerably more intense but is only 0.3 eV
higher in energy in the Co 2p;, spectrum for Co metal vs. that in CoP (Table 3-1 in
Chapter 3), and the Co 2p3, BE differs by only 0.2 eV on progressing from Co to CoP
(see Table 4-1) owing to electronic delocalization.

In comparison to CoP and Co,_Mn,P, the satellite peak for Co;V,P is
significantly more intense. To quantify this observation, Figure 4-5 shows a plot of the
normalized intensity of the plasmon loss peak (Zpiasmon/lcore-iine) VS. the difference in
electronegativity between the metals (,;, —,)- For reference, the normalized intensity
of the plasmon loss peak for Co metal is shown as a dashed line. As the electronegativity

difference increases, the plasmon loss peak intensifies. The plot reveals that Co atoms in
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Figure 4-5 Plot showing the variation in the normalized plasmon intensity vs. the
difference in electronegativity between the two dissimilar metals ( v X ) in the Co

2p spectrum of CoP, Co;_Mn,P, and Co;_,V,P. The value for Co metal is represented as
a dashed line.
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Co;1_V,P contain significantly more electron density in their valence states than is the

case for CoP. An increase in occupation of the Co valence states is also observed within
the Co;_.Mn,P series. These results further support the argument that as Co is substituted
for a more electropositive metal, the positive charge on Co decreases, thereby reducing
the Madelung potential term operating on the P 2p binding energy which is lowered
compared to the binary phosphides. The intensity of the plasmon loss peak can also be
related to the deviation of the P 2p;p» (Figure 4-2a) or P K-edge absorption energies
(Figure 4-2¢) for Co1V,P and Co;,Mn,P. The more intense plasmon loss peak in Co;-
xVxP suggests a greater occupancy of Co valence states and lower Co charge than in Co;-
Mn,P. This is consistent with the more pronounced negative deviations of the P 2ps3;
and P K-edge absorption energies in Co;_V,P than in Coi_,Mn,P, as a result of the
lowered Madelung potential in the case of the former.
4.3.3 Mn K-edge XANES

Because the Mn 2p XPS spectrum does not contain an observable plasmon loss
peak, other methods must be used to interrogate the change in occupation of the Mn
valence states in the Mn;_,V,P and Co;_Mn,P series compared to MnP. The Mn K-edge
XANES spectrum of MnP has been shown previously to contain a pre-edge peak arising
from the excitation of 1s electrons into 3d states.!67 Among other factors, the intensity of
this peak decreases with increasing occupancy of the metal 3d valence states.!68
Although the pre-edge peak is primarily assigned to a (1s — 3d) transition, the distorted
octahedral coordination of the metal atoms in the MnP-type structure introduces some
participation of 4p orbitals in the metal-phosphorus bonding33 adding a small dipolar

component (1s — 4p) to this peak. As such, only compounds that are very similar to the
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parent binary can be compared, because any significant change in the P-M-P bond angles

may alter the contribution of 4p orbitals involved in bonding and hence the intensity of
the pre-edge peak. Moreover, quadrupolar 1s — 3d transitions are already considerably
weaker than dipolar (1s — 4p) transitions.169 For this reason, only the least substituted
members where the structures are minimally perturbed (Mng 95V 0sP and Cog 10Mng 9oP)
were examined, and their Mn K-edge XANES spectra are shown normalized in
comparison to MnP in Figure 4-6.

In MngosVosP, the pre-edge peak (labelled A) is slightly less intense than in
MnP (Figure 4-6a). This indicates an increased occupancy of the Mn valence states in
Mng o5V osP relative to MnP, providing further evidence for the occurrence of a
secondary charge transfer from V to the more electronegative Mn atoms. In
Cop.10Mng 9P, the roles of the metal atoms are reversed relative to MngosVosP, and
charge transfer from the more electropositive Mn atoms to Co is now operative. The Mn
K-edge spectra of Cog.10MnggoP and MnP overlap well except for the region near the pre-
edge peak (Figure 4-6b). The slightly more intense pre-edge peak in Cog0MnggoP
indicates decreased electron density of the Mn valence states compared to MnP. This
observation agrees with the earlier conclusion that the Co valence states experience a
slight increase in electron density, which manifests itself as an enhancement of the Co 2p
plasmon loss peak in the Co;_.Mn,P series (Figure 4-5). That is, the charge transfer from
Mn to Co is confirmed. This result is also consistent with the improved fitting of the P
energies when Eq 4-3 is used instead of Eq 4-2 for the electronegativity expression,
supporting the importance of next-nearest neighbour contributions to alteration of the

Madelung potential of the chemical environment surrounding the P atoms.
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Figure 4-6 Mn K-edge XANES spectra of (a) MnggsVoosP and (b) Cog 10MnggoP.
Included for comparison, the spectrum of MnP matches that reported previously.167 Peak
A represents the pre-edge peak originating from 1s — 3d and 1s — 4p transitions, peak B
represents the excitation of Mn 1s electrons into P 3p antibonding states, and peak C
represents the Mn 1s — 4p transition.167 The insets highlight details near peak A. The
linewidths of the spectra are all broader than the standard deviation of the measurement.
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4.4 Conclusions

P 2p3, binding energies and P K-edge absorption energies in mixed transition-
metal phosphides MM ,P with the MnP-type structure are shifted down relative to
those in the parent binary phosphides MP. These shifts arise from a next-nearest
neighbour contribution which modifies the charge distribution. Charge transfer between
the two dissimilar metals in M;_M’,P through a metal-metal bonding framework enables
the more electronegative metal M atoms to acquire more electron density than is present
in the parent binary compound MP. In terms of the charge potential model (Eq 4-1), this
decreased positive charge on M acts to lower the Madelung potential of the environment
around the P atoms, which is manifested by a lower P 2ps, binding energy and P K-edge
absorption energy. The observed P shifts, which increase with increasing concentration
of M, arises from both nearest and next-nearest neighbour interactions and can be
modeled through an enhanced expression for the electronegativity difference (Eq 4-3)
which necessarily must include the next-nearest neighbour contributions in differentially
substituted systems. The modified electronegativity difference model correlates well

with observed binding energies.
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Chapter 5

Next-Nearest Neighbour Contributions to the XPS Binding Energies
and XANES Absorption Energies of P and As in Transition-Metal
Arsenide Phosphides MAs;_ P, Having the MnP-Type Structure*

5.1 Introduction

In Chapters 3 and 4, XPS and XANES were used to examine binary and
pseudobinary transition-metal phosphides MP and M;_M’,P, the majority of which
possess the MnP-type structure. These materials are of interest because of their magnetic
properties and catalytic activity.> 170 As was described in Chapter 1, the MnP-type
structure consists of an arrangement of metal-centred distorted octahedra (Figure 1-5),
which form networks of strong metal-metal and weak P-P bonds,34 consistent with the
charge formulation M'*P'~. Compounds of this structure type are metallic.170
Throughout the series of binary phosphides MP, the P 2ps» XPS binding energies (BEs)
and P K-edge absorption energies decrease linearly as the difference in electronegativity
between M and P increases as we progress from CoP to CrP (all MnP-type), to VP (NiAs-
type), and finally to TiP (TiAs-type). These shifts arise because as M becomes more
electropositive, P becomes more negatively charged. In contrast, in the pseudobinary
phosphides M _M,P, the P XPS BEs and absorption energies do not follow this linear
trend and the shifts are lower than expected. Here, the presence of two different metals

interacting through the metal-metal bonding network induces a charge redistribution, the

*4 version of this chapter has been submitted for publication. Reproduced with permission from
Grosvenor, A. P.; Cavell, R. G.; Mar, A. J Solid State Chem. 2008, submitted. Copyright (2008) by
Elsevier.
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more electropositive metal A donating electron density not only to P but also to the
more electronegative metal M. This next-nearest neighbour effect reduces the Madelung
potential operating on the P photoemission or absorption site, lowering its energy,
especially when the concentration of the more electronegative metal M is high. Because
the next-nearest neighbour effect has been demonstrated to be important in mixed-metal
phosphides, it is of interest to determine if it also applies to mixed-anion systems.
Several metal arsenide phosphide series MAs;,P, with the MnP-type structure are
known, wherein As and P atoms are randomly distributed within the anion sites, 28 29 and
have been investigated in this chapter by XPS and XANES.

In Chapter 4, the charge potential model was introduced to describe the P 2p BE

shifts observed for M;_ M’,P vs. MP in terms of ground state effects:63, 143, 144

AE=E,—E° =kAq, +AY q,/7; . (5-1)

i

Within different compounds, an atom i acquires a BE (£)) that is shifted relative to a
reference energy E;° because of variations in two possible factors: (i) the atomic charge
(g; in kAq;, where k is a constant representing interactions between valence and core
electrons), and (ii) the chemical environment (AX; g;/r;), where ry is the distance to
neighbouring atoms j.143, 144 The second term, often called the Madelung or crystal
potential because of its equivalence to the same concept in ionic solids, describes how the

charges of coordinating atoms, g;, surrounding the photoemission site influence the BE of

the resulting photoelectron.6l: 143 Effectively, how well the nuclear charge is screened
within the atom of interest depends on the magnitudes of these intraatomic (kAg;) and

interatomic (AZ; g;/r;j) terms, the latter usually playing a less significant role. Although
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the immediate coordination environment (the nearest neighbours around an atom)
constitutes the most important contribution to the interatomic term, the more extended
environment (the next-nearest neighbours) may also affect the BEs, as was discussed in
Chapter 4. In addition to ground state effects, after an electron is excited, the production
of a core hole causes electrons to relax towards the atom because of the decreased
screening of the nuclear charge, modifying the final state energy and thereby the
photoelectron BE.!34 These final state effects can be added to the ground state effects
described by Eq 5-1 through additional terms, -(AE! + AE/?), that represent
intraatomic (IA1) and interatomic (IA2) relaxation, the former usually being
negligible.134

The electronic structure of solids can also be analyzed by X-ray absorption
spectroscopy (XAS), which can be subdivided into X-ray absorption near-edge
spectroscopy (XANES) and extended X-ray absorption fine structure (EXAFS).%7. 99
XANES probes the absorption edge wherein core electrons are excited into bound or
continuum states, thereby giving information about atomic charge and coordination
environment.?? As explained in Chapter 2 (Section 2.4), EXAFS oscillations (resulting
from multiple scattering of the photoelectron) superimposed near the absorption edge
often render quantitative analysis of XANES spectra difficult. As is the case for XPS
BEs, X-ray absorption threshold energies depend on similar factors to those described by
Eq 5-1.171 However, because electrons are now promoted into bound or continuum
states, they will still provide partial screening to the excited atom. This implies that
absorption energies are less sensitive to relaxation effects than are XPS BEs. For

example, in the series of compounds MnO, LaMnOs, and CaMnOs3, the calculated Mn
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K-edge absorption threshold energies increase as the occupancy of the Mn 3d band and

the Madelung potential change.1”! The shifts in these Mn K-edge absorption energies are
much larger than the shifts in the Mn 1s XPS BEs because the absorption energies are not
dampened by relaxation effects.1”! Next-nearest neighbour effects have also been
identified in XANES.135

As a continuation of our investigation of the electronic structure of transition-
metal pnictides having the MnP-type structure, we report here XPS and XANES spectra
of CrAs,P,, FeAs,,P,, and the new series CoAs;P,. The charge potential model
(Eq 5-1) has been applied to explain shifts in their P 2p XPS BEs and P K-edge and As
Ls3- and K-edge absorption energies. The metal 2p XPS and L- and K-edge absorption
spectra are also presented.
5.2 Experimental
5.2.1 Synthesis

Starting materials were metal powders (Cr, 99.8%, Alfa-Aesar; Fe, 99.9%, Cerac;
Co, 99.8%, Cerac; V, 99.5%, Alfa-Aesar), red P powder (99%, Alfa-Aesar), and ground
As pieces (99.9998%, Alfa Inorganics). Products were identified by their powder X-ray
diffraction (XRD) patterns collected on an Inel powder diffractometer equipped with a
CPS 120 detector. All samples were stored in a glove box under Ar to limit exposure to
air.

Binary monopnictides (CrP, FeP, CoP; CrAs, FeAs, CoAs, VAs) were prepared
through stoichiometric reaction of M with P or As in sealed and evacuated fused-silica
tubes. The tubes were heated to 1323 K (for MP) or 1073 K (for MAs) over 2 days and

held at this temperature for at least 5 days before being quenched in water. For MAs,



121

addition of small amounts of I (Anachemica) improved crystallinity of the products.
Ternary pnictides MAs;,P, (M = Cr, Fe, Co; y = 0.10, 0.25, 0.50, 0.75, 0.90) were
prepared through stoichiometric reaction of (1-y) MAs and y MP in sealed and evacuated
fused-silica tubes. The tubes were heated to 1173 K over 24 h and held at this
temperature for 5 days before being quenched in water. To improve homogeneity, the
samples were reground under Ar, resealed in fused-silica tubes, and reheated with the
same heating profile; this procedure was repeated over three (FeAs;P,, CoAs; P)) or
four (CrAs;,P)) cycles. Powder XRD confirmed that all samples were single-phase and
had adopted the MnP-type structure. Cell parameters for CrAs,,P, and FeAs;_,P, agree
with literature values,28: 29 and those for the new series CoAs,,P, interpolate smoothly
from the end members (Figure 5-1), in accordance with Vegard’s law.152
5.2.2 XPS analysis

Measurements were performed on a Kratos AXIS 165 spectrometer using
monochromatic Al Ka X-rays. The resolution function for this instrument with this X-
ray source is 0.4 eV, based on analysis of the Co Fermi edge, and the BEs are significant
to two decimal places. Samples were finely ground under Ar, pressed onto In foil (Alfa-
Aesar), and mounted on a Cu sample holder. They were transported and inserted into the
introduction chamber of the spectrometer under Ar to reduce the possibility of extensive
surface oxidation. Samples were sputter—clleaned in situ with an Ar' ion beam (4 kV, 10
mA) to remove any surface oxides or contaminants (e.g., C, I) formed. This sputtering
process causes slight reduction of As, manifested by a low-binding energy shoulder in the
As 3d spectrum, but no effects were observed in the P or M spectra. Annealing the

samples in vacuum using temperatures as high as 700 K for ~30 minutes or lowering the
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Figure 5-1 Plot of orthorhombic cell parameters vs. y for the CoAs; P, series, which
adopts the MnP-type structure.
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Ar’ ion sputtering current (1 mA) did not eliminate this As reduction. Survey spectra
revealed that preferential sputtering of light elements did not occur and that the surface
and bulk compositions are similar. For example, different batches of FeAsg 10Po.90
(nominal) had a composition of FeAsy 1(1)P1.oq). High-resolution spectra of the M 2p, P
2p, As 3d, and C 1s core lines were collected with a pass energy of 20 eV, a step size of
0.05 eV, a sweep time of 180 s, and an energy envelope of 2040 eV. Spectra were
analyzed with the aid of the CasaXPS software program.!!® During data analysis, the
samples were calibrated using the C 1s line arising from adventitious C with a fixed
value of 284.80 eV, although this was rarely required because the samples studied are
metallic. To remove the background arising from energy loss, a Shirley-type function
was applied.
5.2.3 P K-edge, As L-edge, and M L-edge XANES analysis

P K-, As, L-, and M L-edge XANES spectra were collected at the Canadian Light
Source (CLS), Saskatoon, Saskatchewan, using the spherical grating monochromator
(SGM) undulator beamline, 11-ID.1.153 The flux is ~10° photons/second at energies near
the P K-edge (~2150 V) and increases to ~10'" photons/second below this energy (1900
eV). The estimated resolution is ~1 eV and a beam size of approximately 50 x 100 um
was used. Powdered samples were mounted on carbon tape and inserted in the vacuum
chamber via a load lock. Total electron yield (TEY) and X-ray fluorescence yield (FLY)
spectra were measured from 30-10 eV below the edge to ~35 eV (P), 50 eV (M), or 75
eV (As) above the edge at 0.1 eV per step. The P K-edge spectra were calibrated against
a sample of NayP,07, with the peak maximum of the P K-edge set to 2152.4 eV.154 The

As L-edge spectra were calibrated against a sample of Ge with the first derivative of the
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L; edge set to 1217 eV.156 The M L-edge spectra were calibrated against the first

derivative of the L; edge of the corresponding pure metal with energies of 574.1 eV (Cr),
706.8 eV (Fe), and 778.1 eV (Co).156 The absorption edge values reported herein
represent the maximum of the first derivative peak, to remove the influence of surface
phosphates or arsenates formed. A precision of +0.1 eV was estimated through
comparison of multiple analyses of the compounds studied.
5.2.4 As K- and M K-edge XANES Analysis

XANES spectra of the As and M K-edges were collected at Pacific Northwest
Consortium/X-ray Operations and Research Collaborative Access Team (PNC/XOR-
CAT), Sector 20 at the Advanced Photon Source (APS), Argonne National Laboratory
with the bending magnet (20BM) beamline. A silicon (111) double crystal
monochromator was used to provide a monochromatic photon flux of ~10"
photons/second, with a resolution of 1.4 eV at 10 keV and a beam size of approximately
1 x 45 mm. Finely ground samples were sandwiched between Kapton tape, and
positioned 45° to the X-ray beam. The fluorescence spectra were measured with a
Canberra 13-element fluorescence detector and transmission spectra were measured with
Np-filled ionization chambers (the I, ionization chamber contained a 50:50 mixture of He
and Ny). Through the absorption edge, the X-ray energy was increased by 0.15 eV per
step. For the M K-edge spectra, a standard of the elemental metal was positioned behind
the sample and analyzed concurrently in transmission mode with N»-filled ionization
chambers, and the peak maximum of the first derivative was calibrated to the accepted
values of 5989 eV (Cr), 7112 eV (Fe), or 7709 eV (Co).156 The As K-edge spectra were

calibrated by collecting the Au L3 spectrum and setting the first derivative to 11919
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eV.156  The precision of the measurements was estimated to be +0.1 eV based on

multiple analyses of the compounds and the absorption energies reported herein represent
the maximum of the first derivative peak. All XANES spectra were analyzed using the
Athena software program.!57

5.2.5 Band Structure Calculations

To interpret the As and M K-edge XANES spectra, tight-binding linear muffin-tin
orbital band structure calculations were performed on FeAs and FeAsg soPy 5o within the
atomic spheres approximation (TB-LMTO ASA).40 Contributions from the Fe 4p, Fe 3d,
As 4p, and P 3p orbitals to the density of states were extracted. Although FeAs and
FeAsos0Poso adopt the MnP-type structure (space group Pnma (No. 62)), mixed
occupancy of the As and P atoms in the latter is difficult to treat. Instead, an ordered
model of FeAsgsoPos0 was considered, with reduced symmetry in space group Pcm?2;
(No. 26). The calculations were performed with 432 £ points in the irreducible portion of
the Brillouin zone.

5.3 Results
5.3.1 Is As less Electronegative than P?

In this report, electronegativity differences are identified as a major factor
influencing the shifts in energy and variations in lineshape in the spectra of MP,
MAs;,P;, and MAs. However, the relative electronegativities of P and As on different
electronegativity scales are inconsistent (cf., Allred-Rochow, yp = 2.06, yas = 2.20 vs
Pauling, xp = 2.2, yas = 2.1).37: 114, 172 In Chapters 3 and 4, we preferred to use Allred-
Rochow electronegativities because they are derived from atomic properties and thus

more closely linked to binding and absorption energies, instead of Pauling
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electronegativities, which are derived from thermodynamic data.37- 114 Alternatively, we
can examine the experimental XPS BE values to determine the electronegativity of As.
For example, the skutterudites CoPnj3 are known for Pn =P, As, Sb, and Co XPS spectra
have been measured for CoP3 and CoSb; as will be described in Chapter 7. The Co 2ps2
BE decreases from 778.5 €V in CoPs to 778.1 ¢V in CoSb; because the more covalent
character in the Co—Sb bonds leads to better screening of the Co nuclear charge. We
have prepared CoAs; (in a similar manner as CoP3 and CoSbs) and found that the Co
2p3, BE is 778.3 eV, between those of CoP; and CoSbs. This implies that the
electronegativity of As is intermediate between P and Sb. If Allred-Rochow
electronegativities are chosen for Co (y = 1.70), P, and Sb (y, = 1.82) and if the Co 2p3p
BE shifts are assumed to be linearly proportional to the difference in electronegativity in
the Co—Pn bond (Ay, = Xrn — Yco), then a revised value of a5 = 1.94 (vs. 2.20 as above) is
obtained. The interpretation of spectra in the MAs, P, compounds below will thus be
based on the revised value which makes As less electronegative than P.
5.3.2 P 2p XPS and P K-edge XANES Spectra

The spectra of FeP and FeAsy10Pogo (Figure 5-2) reveal a distinct separation
between the 2ps, and 2p;, spin-orbit coupled final states, which can be fitted by
component peaks having a full width at half maximum (FWHM) of ~0.7-0.8 eV with an
intensity ratio of 2:1 (2psn:2p1), equal to the theoretical value.!34 In the mixed-metal
phosphides M, AM,P examined in Chapter 4, the component peaks were much broader
than those in the binary phosphides because different local distributions of M and M’
atoms are present in the first coordination shell around the P photoemission site. No such

broadening is observed in FeAsg10Pogo relative to FeP, probably because the different
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Figure 5-2 High-resolution P 2p XPS spectra for FeP and FeAsg 10P¢.90, With 2ps3;» and
2p12 component peaks labelled.
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local distributions of P and As atoms in the second coordination shell around the P
photoemission site are further away.

Table 5-1 lists P 2p3» BEs for various MP and MAs;,P, compounds. From
multiple measurements on separately synthesized samples or of the same sample
examined at different times, we deduce that the precision of these BEs is better than
+0.10 eV and in fact closer to £0.05 eV (Table A2-1 in Appendix 2). Figure 5-3a shows
a plot of BE vs difference in electronegativity (Ay = xp—r). Although the P 2ps, BEs
decrease linearly through the binary phosphide MP series from CoP to TiP, as discussed
in Chapter 4, they do not follow this trend in the mixed pnictides MAs;_,Py, with the BEs
being lower than expected, even when the precision of the measurement is taken into
consideration. Within a given MAs;,P, series, the P 2p3, BEs actually deviate more
with increasing P concentration. Table 5-1 also lists P K-edge absorption energies from
XANES, a bulk-sensitive technique. A representative P K-edge spectrum for
CoAsp.10Po.90 is shown in Figure 5-4a. A similar behaviour to that observed by analysis
of the P 2p BEs is revealed in a plot of P K-edge absorption energies vs Ay (Figure 5-3b),
confirming that these shifts arise from a bulk rather than a surface electronic effect.

5.3.3 As L- and K-edge XANES Spectra

Although As 3d XPS spectra were also collected, their analysis was complicated
by the presence of a low-binding energy shoulder (arising from slight reduction of As
atoms during Ar" ion sputtering, as noted in Section 5.2.2) and by the partial overlap with
Cr 3p signals in CrAs and CrAs;,P,. To circumvent these difficulties, As L- and K-edge
XANES spectra were investigated. A representative As Li-edge spectrum for CrAs,

resulting from excitation of As 2p electrons into either As 4s or 4d states, is shown in
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Table 5-1 P 2p;; and M 2ps;, XPS binding energies (eV) and P K-, As L3-, and As K-
edge absorption energies (eV) in MP, MAs;_,P,, and MAs

Compound P 2psn P K- As Ls- As K- Co2psn Fel2psn Cr2psp
BE edge edge edge ‘ BE BE BE

CoP 129.49 21429 778.33

FeP 129.34 2142.8 706.91

MnP 129.18 2142.6

CrP 129.11 2142.5 573.87

VP 128.82 2142.1

TiP 128.51 2141.7

CoAs 1322.1 11866.7 777.91

FeAs 1322.0 11866.6 706.66

CrAs 1321.7 11866.4 573.80

VAs 1321.5

CoAsg 10Po 90 12934 21427 1322.4 118669 778.22
CoAS025Pg 75 12935 21427 13223 11866.9 778.20
CoAsg 50Po.s0 129.39  2142.8 1322.2 118669 778.16
CoAsg 75Po 25 129.40 21429  1322.1 11866.7 778.11

FeAso 10Po.90 12920 21426 13222 11866.9 706.81
FeAs5Po 75 129.24  2142.6 13222  11866.8 706.85
FeAs 5P 50 12924 21427 1322.1 11866.6 706.77
FeAsy75Po2s 129.28 11866.6 706.76
FeAsq90Po 10 129.33 11866.6 706.76
CrAsg 10Po.00 12899 21424 1322.0  11867.1 573.81
CrAsg75Po 25 129.06 21424  1321.8 11867.0 573.90

“Because the As K-edge absorption threshold energy is overlapped by the intense pre-
edge peak and EXAFS peaks, as described in Section 5.3.3, caution must be applied
when interpreting these values.
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Figure 5-3 Dependence of (a) P 2ps, BE, (b) P K-edge absorption energy, and (c) As
L3-edge absorption energy on the electronegativity difference (Ay = xpn — Yu) for binary
pnictides MP or MAs (m) and ternary mixed pnictides CoAs;,Py, (A) (1 = CoAso75Po2s,
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Figure 5-4 (a) P K-edge XANES spectrum for CoAsg 10Po.oo and (b) As I.;-edge XANES
spectrum for CrAs. All spectra were measured in fluorescence mode.
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Figure 5-4b. Table 5-1 lists As Lj-edge absorption energies for various MAs and

MAs,P, compounds, and Figure 5-3c shows a plot of these energies vs difference in
electronegativity (Ay, = (as — Yu). Like the P energies in MP (Figure 5-3a and 5-3b), the
As Ls-edge absorption energies decrease linearly in the binary arsenides MAs through the
series from CoAs to VAs. The As L;-edge absorption energies in the mixed pnictides
MAs,,P, deviate from this linear trend and, opposite to the behaviour of the P energies,
they are higher than expected, with deviations which increase with the increase in P
concentration in a given MAs; P, series. The largest deviations between the MAs,_ P,
and MAs compounds are greater than the precision of the analysis (£0.1 eV).

The As K-edge absorption spectra are more complex. Representative spectra for
FeAs and some FeAs;,P, members collected in transmission mode are shown in Figure
5-5a. On the basis of previous studies on other As-containing compounds, the low-
energy white-line intensity (labeled A) is assigned to be a pre-edge peak.!’”? By
comparison of the spectra to the calculated conduction states (Figure 5-5b), this peak can
be ascribed to a dipolar transition in which As 1s electrons are excited into bound As 4p
states located below the continuum states (absorption threshold). Because As 4p states
are involved in bonding, the intensity of this pre-edge peak can provide information on
charge. This peak intensifies going from FeAs to FeAsg1oPogo, implying that the As
charge becomes less negative (more neutral) with increasing y (greater P concentration)
in FeAs; ,P,. This trend is also observed in the CoAs;.P, and CrAs, P, series.
Moreover, this pre-edge peak becomes less intense through the sequence CoAs, FeAs,
and CrAs, consistent with the decrease in As L3-edge energy seen earlier in Figure 5-3c.

In general, pre-edge intensities are quite sensitive to charge, as has been shown in studies


http://FeAso.ioPo.90

133

FeAs

wseso0es FoASg P

0.90 0.10

sesssres FoAs P

0.50 0.50

FeAs_ P

0.10° 0.90

T T T
11860 11865 11870 11875 11880 11885 11890 11895
Energy (eV)

b)

FeAs - As 4p
FeAs - Fe 4p
.......... FeAs - Fe 3d

DOS

.................

FeAs P FeAs, P . -Asdp

0.50 0.50 FeAs P -P 3p

0.50° 0.50

''''' - FeAs, P, ., -Fedp

0.50° 0.50

Energy (EV)

Figure 5-5 (a) Normalized As K-edge absorption spectra, collected in transmission
mode, for FeAs and some FeAs)_,P, compounds. Identification of peaks A, B, and C is
discussed in the text. (b) Orbital projections of the calculated conduction states of FeAs
and FeAs(50Po.s0. The Fermi edge (Eg) isat 0 eV.
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of the Au Ls3-edge in a series of compounds where an increase in charge from 0 to 1+
causes the pre-edge peak to intensify by as much as ~40%.174 Likewise, the As charge
does not have to change much to produce substantial changes in the pre-edge peak
intensity. Peak A is much less intense in MAs and MAs;_,P, (Figure 5-5a), where the As
charge is near 1-, than in As,S3, where the As charge is nominally 3+.173 (The lower
energy P K-edge spectra could not be analyzed similarly because they were collected in
fluorescence mode, where self-absorption effects in thick samples may appreciably affect
peak intensities.173)

Two higher-energy resonances (labelled B and C) are also present in Figure 5-5a.
By comparison to the calculated conduction states (Figure 5-5b), they may be initially
assigned as excitations from As 1s to As 4p, P 3p, or Fe 4p states. However, these peaks
resemble those found in the As K-edge spectrum of As,S;, where they are attributed to
EXAFS phenomena.!”3 This alternative interpretation is supported by the observation
that peaks B and C shift to higher energy with greater y in FeAs;P, (Figure 5-5a),
consistent with the expectation that the energy is inverse proportional to the scattering
path length?® and that the average Fe—Pn bond distance shortens as the P concentration
increases. The presence of a strong pre-edge peak (A) and intense EXAFS peaks (B and
C) makes it difficult to track variations in the threshold energy, which is buried beneath
these features. Nevertheless, there does appear to be a trend in the As K-edge energies
(Table 5-1). Similar to the As Lj;-edge absorption energies, the As K-edge energies
decrease going from CoAs to CrAs. The absorption energies for the MAs P,
compounds are, in general, higher than those observed for MAs and increase with

increasing y. For example, in the FeAs;_,P, series, the As K-edge absorption energies are



135
11866.6 €V for FeAs to FeAsg 50P0.50, and increase to 11866.8 ¢V for FeAsg5Pg 75 and to

11866.9 eV for FeAsy10Pogo. This agrees well with the trend in As L3-edge energies
(Figure 5-3c, Table 5-1).
5.3.4 M 2p XPS Spectra

Figure 5-6 shows M 2p XPS spectra for a representative member of each
MAs P, (M = Cr, Fe, Co) series and for the parent binary pnictides MP and MAs. Table
5-1 lists the M 2ps;, BEs. All spectra exhibit an asymmetric lineshape, which is
characteristic of an itinerant electronic structure, first described by Doniach and Sunji¢117
and discussed in Chapter 3 (Section 3.3.2). As in the binary and mixed-metal phosphides
MP and M, M,P investigated previously, this lineshape originates from the electronic
delocalization associated with the metal-metal bonding network found in the MnP-type
structure also adopted by MAs and MAs_,P;.

Through the series from MP to MAs, the M 2ps;, BE decreases slightly for M = Fe
and Co, but hardly changes for M = Cr (Figure 5-6 and Table 5-1), when the precision of
~10.10 eV is taken into consideration. The smaller BE in the metal arsenides MAs is
consistent with the less positive M charge resulting from the presence of less
electronegative As atoms and more covalent AM-As bonds. The absence of a shift on
going from CrP to CrAs probably reflects the diminishing magnitude of the relative
electronegativity differences as M becomes less electronegative (cf., Aycr-p/AYcr-as = 1.3
VS. AYCop/AYco-ns = 1.5).114

The Co 2ps» spectra also exhibit a high BE satellite (Figure 5-6¢), which was
attributed to plasmon loss in Chapters 3 and 4, in which the kinetic energy of the

photoelectron is reduced because of oscillations of bound valence electrons, leading to an
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Figure 5-6 Representative metal 2ps;, XPS spectra for (a) CrAsi—P), (b) FeAs;,,P;, and
(c) CoAsiP,, compared to the parent binary phosphides and arsenides. The Co 2psp,
spectra were fitted with an asymmetric peak (thin solid line), revealing the superimposed
high-binding energy satellite peak. The 2ps;» BEs, which are listed in Table 5-1, are
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apparent increase in BE.111 This interpretation has been corroborated by identifying the
occurrence of the same phenomenon in most of the first-row transition metals (Sc—
Ni).127, 163-166  Note that no such plasmon loss peak is observed in the Fe or Cr 2ps;
spectra, likely because it is overlapped by the much more intense core line. The plasmon
loss peak weakens as Co becomes more positively charged, as seen in the Co 2psp
spectra for the series Co™ P, (x = 0, 1, 3) (see Chapter 7, Section 7.3.3). The plasmon
loss peak may also become less intense as the number of spin-unpaired electrons
decreases, as observed in the 1s XPS spectra of Sc-Co measured with a Cu Ko X-ray
source.166 Figure 5-7 shows a plot of the Co 2ps; plasmon loss intensity (normalized to
the core-line intensity) vs. y for the CoAs;,P, series. As the P concentration (y)
increases, the intensity of the plasmon loss peak diminishes, implying that Co becomes
more positively charged as we progress from CoAs to CoP.
5.3.5 M L- and K-edge XANES Spectra

Further insight on the charges of M atoms in MAs;_,P, can be provided by the M
L- and K-edge XANES spectra. In the L-edge spectra, M 2p electrons are promoted into
unoccupied M 3d and possibly M 4s states, so the intensity of the L; and L, peaks reveals
information about the M charge. Figure 5-8 shows normalized Fe 1-edge spectra for
representative members of the FeAs; P, series. The two resolved L3 peaks can be
assigned to the 3d ty, and e, states of the Fe atoms, which are surrounded by pnicogen
atoms in a distorted octahedral coordination. The L, peak is not resolved into distinct tag
and e, states because of spectral broadening resulting from a decreased lifetime of the
final state. Both L3 and L, peaks are more intense in FeAsg 1oPg90 and FeAs 5P 50 than

in FeAs; in particular, the e, portion of the L3 peak is considerably enhanced in
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Figure 5-8 Normalized total electron yield Fe L, 3-edge XANES spectra for FeAs and

some FeAsiP, compounds. The small shoulders observed just above the L3 and L,
edges in the FeAsg 10Po g0 spectrum probably arise from some surface oxide formed.
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Figure 5-9 Normalized Cr K-edge XANES spectra, collected in transmission mode, for
CrAs;P,. Peak A primarily represents a pre-edge Cr 1s = Cr 3d transition. Based on
comparison to the calculated conduction states of FeAs and FeAsq soPo.50 (Figure 5-5b),
peak B may represent a Cr 1s > Pn np transition whereas peak C may represent a Cr 1s
-> Cr 4p transition or an EXAFS feature (see text). The inset highlights the differences
in pre-edge peak intensity among the four compounds.
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FeAsg10Po00. These intensity changes imply that the 3d states are depopulated and thus

the Fe charge becomes more positive as y increases in FeAs;,P,. Similar results were
obtained for the CoAs,,P, series, whereas difficulties in normalizing the spectra made
such an analysis impossible for the CrAs; P, series.

Cr K-edge spectra for the CrAs;P, series (including the end-members CrP and
CrAs) are shown in Figure 5-9. The lineshape for the spectrum of CrP is very similar to
that observed in the Mn K-edge spectrum of MnP presented in Figure 4-6 (Chapter 4) and
elsewhere.167 The spectra contain three main excitations, labeled A, B, and C. Peak A is
a pre-edge peak in which Cr 1s electrons are primarily excited into unoccupied Cr 3d
states, or possibly also into Cr 4p and Prn np states, from inspection of the calculated
conduction states for CrAs, which resemble those for FeAs (Figure 5-5b). These states
overlap near the Fermi edge because the distorted octahedral coordination around Cr
atoms entails some participation of Cr 4p orbitals in bonding.33 Peak A (Cr 1s — Cr 3d)
is a quadrupolar transition and therefore it is much weaker than peaks B (Cr 1s — Pn np)
and C (Cr 1s — Cr 4p), which are dipolar transitions. Similar transitions have been
identified in the Mn K-edge spectrum of MnP.167 As in the argument pertaining to the M
L-edge spectra above, the intensity of the pre-edge peak here reveals information about
the M charge (when the coordination environment of M is fixed). The pre-edge peak
intensifies on proceeding from CrAs, through CrAs;,P,, to CrP (inset of Figure 5-9),
indicating that the 3d states are gradually depopulated and the Cr charge becomes more
positive as y increases in CrAs;P,. Also apparent from Figure 5-9, the Cr K-edges
gradually shift to higher energy as we progress from CrAs to CrP, consistent with an

increase in Cr charge. Although the energy shift of peak C (which affects the apparent
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intensity of peak B) may be traced to the increase in energy of the M 4p states on going
from MAs through MAs,,P, (Figure 5-5b), it can also be explained by a shift of the
EXAFS, as proposed in the discussion of the As K-edge spectra (Section 5.3.3). Analysis
of the FeAs;,P, and CoAs,_,P, K-edge spectra gave similar conclusions to those above.
5.4 Discussion
5.4.1 Shifts in P 2p3,; BEs and P K-edge Absorption Energies

The trend in P 2ps, BE within a given MAs;,P, series is unusual: the BE
gradually decreases as the MAs;_,P, series becomes more phosphorus rich (higher y) but
the BE abruptly increases when the end-member binary phosphide MP itself is reached
(Table 5-1 and Figure 5-3a). Relaxation effects may be considered first. Previous
investigations in gas-phase molecules have shown that, as long as the coordination
geometry is retained, substitution of more electropositive atoms in the coordination
environment enhances relaxation towards the nucleus of the central atom under study,
lowering its BE.1>® In the MAs;_,P, series, a central P atom is surrounded by M atoms in
the first coordination sphere and pnicogen (P or As) atoms in the second coordination
sphere. Substitution of more electronegative P atoms in the coordination environment
lowers the BE of the central P atom, opposite to expectations and an observation that
rules out significant relaxation effects. Moreover, the trend in P K-edge absorption
energies (Figure 5-3b) is consistent with the trend shown by phosphorus BEs.
Absorption energies are less influenced by relaxation effects than are BEs, because of the
greater screening that is maintained in the absorption process. An estimate of the ability
of electrons to screen the nuclear charge can be made from the values of Z.s which can be

calculated with Slater’s rules.!”6 A neutral P atom yields a Z. value of 4.45, a
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photoionized P atom with a 1s core-hole (i.e., P'") has a value of 5.45, and for the photo-
absorption process, which can be modelled by promotion of a 1s electron into an empty
3p orbital (P*), a value of 5.10 is determined.176 The nuclear charge is thus better
screened in P* than in P, implying that relaxation of electrons towards the nucleus will
be less important in the absorption process compared to the photoemission process. The
trends in P BEs and absorption energies (Figures 5-3a and 5-3b) are thus attributed to
ground state effects as described by the charge potential model (Eq 5-1). Because these
energy shifts are close to the limit of precision of the measurements, we offer only a
qualitative analysis below.

The charges on M and As that are formed within a given MAs;_,P, series can be
deduced. As y increases, the As atoms become less negatively charged (from As K-edge
spectra (Section 5.3.3)), not only because they give up electron density to the more
electronegative P atoms via the weak Pn—Pn bonding network, but also because they are
less capable than the P atoms in competing for electron density donated by the M atoms.
As y increases, the M atoms also become more positively charged (as derived from Co
plasmon loss peak intensities (Section 5.3.4) and Fe 1;3-edge and Cr K-edge spectra
(Section 5.3.5)), because the M—Pn bond becomes more ionic, on average. Applying the
constraints that (i) the average Pn charge balances the M charge in MAs,P, (i.e., a
concentration factor must be included) and (ii) the P charge in MP is more negative than
the As charge in MAs, in agreement with relative electronegativities, we can deduce that
the P atoms become less negatively charged as y increases in MAs;_ P, (Figure 5-10). A
physical interpretation of this trend is that as P atoms gradually substitute for As atoms in

a MAs, P, series, the required total negative charge can be distributed over a greater
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number of the more electronegative P atoms, such that each P atom, on average, does not
need to carry as high a negative charge.

According to Eq 5-1, the P 2ps;; BEs and P K-edge absorption energies/should
both increase with increasing proportion of P atoms as we proceed from MAs_,P, (y <1)
to MP, because ¢; becomes less negative (in kAq;) and the Madelung potential (AX:; g/ry)
becomes more positive, if only the first coordination shell containing the M atoms is
considered. For very P-rich members (high y), however, the second coordination shell
now contains many P atoms, which provide better screening to the photoemission or
absorption site than the As atoms because they are more electronegative (more negative
g; values) and they are closer (smaller r; distances). Thus, next-nearest neighbour
(interatomic) effects can become quite important in overcoming and reversing trends
controlled by the atomic charge alone. In this present series, the P 2p BE and P K-edge
absorption energy actually become lower as y increases in MAs;_,P, (0 <y < 1), with an
abrupt increase in the P 2p BE and K-edge absorption energy being observed for the pure
MP end-member. This jump can be related to the reduced screening of the P
photoemission or absorption site provided by the less negatively charged P atoms and the
more positively charged M atoms present in the pure end members compared to the
values found in the mixed MAs;.,P, series.

5.4.2 Shifts in As L3- and K-edge Absorption Energies

In the binary arsenides MAs, the As L3- and K-edge absorption energies decrease
as the difference in electronegativity (Ay, = %as — Ya) increases, consistent with the
development of more negatively charged As atoms as the M-As bond becomes more

ionic and consistent with a more negative kAq; term in Eq 5-1. This trend is confirmed
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by the attenuation of the pre-edge peak in the As K-edge spectra through the series from

CoAs to CrAs (Section 5.3.3).

In the mixed pnictides MAs;_,P,, the As L3- and K-edge absorption energies
increase with y, opposite to the trend shown by the P energies. This occurs not only
because the As atoms become less negatively charged (less negative kAg; term), but also
because the M atoms in the first coordination shell become more positively charged
(more positive AZj g;/r;; term). The next-nearest neighbour effects associated with the
Pn atoms in the second coordination shell will not be as important because they are
further away from the larger As atom.

5.5 Conclusions

Binary phosphides (MP) and arsenides (AMAs) show a linear decrease in the P or
As BEs and absorption energies with greater differences in electronegativity
(Ay, = pn - Ym) because the pnicogen atoms become more negatively charged as the ionic
character in the M~Pn bond increases. However, mixed arsenide phosphides MAs; P,
with the MnP-type structure do not show this behaviour. As y increases, the P 2p;,» XPS
BEs and P K-edge absorption energies decrease and are always lower than those for the
binary phosphides MP, whereas the As L3- and K-edge absorption energies increase and
are always higher than those for the binary arsenides MAs. These trends can be
rationalized within the charge potential model, taking into consideration the contribution
of next-nearest neighbour effects arising from the presence of a Pn—Pn bonding network
and the competition between the two different anions for electron density from the more

electropositive M atoms. These effects can be related to the electronegativity difference
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between P and As (yp = 2.06 > yas = 1.94) which was deduced here from analysis of the

Co 2ps» BE shifts in the CoPns (Pn =P, As, Sb) series.

With increasing y, the As atoms become less negatively charged in MAs;_,P, than
in MAs, consistent with an observed increase in the As L3;- and K-edge absorption
energy. The P atoms are more negatively charged in MAs;_,P; than in MP, consistent
with observed decreases in the P 2ps3» BE and P K-edge absorption energy. Lastly, the M
atoms become more positively charged with increasing y in MAs;,Py, consistent with the
Co 2p XPS spectra and the M L- and K-edge absorption spectra. Importantly, the metal
atoms in the first coordination shell and the pnicogen atoms in the second coordination
shell modify the Madelung potential operating on the pnicogen centres and thus affect
their BE and absorption energies (particular]y for P) indicating the importance of both
near and next-nearest neighbour effects on these energies. The variation of the M, As,
and P charges in the MAs;_P, series reflects a considerable tunability in the electronic
structure of MnP-type compounds, which could prove useful in catalytic applications.
This last statement can also be extended to the mixed-metal phosphides, M. M’\P,

examined in Chapter 4.
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Chapter 6

X-ray Photoelectron Spectroscopy Study of Rare-Earth Filled
Transition-metal Phosphide Skutterudites LaFe,P;, and CeFe,P;,*

6.1 Introduction

In the previous chapters (3-5), the charges and bonding environment of binary and
pseudo-binary transition-metal pnictides containing strong metal-metal bonds and weak
Pn-Pn bonds were investigated by use of X-ray spectroscopy. Here, we extend this
analysis to rare-earth containing transition-metal phosphides having the skutterudite
structure which contains strong P-P bonds but no metal-metal bonds. Using XPS, this
examination allows for a comparison of not only the binding energies but also the
lineshapes, particularly for the metal atoms, between systems containing different degrees
of homoatomic bonding.

The ternary rare-earth transition-metal pnictides REM4Pny; (RE = La, Ce, Pr, Nd,
Sm, Eu, Gd, Tb, Yb; M = Fe, Ru, Os; Pn = P, As, Sb),6 especially the antimonide
members, have received considerable attention because of their potential as
thermoelectric materials at high temperatures.2? Their cubic structure is based on that of
the parent mineral CoAss, called skutterudite,4! which was described in Chapter 1
(Section 1.4.2). The crystal structure consists of a network of corner-sharing transition-
metal-centred octahedra, which undergo a tilting distortion to form nearly square Pny

*4 version of this chapter has been published. Reproduced with permission from Grosvenor, A. P.; Cavell,
R. G.; Mar, A. Chem. Mater. 2006, 18, 1650-1657. Copyright (2006) by the American Chemical Society.
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rings and large voids in the form of dodecahedral cages that are filled by RE atoms in the

ternary variants (Figure 1-9). As the displacement parameters of the RE atoms within
these dodecahedral cages of pnicogen atoms are unusually large,*6 it has become
fashionable to attribute the improved thermoelectric properties of these antimonides to a
propitious combination of poor thermal conductivity (created by the “rattling” of the RE
atoms, which scatters lattice vibrations) and good electrical conductivity -- a model
known as a “phonon-glass electron-crystal”.17”7 A detailed understanding of the
electronic structure of these skutterudites is thus important for further development of
these materials.

Although many experimental and theoretical studies have now been conducted on
both the binary and ternary skutterudites, certain features of their electronic structure are
still controversial. Some assertions derived from theoretical calculations?5- 48-53 remain
unconfirmed by experiment. In particular, there is conflicting evidence with regard to the
valence state of specific atoms in these compounds. Although charge transfer is expected
to be small in any of the rare-earth filled skutterudites, it will be most pronounced in the
phosphides where electronegativity differences are the greatest and ambiguities in
valence states are thereby more readily resolved.

To describe the bonding found in the RE containing skutterdites, a simple electron
counting analysis can be performed for the binary skutterudite, CoP;. As was described
in Chapter 1 (Section 1.4.2), by application of the Zintl concept, an assignment of low-
spin Co®" (tzg6 ego) can be made with the P charges being 1- which can be accommodated
by forming P, rings with each P atom engaged in two 2c—2¢  P-P bonds. The band

structure of this compound is considered to involve metal 3d, 4s, and 4p orbitals and
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phosphorus 3s and 3p orbitals. The electronic structure consists of bands of filled M-P
bonding and metal-based t,, states at lower energy, and empty metal-based e, and M-P
antibonding states at higher energy.#> These states are overlapped by bands of filled P-P
bonding and empty P—P antibonding states.4>

In ternary skutterudites such as LaFe4P),, the rare-earth atoms can be considered
to donate all of their valence electrons to the rest of the framework, thus creating
La3+[Fe4P12]3_. If a P!~ state is assumed in analogy with the binary skutterudites, then the

resultant average valence state of Fe?**

implies that LaFe4P1, contains a partly filled t,
band, with perhaps a single hole localized on one of the Fe atoms (i.e., three Fe?*
(tzg6 ego) and one Fe** (tzg5 ego) per [Fe4P12]3“ unit).6 45 Resistivity measurements
confirm that LaFe,P1, behaves as a hole-doped metal that becomes superconducting
below 4.1 K.178. 179 However, magnetic measurements and Mdssbauer spectra show that
only low-spin Fe*" is present.180-182 Band structure calculations suggest that the iron and

phosphorus valence states may be closer to Fe** and P'V'*

, thereby implying that the
hole is associated with one out of twelve P atoms.45> The hole may reside in P-P
nonbonding orbitals located close to the Fermi level (Eg).

CeFe4P); was originally thought to contain tetravalent cerium (Ce*", 4%), given
the pronounced deviation of its cell parameter from the expected trend arising from the
lanthanide contraction compared to other REFe4P;; members.3? According to the
assignment Ce4+[Fe4P12]4_, the [Fe4P12]4_ (or [FePg]l_) framework is isoelectronic with
CoP; and should thus lead to similar material properties. Although -electrical

measurements confirm that CeFe4P, is a small band gap semiconductor and magnetic

measurements reveal a low magnetic susceptibility,!83 density functional calculations
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argue for a trivalent state for cerium (Ce**, 4f") and indicate that the energy gap really

arises because of the important contribution of rare-earth 4f orbitals to bonding states
near the Fermi level.53 XANES supports the assignment of trivalent Ce.184, 185

In this chapter, an experimental analysis of the electronic structure of the ternary
phosphides LaFesP;; and CeFe4P;; is presented using X-ray photoelectron spectroscopy
(XPS) to access the valence states of all atoms during the same experiment. The RE, Fe,
and P core-line spectra have been measured and interpreted in relation to the spectra of
model compounds. The fitted valence band spectra of LaFesP;; and CeFe4P;, are
presented and compared to calculated band structures, which has permitted a detailed
discussion of the bonding in these compounds, including the identification of Ce 4f'
states near the Fermi level.
6.2 Experimental
6.2.1 Synthesis

In accordance with previously reported methodology,!80 samples of LaFesPy, and
CeFe4Py, were prepared by direct reaction of the elements with excess red P and use of a
Sn flux in sealed and evacuated fused-silica tubes (La, 99.9%, Alfa-Aesar; Ce, 99.9%,
Cerac; Fe, 99.9%, Cerac; P, 99.995%, Cerac; Sn, 99.8%, Cerac). The La, Ce:Fe:P:Sn
molar ratio was 1:4:20:50. The tubes were heated to 1223 K over 30 h, cooled to 1073 K
over 10 h and held at this temperature for 1 week before being cooled to room
temperature over 2 d. Once the reactions were complete, the product was carefully
treated with dilute HCI (1:1) to remove the Sn flux as well as excess P and any binary
phosphides or oxides that had formed. (Caution: some excess P may be transformed to

the white allotrope, which is pyrophoric.) This treatment did not appear to decompose
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the ternary phosphides, which are dark grey, polycrystalline (individual crystals were

0.05-0.10 mm in size), and air-stable. Powder X-ray diffraction (XRD) patterns,
obtained on an Inel diffractometer equipped with a CPS 120 detector, confirmed that the
samples consisted of the desired ternary phosphides, with trace amounts of elemental
phosphorus.

6.2.2 XPS Analysis

All measurements were performed on a Kratos AXIS 165 spectrometer with a
monochromatic Al Ka X-ray source operating with a base pressure in the analytical
chamber of 10°-107 Pa. The resolution function of this instrument has been determined
to be 0.4 eV based on analysis of the Co Fermi edge and the precision of the binding
energies is estimated to be + 0.1 eV.

Samples of LaFe4P;; and CeFe4P;, were ground and pressed onto C tape before
being loaded into the instrument. Both samples were sputter-cleaned for nearly an hour
with an Ar" ion beam (4 kV, 10 mA) to remove surface contaminants (Sn, C, O, etc.).
High-resolution spectra (La, Ce 3d; Fe 2p; P 2p; valence band) were then collected with
energy envelopes ranging from 60 to 20 eV, a step size of 0.05 eV, a pass energy of 20
eV, a sweep time of 180 s and an analysis spot size of 700 x 400 pm. Since these
compounds are electrically conducting, charge neutralization was not required during the
spectroscopic measurements and charge correction was not applied in the data analysis.
All results were analysed with use of the CasaXPS software package.110 To fit these
high-resolution spectra, a Shirley-type function was used to remove the background,

which arises largely from inelastic electron scattering. The extracted spectra were then
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fitted with a combined Gaussian (70%) and Lorentzian (30%) line profile to account for
spectrometer and life-time broadening, respectively.

To clarify the cerium valence state in CeFe4P 2, several model compounds were
also examined. The RE 3d and valence band spectra of CeF3 (99.9%, Alfa-Aesar), CeF,
(99.9%, Aldrich), LaP (prepared by direct reaction of the elements at 700 °C for 2 d, and
sample purity confirmed by XRD), and LaF3; (99.99%, Aldrich) were collected with
similar parameters as above. Since these compounds are insulating, they were pressed
into In foil to increase conductivity and were transported to the spectrometer under Ar to
reduce reaction with the environment. The charge neutralizer was used (current = 1.7 A,
charge balance = 1.8 V) during collection and the spectra were charge-corrected during
data analysis by setting the adventitious C 1s binding energy to 284.8 eV.

6.2.3 Band Structure Calculations

Although several theoretical calculations have been previously performed on
skutterudite-type compounds,*5: 48-53 it was desirable to extract partial density of states
profiles for the metal and phosphorus valence states to illustrate the fitting of the
experimental valence band spectra. We reproduce a tight-binding extended Hiickel band
structure calculation on the [Fe4P12]3' substructure of LaFe4P12,45 with the same
parameters and 125 k points in the irreducible portion of the Brillouin zone, but showing
the projections of the Fe and P orbital contributions over a wider energy window to draw

an explicit comparison to the experimental valence band spectrum.



152

6.3 Results and Discussion
6.3.1 High-Resolution P 2p Spectra

Figure 6-1 shows the P 2p spectra of LaFe4P;2 and CeFesP 5. Both spectra reveal
P 2psx binding energies (BE) of 129.3 eV, which is identical to that found in FeP and
presented in Chapter 3, where a charge of —1.0 on the phosphorus atom was established
through comparison with other Fe- and P-containing compounds with well-defined
oxidation states. Homoatomic phosphorus-bonded units are present in the form of Py
rings in REFe4P;; and zigzag chains in FeP, but whereas the P-P distances in LaFe4P);
(2.288(2)-2.356(2) A)' are similar to a typical single P-P covalent bond length of 2.2
A37 they are somewhat longer in FeP (2.643(4) A).34 Nevertheless, it appears that in
both cases, the prediction of a formal P'~ charge on the phosphorus atoms bound to two P
neighbours, from a simple electron-counting scheme in which 2c—2e¢~ P-P bonds are
assumed, is in good agreement with the charges extracted from the binding energies.
Instead of P!, an alternative assignment of P'"'*" has also been suggested,*5 but of
course these charges are so similar that they cannot be distinguished by examining
binding energies alone. Moreover, because the bonding is probably delocalized within
the Py rings, it is perhaps more accurate to represent the charges as P45, As anticipated
from the XRD pattern, the spectrum also shows the presence of unreacted e¢lemental
phosphorus, with a 2ps/, binding energy of ~130.3 eV.

These results can be compared with those obtained from XPS studies of the
binary skutterudite CoSb; presented in Chapter 7 and elsewhere.80 The difference
between the P 2ps3/; binding energy in REFesP;; and in elemental P is substantially greater

(ABE = ~1.0 eV) than that between the Sb 3ds; 3, binding energy in CoSbs and in
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Figure 6-1 High-resolution P 2p XPS spectra of LaFe4P;; and CeFe4Pys.
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elemental Sb (ABE = 0.1-0.2 ¢V). This observation can be attributed to the diminished

electronegativity differences as phosphorus is replaced with antimony, and is consistent
with the trend towards less ionic character in the Co—Sb bond compared to the Fe-P
bond.
6.3.2 High-Resolution Fe 2p Spectra

The Fe 2p spectra of LaFe4P1; and CeFe4P,; are presented in Figure 6-2. In both
spectra the Fe 2ps;, signal appears as a single core line with asymmetric lineshapes
skewed to higher binding energy. As indicated earlier, assignments of Fe**** or Fe*"
have been proposed from electron-counting schemes. 45 The assignment of Fe? 2%
corresponds to mixed valency, with Fe** and Fe’* present in the ratio 3:1, which should
be manifested as two distinct Fe 2p signals with intensities in that same ratio. During a
previous XPS study of the reduction of K3Fe(CN)s, the 2p3/; binding energy of low-spin
Fe** was observed to be noticeably higher than that of low-spin Fe’*.186 When the
compound was heavily reduced, so that only a small amount of Fe’* remained, the 2p3/
spectrum appeared to broaden with an apparent asymmetric tail to higher binding energy,
similar to the 2p;/, feature observed in Figure 6-2. However, the 2p;, spectrum of the
reduced ferricyanide clearly showed two peaks, which arises from the presence of two
distinct Fe valence states.!18¢ In contrast, as seen in Figure 6-2, the 2p,, signals for
LaFe4P1, and CeFesP); are asymmetric and appear similar to the 2ps,; signals, leading to
the conclusion that only one Fe valence state is present in these compounds. Moreover,
the Fe 2p3, binding energy (707.2 eV) is similar to that in FeS, (707.0 eV), which is
well-known to contain low-spin Fe?*.187 It should also be noted that the spectra of low-

spin Fe?* compounds such as those shown here do not suffer the effects of multiplet
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Figure 6-2 High-resolution Fe 2p XPS spectra of LaFesP» and CeFesPys.
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splitting, which tends to broaden the 2p spectra of high-spin Fe*" compounds.8! The

definitive finding of low-spin Fe?* (tzg6 ego) in LaFe4P12 and CeFe4P1; supports results
obtained by Mossbauer spectroscopy.180-182

The origin of the asymmetric tail can be attributed to the Doniach and Sunjié
processes that were described in Chapter 3. This type of lineshape arises when valence
electrons, interacting with the core hole (produced after photoionization), are excited and
scattered from filled states below the Fermi edge to a continuum of empty conduction
states above.l17. 118 This process is typically indicative of metal-metal bonding as is the
case for the MnP-type compounds examined in Chapters 3-5, but the Fe—Fe distances
exceed 3.9 A in the skutterudite compounds discussed here. Calculations suggest that
electronic conduction proceeds through bands near the Fermi level that arise from
interactions between nonbonding or bonding orbitals on the P4 rings and s,p orbitals on
the transition-metal atoms.*3: 49 The asymmetric lineshape may then perhaps reflect
some delocalization of the metal electrons, which may account for the weak
paramagnetism observed in these compounds. 180, 188
6.3.3 High-Resolution RE 3d Spectra

Figure 6-3 shows the RE 3d spectra for LaFe4P;; and CeFesP;. Normally, as in
most transition metals, the binding energy in the elemental metal is generally lower than
in the oxidized species. Surprisingly, this is not the case in the RE spectra. For example,
the 3ds,, binding energy is 884 eV in Ce metal, 189 190 whereas it is 882 eV in CeCl; and
Ce0,.191, 192 This unusual behaviour may be traced to the poor screening of the nuclear
charge offered by 4f electrons. Although the binding energy in RE spectra is not

necessarily diagnostic of the valence state, the lineshape is quite characteristic of the
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Figure 6-3 (a) High-resolution La 3d XPS spectrum of LaFesP;; and (b) Ce 3d XPS
spectrum of CeFesP12. The 3dsy coreline is labelled A and the 3ds;, coreline is labelled
B. The most intense satellite peaks are labelled 4’ and B’.
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valence state, especially for Ce compounds. The spectra of these rare-earth skutterudites
can then be interpreted by making comparisons ’to those of model compounds.

For LaFe4P),, the binding energy of the La 3ds,, core line (labelled 4 in Figure
6-3a) is 836.1 eV, similar to that in LaCl; (836 €V)191 but higher than in LaP (834.3 eV,
Figure 6-4). The 3ds; lineshapes for all three compounds resemble each other, which
leads to the unsurprising conclusion of a La®" valence state. However, in addition to the
core lines (labelled A and B for the 3ds;, and 3ds, peaks, respectively), there are strong
satellite peaks (labelled 4’ and B’), whose origins will be discussed below.

For CeFe4P1, assignments of Ce** or Ce*" have been proposed.6, 39 184,185 CeF;
and CeF4 serve as appropriate comparisons, and their spectra are shown in Figure 6-5.
As anticipated, the lineshapes differ markedly for Ce** and Ce**. There are more peaks
in the Ce*" spectrum because of the possibility for different final state 4f fillings
(4f 0’1’2).193 The spectrum of CeFe4P;, agrees well with that of CeF3, and has a 3dsp
core-line binding energy (labelled 4 in Figure 6-3b) of 882.0 eV. This comparison
confirms the presence of trivalent Ce in CeFe4Py;.

In the 3d spectra of all of these rare-earth compounds, distinct satellite peaks
appear at 3.5-4.0 eV above the 3ds, and 3ds;, core lines. Several theories have been
developed to explain the formation of such satellites. One theory, éalled the shake-up
model, invokes a transition whereby a valence electron located on a metal centre is
promoted to an empty state above the Fermi level following the photoionization event.!194
The cross-section of this satellite peak has been suggested to be influenced by the degree
of overlap between the metal and ligand.195 Greater orbital overlap between the ligand

and metal allows for an increased density of electrons near the metal which are then able
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Figure 6-4 High-resolution La 3d XPS spectrum of LaP. The 3ds; and 3ds/, corelines
are labelled 4 and B, respectively. The most intense satellite peaks are labelled 4’
and B’.
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Figure 6-5 High-resolution Ce 3d XPS spectra of CeFs; and CeF,;, showing the
difference between the Ce’* and Ce*" lineshapes. The 3ds/; coreline is labelled A in each
spectrum.
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to screen the core-hole produced by the photoionization process. This enhanced
screening allows for an increase in the cross-section for the promotion of an electron
from a filled valence state on the metal to an empty metal-based conduction state. With
highly electronegative ligands such as F, orbital overlap is poorer than with less
electronegative ligands such as P, and the satellite intensity should diminish. For
example, the intensity of the satellite peaks found in the 3ds, spectra of lanthanum
trihalides, LaX3, decreases as the ligand is changed from I to F.196 In the compounds
containing La>*, the satellite peak is found only ~3.5 eV above the core line. Although
empty La 4f states located about 4-6 €V beyond the Fermi level exist,191 there are no
filled La states within the valence band, so intraatomic shake-up can be ruled out as the
cause of this satellite peak. In the compounds containing Ce*, there is a partially filled
4f state within the valence band (4f1), so intraatomic shake-up cannot be ruled out as the
source of the satellite.

A more reasonable model that can account for the presence of satellite peaks in
the spectra of both the La’" and Ce’* compounds is ligand-to-metal charge-transfer
shake-up.191. 195 This transition involves the promotion» of a valence electron on a ligand
to an empty state on the metal centre above the Fermi level, after the metal is
photoionized and a core hole is produced.195 These conditions are satisfied for both the
La and Ce 3d spectra, where empty RE 4f states reside about 4—6 eV above the Fermi
level and filled ligand states are present near the Fermi level 45 50. 53 The cross-section
for this process is again controlled by the degree of orbital overlap between the metal and
ligand as well as the ability of the ligand valence electrons to relax towards the empty

conduction states on the metal after production of the core-hole. 195 Less electronegative
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ligands allow for easier relaxation of the valence electrons towards the metal centre and
therefore the cross-section of the satellite is larger if less electronegative ligands are
available rather than those having a larger electronegativity.!95 The satellite intensities
and core line binding energies for LaFesP1, (Figure 6-3a) and LaP (Figure 6-4) are not
identical even though P atoms surround the La centres in both cases, because the
coordination numbers and environments are different. The satellite peak is more intense
in CeFe4P), than in LaFe4Py, (Figure 6-3), which is consistent with the establishment of a
greater orbital overlap arising from the presence of a 4f' state within the valence band.
Because P and Fe atoms surround the RE atoms, it might be expected that,
reciprocally, similar satellite peaks may be found in their spectra. Previous work has
shown that if the ligand bonds to the metal through p orbitals, then the ligand electronic
states will be less affected by the ligand-to-metal charge-transfer process and no satellite
peak will appear.!95 Since the P atoms interact with the RE atoms largely through 3p
orbitals, no satellite peak should appear in the P spectrum, as confirmed in Figure 6-1. If
the Fe atoms interact significantly with the RE atoms through 3d orbitals, then a satellite
peak would be expected, but none was observed (Figure 6-2). Such a satellite peak is
predicted to be located above the core line at a binding energy much higher than is found
in the RE spectra.l95 This is difficult to confirm by examining the P and Fe spectra,
because strong energy loss occurs from interatomic effects such as plasmon loss and
inelastic electron scattering, at energies in the range where these satellite peaks might be
expected. All things considered, the ligand-to-metal charge-transfer shake-up model best

accounts for the presence of satellite peaks observed in the La and Ce 3d spectra.
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6.3.4 Valence Band Spectra

Valuable information about the bonding involved in solids can be gained by
examining the occupation of the electronic states which can be derived from the valence
band spectra. The interpretation of these spectra is aided by comparison with the density
of states determined from band structure calculations. Below we illustrate how the
spectrum of LaFe4P), is analyzed through a simplified version of the fitting methodology
that was successfully applied in Chapter 3 to the binary transition-metal phosphides, and
then we extend the protocol to CeFesP 5.

The valence band spectrum of LaFe P, (Figure 6-6a) consists of three distinct
regions: (i) a small doublet band from 15 to 8 eV, (ii) a broad band from 8 eV to the
Fermi edge, and (iii) a narrow intense band, superimposed on the second region, from
3 eV to the Fermi edge. This spectrum closely resembles that of the binary skutterudite
CoSb3.80  Since the La atoms can be considered, to a first approximation, to merely
donate their valence electrons to the rest of the structure, no La valence states are
expected within the valence band. The total density of states curve (Figure 6-6b),
determined from a tight-binding extended Hiickel band structure calculation on the
[FesP12]’~ substructure, reproduces the general features seen in the valence band
spectrum, bearing in mind that experimental effects such as lifetime broadening and
photoionization cross-sections will introduce important differences in the observed
intensities. Bonding within the remaining [FesP12]>~ substructure then arises from the
sharing of electrons between Fe and P atoms. One way to proceed with fitting is to
assign features of the valence band spectrum to the contributing atomic orbitals that give

rise to these electronic states in the solid. The projections of the P 3s, P 3p, and Fe 3d
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Figure 6-6 (a) Valence band spectrum of
LaFe4P1;. (b) Contributions of P 3s, P 3p,
and Fe 3d orbitals (shaded regions) to the
total density of states (line) for LaFe4Pi;.
The dashed line marks the Fermi level. (c)
Crystal orbital overlap population (COOP)
curves for Fe—P and P-P contacts in LaFe4P
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contributions to the total density of states (Figure 6-6b) correspond closely to the three

major binding energy regions identified respectively in the valence band spectrum. The
electronic states can also be interrogated for their type of bonding character. The crystal
orbital overlap population (COOP) curves (Figure 6-6¢) indicate that Fe—P bonding states
are constrained largely within an energy region close to the Fermi level, whereas P-P
bonding states are spread out throughout the entire valence band.

On the basis of these assignments, the valence band spectrum for LaFesP;, was
fitted with a minimum number of peaks (Figure 6-7a). The binding energies, FWHM
values, and peak areas of the component peaks are listed in Table 6-1. These values were
refined by the procedure described in Chapter 3 (Section 3.3.4), and the goodness of the
fit was monitored by the residual standard deviation (RSD) between the simulated and
experimental spectra. A low RSD value implies a good fit. The doublet from 15 to 8 eV
represents P 3s states and was fitted by two symmetric peaks having similar FHWM.
The broad band from 8 eV to the Fermi edge was fitted by two P 3p;.; states with rather
large FWHM. A slightly better fit of this region can be achieved by invoking several
pairs of 3ps» and 3p;» peaks in a fixed intensity ratio of 2:1 and an energy splitting
similar to that observed in the P 2p core line spectra (0.9 eV), but as the electron counts
extracted from both analyses as well as the RSD values are similar, this extra
parameterization was not deemed justifiable. For example, in the LaFe4P;, spectrum, if a
pair of P 3ps,, and 3pi1» peaks were used to represent each P 3p state, then a RSD of 2.7
was found whereas if only one P 3ps;, peak was used, a RSD of 2.8 was observed. The
presence of more than one P 3s or P 3p state is unlikely to be attributable to multielectron

excitation processes, as these are normally not pronounced in valence band spectra.
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Figure 6-7 (a) Fitted valence band spectra of LaFesP; and CeFesP;. The P peaks are
represented by thin black lines and the asymmetric Fe 3d peaks are represented by thick
black lines. The Ce 4f state centred at 2.5 ¢V in the CeFe4P); spectrum is represented by
a filled grey peak. The identity of each peak is provided in Table 6-1. (b) Valence band
spectra from CeFe4Pj, and LaFe4P1; overlaid on each other. The difference between the
two spectra is apparent at 2.5 eV and is attributed to the presence of a Ce 4f component
in the CeFesP s spectrum.
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Table 6-1 Binding Energies (eV) of Component Peaks in Valence Band Spectra of

LaFe4P); and CeFeqPy, ¢
Peak Assignment LaFe4P» CeFeqPy2
1 P3sA 12.4 (2.0) [8.9] 12.4 (2.2) [8.0]
2 P3sB 10.5 (2.0) [11.1] 10.5(2.2)[11.7]
3 P3psn A 4.8 (3.6) [36.4] 5.1(3.3)[31.9]
4 P 3p;» B 2.3 (2.6) [20.6] 2.4 (2.6) [25.7]
5 Fe 3ds, 1.2 (1.0) [9.3] 1.2 (1.0) [8.6]
6 Fe 3ds 0.6 (0.7) [13.8] 0.6 (0.7) [12.9]
7 Ce 4f7 2.52.0)[1.1]

“ FWHM values (eV) are indicated in parentheses while the peak areas, in percent, are
indicated in square brackets.
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A possible reason could be the distinction between the shorter (2.289 A) and longer

(2.356 A) PP bonds within the P4 ring, which is not strictly square.39 The inequivalence
of these bonding states is manifested by a shift in energy in the P-P crystal orbital
overlap population (COOP) curves in Figure 6-6¢c. A more enticing idea is that the two P
3p3/2 peaks represent states that are involved in the separate o- and 7 - components of the
P-P bonds within the P4 ring.45. 4% Finally, the narrow band from 3 eV to the Fermi edge
was fitted to two asymmetric peaks representing Fe 3ds,, and 3d;, states with an intensity
ratio of 3:2 and an energy splitting of 0.6 eV. The asymmetry of these peaks is similar to

that found in the high-resolution Fe 2p core line spectra (Figure 6-2).

The valence band spectrum of CeFesPy; is also shown in Figure 6-7a and can be
fitted by component Fe and P peaks with similar energies and widths as in LaFe4P ;.
However, an important difference is the appearance of an increased band intensity
centred near 2.5 eV in the valence band spectrum of CeFe4Py; that is absent in that of
LaFe4P,, as can be seen more clearly by overlaying the two spectra in Figure 6-7b. We
interpret this feature as arising from a Ce 4f' state located within the valence band,
providing direct evidence for the presence of trivalent cerium. To support this
interpretation, the valence band spectra of LaF; and CeF; were also recorded (Figure
6 - 8). A 4f signal was clearly observed in the spectrum of CeF3 but not in Lal3, at an
energy (3.1 eV) similar to that for the 4f signal in CeFe4P . Furthermore, the energy of
the 4f' state (2.8 eV) obtained during a recent resonant photoemission study of CeFe Py
is close to that found here.!97 Thus, in the valence band spectrum of CeFe4P),, this
additional component was assigned to a Ce 4f;, peak (shown as the filled grey region in

Figure 6-7a) positioned at 2.5 eV with a FWHM of 2.0 eV. These results are consistent
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Figure 6-8 Valence band spectra of LaF; and CeFs;. The Ce 4f peak at ~3.1 eV is
apparent in the CeF3; spectrum with no similar component being observed in the LaF;
spectrum.
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with predictions from density functional calculations, which show only empty 4f states in
the conduction band for LaFesP;» but filled 4f states in the valence band for
CeFe P 1,.50. 53 Moreover, in both cases, the sharpness of the Fermi edge in the valence
band spectra is consistent with the location of the Fermi level lying just below the top of
the valence band, as expected for these hole-doped materials.

In principle, the intensities of the component peaks in the fitted valence band
spectra can be related to the electron populations of these states. However, the peak
intensities (/) must be corrected for different photoionization cross-sections () and
inelastic mean free paths (IMFP, A) for each state. These values are listed in Table 6-2.
The normalized peak intensities (C;) can then be calculated from Eq 6-1, which gives the
fractional electron concentration for a given state.”5

I, (o, A)

. 6-1)
Y1,/ ,4,)

C, =

4

In this equation, I,/(c,A4,) represents the corrected intensity of the peak under

consideration and ZI ; /(g ,4,) represents the sum of the corrected intensities from all
Jj=1

of the peaks present in the valence band spectrum. The number of electrons in each state
can then be determined by multiplying C; by the total number of valence electrons (95 for
LaFesP 5 and 96 for CeFesP17). The electron populations and atomic charges are listed in
Table 6-3. For LaFesP1,, charges of +1.7 for Fe and —0.8 for P are found. (A charge of
+3 is assumed for La since no 4f states are occupied.) For CeFesP;,, charges of +2.6 for
Ce, +2.1 for Fe, and —0.9 for P are found. With the charges in good agreement with the

results deduced from the core line spectra, this type of population analysis serves as an
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Table 6-2 Corrections Applied to Peak Intensities in Valence Band Spectra of LaFe4P,

and CeFe Py *
Atom State Photoionization IMFP, A (A)
cross-section, o
Ce 4ty 0.078 25.1
Fe 3dsp 0.0694 25.9
3dsp 0.1017
P 3512 0.1116 33.9
3pan 0.0708

? The P 3p3, cross-sections were corrected on the basis of comparison of experimental
cross-sections determined by Brillson and Ceasar!30 to those calculated by Scofield.”3
All other cross-sections listed are those calculated by Scofield.”3 These cross-sections
were determined for an excitation energy equal to that of Al Ka x-rays.”3 The IMFP
values were determined using the QUASES™ IMFP calculator. 131

Table 6-3 Electron Populations in LaFe4P;; and CeFeyPy,

State LaFe4Pyy CeFesP 2
P3s A 5.7 5.1
P3sB 7.0 7.5
P3pA 36.5 323
P3pB 20.7 26.1

Fe 3d 25.1 23.6

Ce 4f 1.4

Total number of e~  95.0 96.0

Calculated charge
per atom

+3 (La).” +1.7 (Fe), 0.8 (P)  +2.6 (Ce), +2.1 (Fe), —0.9 (P)

? Assumed from analysis of the La 3d high-resolution spectrum.
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independent check on the core line results and demonstrates the usefulness of fitting
valence band spectra.
6.4 Conclusions

The rare-earth filled skutterudites LaFesP1, and CeFesP» have been examined by
XPS for the first time. Analysis of the binding energies and lineshapes in high-resolution
core line spectra for La, Ce, Fe, and P supports the formulations (La*")(Fe?")4(P')12 and
(Ce3 +)(Fez+)4(P1')12, where the electron deficiency is represented by a hole in the valence
band. The binding energies of the P 2p;, core lines are characteristic of anionic
phosphorus, although the negative charge is probably delocalized within the P4+ ring.
The Fe 2p spectra indicate the presence of only low-spin Fe?*, as indicated by the narrow
core lines observed. The asymmetric lineshapes in the Fe spectra suggest delocalization
of the metal electrons via interaction with the P4 rings. Characteristic lineshapes of core
lines in the RE 3d spectra indicate the presence of La®* and Ce®*. Intense satellite peaks
in these spectra are attributed to ligand-to-metal charge-transfer shake-up processes. The
enhanced intensity of the satellite peak in the Ce 3d spectrum is consistent with greater
orbital overlap that would be imparted by the presence of a 4f state located within the
valence band of CeFe4P1; but not in LaFe4P;,. This supports theoretical assertions about
the importance of f-orbital hybridization in the bonding of these compounds. Direct
evidence for an occupied Ce 4f state in CeFe4P), is seen in its valence band spectrum at a
binding energy around 2.5 eV, similar to that in CeF;. Comparison of the valence band
spectra of LaFe,P ), and CeFe4P ), with theoretical density of states curves allows distinct
energy regions of these spectra to be fitted with component peaks that can be identified

with parent atomic orbitals. The atomic charges derived from an electron population
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analysis of the intensities of these component peaks agree well with the formulations
proposed above. This study provides a starting point for the more difficult analysis of
other skutterudite-type compounds, particularly the antimonides, where electronegativity
differences are considerably smaller than in the phosphides so valence state assignments

will be even more challenging.



173
Chapter 7

Electronic Structure of the Antimonide and Phosphide Skutterudites
LaFe,Shy,, CeFe,Shy,, CoSb; and CoP; Probed by X-ray Photoelectron
Spectroscopy*

7.1 Introduction

In Chapter 6, X-ray photoelectron spectroscopy was applied to resolve some of
the ambiguities about the electronic structure of skutterudites, particularly the rare-earth-
filled phosphides LaFesP;; and CeFesP1;. The interpretation of XPS spectra of
intermetallic compounds, especially those containing heavier elements such as the rare
earths, is still not well developed. Although these phosphides do not represent practical
candidates for thermoelectric materials, they were chosen for the initial study to establish
a point of reference for assigning valence states. In the more relevant antimonides
REFe,Sby,, electronegativity differences are smaller and the interpretation of XPS spectra
was anticipated to be considerably more challenging.

The skutterudites represent an extensive class of compounds that originally
referred to binary transition-metal pnictides MPn; (M = Co, Rh, Ir; Pn = P, As, Sb) that
adopt the same structure as the mineral CoAs;.4!: 42 Jeitschko and Braun later extended
them to include the ternary rare-earth-filled derivatives REMyPni, (RE = rare carth; M =
Fe, Ru, Os; Pn = P, As, Sb).3% 46, 198 Their crystal structure was described in Section

1.4.2 of Chapter 1 (see Figure 1-9) and consists of a network of corner-sharing transition-

*A version of this chapter has been published. Reproduced with permission from Grosvenor, A. P.; Cavell,
R. G.; Mar, A. Phys. Rev. B 2006, 74, 125102/1-10. Copyright (2006) by the American Physical Society.
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metal-centred octahedra, which undergo a tilting distortion to form nearly square Pry

rings and large dodecahedral cages that are filled by RE atoms in the ternary compounds.
Skutterudites, especially the antimonides, are most widely acclaimed for their promise as
improved thermoelectric materials, which require the incongruous alliance of good
electrical conductivity and poor thermal conductivity.177: 199 Unfilled variants, such as
CoSb;, were initially targeted as candidates, but attention has shifted to the filled
variants, such as La(Fe;Co)Sb;,, because of the realization that the thermal conductivity
could be reduced further by addition of RE.20

The binary compounds are interesting in their own right given the wealth of
unusual transport and magnetic properties displayed.6 Early bonding considerations
predicted that the binaries MPn3; would be diamagnetic semiconductors, in accordance
with a formulation involving low-spin octahedral M>* (tzg6 ego) and closed-shell Pn'
species each engaged in two 2 centre — 2 electron (2c—2¢”) Pn—Pn bonds.39% 47
Experimental and theoretical studies generally indicated the existence of a very narrow to
zero band gap, but these conclusions were not always definitive.45, 47-52, 80, 200-202 For
CoP;, the existence of a band gap was suggested by electrical and optical
measurements,?” but there is disagreement among calculations.49. 50. 201 There seems to
be consensus that CoSbs behaves as a narrow gap semiconductor.47: 48, 51, 200, 202 The
same simple bonding arguments can be extended to the ternary skutterudites such as
REFesP1>. Because they have fewer valence electrons compared to the previous binaries
to achieve a closed-shell configuration, these ternaries were suggested to be hole-doped
and to contain mixed-valent Fe atoms in accordance with the formulation

RE**[FesP12]°~39 However, the presence of exclusively low-spin Fe** in REFesPni»
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(including CeFe4Sbyy) has since been supported by magnetic measurements, Mossbauer

spectroscopy, theoretical calculations, and by the XPS study presented in
Chapter 6.4, 180, 182 Most REM4Pn;; compounds are metallic but a few are small band
gap semiconductors.6. 20, 45, 50, 53, 188, 199, 203-210 Notably, the semiconducting behaviour
of CeFe Py, was initially attributed to the presence of Ce*", rendering the [FesP12]*
framework isoelectronic to binaries such as CoP3.39 However, a trivalent cerium state
(4f') has since been implicated in numerous investigations of CeFe4Pryy (including
CeFe4P15, which was discussed in Chapter 6).53, 184, 185,197, 205, 206

In this chapter, detailed interpretations of the XPS spectra of LaFesSbys,
CeFe4Sbys, CoSbs, and CoPs are presented. Both high-resolution core-line spectra and
valence band spectra are examined with an aim to determine atomic charges and to
understand how the nature of bonding differs between the phosphides and antimonides.
Although XPS measurements of CoSb; have been recently reported,80 no remarks were
offered on the distinctive satellite structure that appears in its Co 2ps;, spectrum. We
suggest an explanation for this feature and we demonstrate how it can be related to the
population of Co states within the valence band across a series of Co-containing
compounds. With the aid of calculated band structures, we attempt to fit the valence
band spectra of these antimonide skutterudites through a procedure that was developed
for transition-metal phosphides in Chapters 3 and 6, showing that the experimental
analysis of the electronic structure of intermetallic compounds with small

electronegativity differences can be performed.
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7.2 Experimental
7.2.1 Synthesis

Starting materials were powders of La (99.9%, Alfa-Aesar), Ce (99.9%, Cerac),
Fe (99.9%, Cerac), Co (99.999%, Spex), Sb (99.999%, Alfa-Aesar), and P (99.995%,
Cerac). Stoichiometric mixtures of the elements were placed in fused-silica tubes that
were carbon-coated through pyrolysis of acetone. This treatment helps minimize
adventitious reactions of the active metals with the silica tube. Sample purity was
assessed from powder X-ray diffraction (XRD) patterns collected on an Inel
diffractometer equipped with a CPS 120 detector.

Samples of LaFe;Sby; and CeFesSby, were prepared according to an optimized
heating program reported previously.l1%? The tubes were heated to 873 K over 10 h and
held there for 3 h, heated to 1323 K over 12 h and held there for >40 h, and quenched in
water. Further annealing at 973 K for >30 h resulted in high-purity products, with only
trace amounts of FeSb,. Samples of CoSb; and CoP; were prepared in the presence of a
few grains of iodine. The tubes were heated to 1023 K over 30 h and held at this
temperature for 1 week, and then quenched in water. Only trace amounts of unreacted
pnicogen were detected in the products. Although air-stable, all compounds were stored
in a glove box under Ar to preserve pristine surfaces for XPS analysis.

7.2.2 XPS Analysis

All measurements were performed on a Kratos AXIS 165 spectrometer with a

monochromatic Al Ka X-ray source and a base pressure in the analytical chamber of

10°-1077 Pa. The resolution function of this instrument has been determined to be 0.4—
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0.5 eV on the basis of analysis of the Co and Fe Fermi edges and the precision of the
binding energies is ~+ 0.1 eV.

Samples of LaFe4Sbyy, CeFesSbys, CoSb;, and CoP; were ground under Ar and
pressed onto In foil before being transferred to the instrument under Ar to reduce surface
oxidation. They were sputter-cleaned for nearly 1 h with an Ar” ion beam (4 kV, 10 mA)
to remove surface contaminants (e.g., C, O, I). Spectra collected throughout the sputter-
cleaning process showed no changes except for reduction of the amount of surface oxide,
confirming that the sputtering process did not appreciably alter the composition of the
studied compounds. For example, the Co:Sb ratio in CoSb; determined by analysis of
survey spectra was 1:2.5 before sputtering and 1:3.1 after sputtering was complete,
indicating that the elemental concentration in these samples was not significantly
changed by the sputtering process. High-resolution spectra (La, Ce 3d; Fe 2p; Co 2p; Sb
3d; P 2p; valence band) were then collected with energy envelopes ranging from 60 to 20
eV, a step size of 0.05 eV, a pass energy of 20 eV, a sweep time of 180 s, and an analysis
spot size of 700 x 400 um. Because these compounds are electrically conducting, charge
neutralization was not required during the spectroscopic measurements and charge
correction was not applied in the data analysis. The C 1s binding energy from
adventitious C was equal to the accepted value of 284.8 ¢V throughout, further indicating
that charging was not a factor. All results were analysed with use of the CasaXPS
software package.!19 To fit these high-resolution spectra, a Shirley-type function was
used to remove the background, which arises largely from inelastic electron scattering.
The extracted spectra were then fitted with a combined Gaussian (70%) and Lorentzian

(30%) line profile to account for spectrometer and life-time broadening, respectively.
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The Sb 3d spectra of the REFesSby, compounds indicated the presence of a small amount
of Sb oxide that was not removed by Ar’ sputtering, and the Pn spectra of CoPn;
indicated the presence of a small amount of oxidized Sb or unreacted P.
7.2.3 Band Structure Calculations

To examine the bonding and distribution of states within the valence band, an
extended Hiickel tight-binding band structure calculation was performed for CoP; with
125 k-points in the irreducible portion of the Brillouin zone with use of the EHMACC
suite of programs.!12. 113 The atomic parameters (valence shell ionization potentials H;;
(eV) and orbital exponents ;) were as follows. For Co 4s, H; =-7.8, C; = 2.0; for Co 4p,
H;=-3.8, & =2.0; for Co 3d, H; =-9.7, §;; = 5.55, ¢; = 0.558, £ = 1.9; ¢, = 0.668; for
P 3s, H; = -18.6, {; = 1.84; for P 3p, H; = —14.0, ; = 1.45. This calculation closely
reproduces a previously reported one, but we extract the partial density of states curves to
demonstrate the procedure for fitting the experimental valence band spectra.201
7.3 Results and Discussion
7.3.1 High-Resolution Sb 3d and P 2p Spectra

Figure 7-1 shows the Sb 3d spectra for LaFe4Sb;,, CeFesSby,, and CoSbs, and the
P 2p spectrum for CoP;. Although the most fundamental use of XPS spectra is to
correlate binding energies with oxidation states, its application to intermetallic
compounds has not been widespread and greater difficulties are faced in trying to find
reference compounds for comparison.

In CoP3, the P 2ps; binding energy of 129.3 eV is markedly lower than that in

elemental phosphorus (130.0 eV),!16 and on a scale developed in Chapter 3 for a series of
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Figure 7-1 High-resolution Sb 3d spectra of (a) LaFesSbyy, (b) CeFesSbya, (c) CoSbs,
and (d) P 2p spectrum of CoPs;. The low intensity satellite peak located above the Sb
3ds core line is attributed to the presence of a small amount of Sb oxide not removed

during sputtering. A small concentration of unreacted P was also observed in the P 2p
spectrum from CoPj3.
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transition-metal monophosphides MP, it corresponds to the presence of anionic
phosphorus with an approximate charge of —1.0 (see Figure 3-3). From charge neutrality,
this implies a charge of +3.0 on the Co atoms. Although these charges agree fortuitously
with the simple ionic model proposed earlier, care must be exercised in interpreting these
charges too literally, as cautioned elsewhere.>3

In the antimonides, the Sb 3ds, binding energies of 528.0 eV for both LaFe4Sb,,
and CeFe4Sb;,; and 528.1 eV for CoSb; are only slightly lower than that in elemental
antimony (528.2 eV).116 A comparison to binding energies in other Sb-containing
compounds!16 suggests Sb charges of —0.4 in LaFesSby, and CeFesSby;, and —0.1 in
CoSbs. Again, from charge neutrality, this implies charges of +0.4 for the Fe atoms in
LaFe4Sby, and CeFe4Sby, (assuming RE®"), and +0.3 for the Co atoms in CoSbs. These
observations reflect the greater covalent character of the bonding that would be expected
from reduced electronegativity differences in the antimonides.!!4 If we start from an
ionic picture containing Sb'~ and then allow covalent bonding to occur, donation of
electron density from filled Sb orbitals to empty metal orbitals tends to increase shielding
of the metal nuclear charge and decrease shielding of the Sb nuclear charge, which results
in an Sb 3ds/, binding energy that is only slightly less than that of elemental Sb.
7.3.2 High-Resolution Fe and Co 2p Spectra

Figure 7-2 shows the Fe 2p spectra for LaFesSb;, and CeFe,sSby,, and the Co 2p
spectra for CoSb; and CoP;. The observation of only one set of 2p;,, and 2p;/» signals
indicates a single valence state, and the sharpness of these peaks along with the absence
of multiplet splitting indicates a low-spin state for the metal atoms. This is consistent

with proposals for the presence of only low-spin Fe** or Co®* (tzg6 ego). The asymmetry
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Figure 7-2 High-resolution Fe 2p spectra of (a) LaFesSby, and (b) CeFesSb;2; and Co 2p

spectra of (c) CoSb; and (d) CoP;. The insets in (c) and (d) show the satellite peaks
observed above the Co 2p3/, peaks for CoSb; and CoPs.
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of both the 2psn and 2pi1» peaks in these spectra is an interesting feature that was
previously observed in Chapter 6 for LaFe4P1, and CeFesP12. The asymmetric tail arises
from the Doniach and Sunji¢ process that was described in Chapters 3 and 6.117 This
process is typically observed in metals where metal-metal bonding occurs, but other
sources of delocalization, such as that between the metal and pnicogen atoms, which may
operate in these compounds, can also give rise to the asymmetric lineshape.

The Fe 2p;; binding enegies of 706.7 ¢V for LaFesSby; and 706.8 eV for
CeFe4Sby; are lower than in the phosphide analogues LaFe4P 1, and CeFe4P); (707.2 V)
and are essentially the same as that in Fe metal (706.8 €V).116 The Co 2ps; binding
energies of 778.1 eV for CoSb; and 778.5 eV for CoP3 can be compared to that in Co
metal (778.1 eV).116 These comparisons illustrate the greater covalent character in the
antimonides than in the phosphides, but the shifts in metal binding energy appear to be
less sensitive to a change in the bonding character than in the pnicogen binding energy
(Section 7.3.1). Nevertheless, the trends in the binding energy correlations with charge
remain self-consistent whether the metal or pnicogen atoms are examined; for example,
the greater positive Co charge found in CoP; compared to CoSb; can be inferred from
either the Co or Pn binding energies.

A curious observation first noted by Anno et al.80 in the XPS spectra for binary
skutterudites (CoSbs, CoAs3) is that the energy separation between the metal 2p;, and
2psn peaks seems to be remarkably similar to that of the metal (Co), as is the case here.
Normally, the energy separation between spin-orbit doublets can be assumed to be
proportional to Z (atomic number) and 1/#° ( = orbital radius).6° Although the splittings

in the Fe 2p (13 eV) and Co 2p peaks (15 eV) differ through the effect of Z, further



183

differences arising from changes in charge, and thus r, do not seem to be manifested.
This may be the result of delocalization of the valence electrons on the metal, which is
also the cause of the asymmetric lineshape. An alternative explanation suggests that the
splitting in the core levels can be enhanced through coupling with stronger crystal field
effects on the metal 3d band.2!1 The observed splittings are also similar to those in clean
metal surfaces (Fe, 13.2 eV; Co, 14.9 eV). It appears that these crystal field interactions
are small to a degree that they do not separate the 2p doublets any more than in the
elemental metals.

7.3.3 Co 2p Satellite Structure

Distinct satellite peaks at higher binding energy than the core lines are observed
in the Co 2p spectra of CoSb; and CoPs, being especially visible for the 2ps, signal, as
shown in the insets of Figures 7-2c and 7-2d. These satellites were observed previously
in the spectra of Co metal and CoP presented in Chapter 3 (Section 3.3.3), and after
additional REELS analysis on Co metal, an explanation involving plasmon loss instead
of a two-core-hole theory was proposed. Below we reconsider each of the models to
account for the satellite structure in CoSb; and CoP;, and demonstrate that useful
chemical information can be extracted from its analysis.

Plasmon loss can be described as the loss of kinetic energy of the photoelectron
(increase in binding energy) arising from an oscillation of bound valence electrons.11!
Because the affected photoelectrons have lower kinetic energies, they appear as a satellite
peak in the XPS spectrum with an apparently higher binding energy than the main core
line. As in Co metal (Chapter 3), the appearance of two satellite peaks (Figure 7-2) can

then be assigned to bulk (higher binding energy) and surface (lower binding energy)
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plasmon losses. It should be noted that plasmon loss has also been observed to occur in

Ni, Cr, and Fe.127. 163, 165 The Ni and Cr analysis was carried out using EELS,127, 163
whereas plasmon loss in Fe was observed by analysis of the 1s XPS core-line using a
high energy Cu K X-ray source.l65 The Fe 2ps, peaks for REFesSbyy presented in
Figures 7-2a and 7-2b do not show the presence of a plasmon loss peak, likely because
the loss structure is overlapped by the more intense Fe core-line.165

The two-core-hole theory was first introduced by Kotani and Toyozawa to
account for the low intensity, high binding energy satellite peaks present in 3d spectra of
La metall24 and later to those in Co and Ni as well.119, 121, 212" Thig theory suggests that,
after photoionization, the core hole present within an atom can influence the conduction
states, causing them to be pulled below the Fermi edge (Er). If the state pulled below Eg
is empty, then a poorly screened final state is produced containing two holes: one within
the core level and one within the valence band, the latter accounting for the observed
satellite peak. If the state pulled below Er contains an electron, then a well screened final
state is produced in which excess energy is surrendered to the outgoing electron, giving it
a higher kinetic energy (and an apparently lower binding energy).212 This final state
appears as the strong core line (2ps, or 2pi2 in the case of the Co spectra in Figure 7-2).

Although REELS spectra appear to corroborate the idea that the Co 2p satellite
peaks result from plasmon loss (Chapter 3, Section 3.3.3), both models described above
predict that the intensity of the satellite peak will depend on the occupancy of the metal
valence states. In the plasmon loss model, the cross-section for plasmon oscillation
events will increase if there are more valence electrons. In the two-core-hole theory, the

cross-section for the production of a two-core-hole state will also increase with more
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valence electrons; this poorly screened state, which accounts for the satellite peak, is
stabilized as the occupancy of the valence states increases.

The relationship between satellite intensity and electron population can be
verified. Earlier we inferred charges on the Co atoms in CoP; and CoSb; from the
pnicogen core-line binding energies. Figure 7-3 shows a plot of the Co charges in these
and other solids versus the ratio of the total satellite intensity (Laenite) OVer the core-line
intensity (Zeore-line) in the Co 2p spectra. The plot confirms that the presence of more
valence electrons (lower positive charge) on the Co atoms correlates with a greater
satellite intensity (higher Laenite/Icore-line)- 1t illustrates convincingly how covalency acts to
create true charges that are much less extreme than those based on oxidation state
formalisms, and how delocalization of bonding electrons within the valence band
becomes a significant factor in producing a charge reduction in CoSb; which accounts for
the similarity of its satellite intensity to that of Co metal.

7.3.4 High-Resolution Rare-Earth 3d Spectra

Figure 7-4 shows the La 3d spectrum for LaFesSby, and the Ce 3d spectrum for
CeFesSby;.  Judged by their similarity to other reference spectra, including the
phosphides LaFe4P;; and CeFesP;; presented in Chapter 6 (Figure 6-3), they are
consistent with the presence of trivalent RE, a banal expectation for La compounds, but
not so obvious for Ce compounds. The valence of cerium in skutterudites has been a
source of debate,>3: 184, 185 byt comparison with previously recorded spectra of CeF; and
CeF4 (Figures 7-4c and 7-4d) shows conclusively that it is +3 in CeFe4Sb,, indicating

the presence of a 4f' state within the valence band.
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Co, CoSbs, CoP, and CoP3;. The CoP charges were discussed in Chapter 3 while the Co
charges in CoSbs and CoP; are from Section 7.3.1 of this chapter.
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Figure 7-4 High-resolution rare-earth 3d spectra of (a) LaFe4Sbi, and (b) CeFesSbys, (¢)
CeF3, and (d) CeF,.
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At higher binding energy to the main 3ds;, core line (4), these spectra reveal
satellite peaks (B) that were accounted for in Chapter 6 by a ligand-to-metal charge-
transfer shake-up process. After an atom is excited and the photoelectron ejected, the
relaxation of the electrons in the atom as a result of their response to the presence of a
core-hole can precipitate a secondary process in which a valence electron on the ligand is
also excited to empty conduction states localized on the rare earth.194 The energy
required to promote an electron from the ligand valence state to the empty conduction
states on the rare earth is therefore not available to the photoelectron, causing it to appear
in the spectrum with a higher binding energy (lower kinetic energy) than the core line.
The empty 4f states are estimated to be 4-6 €V above the Fermi edge.19! The satellite
peaks shown in Figure 7-4 are near this energy (2-4 eV), providing further support for
the shake-up process. The cross-section for this process increases with greater overlap
between ligand and rarc-earth states, and with lower electronegativity of the ligand,
which allows valence electrons to relax more readily from the ligand to the rare earth.!195
This is particularly evident in comparing the Ce 3d spectra, where the satellite intensity is
more intense for CeFesSb, than for CeFesPy, (Figure 6-3).

Surprisingly, the opposite is true in the La 3d spectra of LaFesSby, and LaFe4Py,
but it is not immediately obvious why. Moreover, in addition to the shake-up satellite
peak (B), there is another satellite peak (C) at lower binding energy to the main 3ds,, core
line (Figure 7-4a) in LaFe;Sbi, that was not observed in LaFe4P;,. Here, the two-core-
hole model described earlier (Section 7.3.3) can be invoked as a plausible explanation for
this additional satellite. The assumption of partial covalent character of the La—Sb bonds

may allow for the presence of electrons in the La 4f states. If, after production of a core
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hole, a La conduction state containing an electron is pulled below Eg, then the La atom
has a well screened final state in which this electron relinquishes its energy to the
photoelectron. The photoelectron has an increased kinetic energy and appears below the
core-line peak (4) on the binding energy scale. A similar satellite structure has been
observed in the La 3d spectrum of LaSb and was also attributed to a two-core-hole-like
process arising from partial filling of La 4f states.213

The separation from the core line to this new satellite peak (C) is ~2 eV, the same
as that to the shake-up peak (B), which is reasonable because both peaks arise from
movement of electrons across the band gap. The two-core-hole theory also offers the
possibility for an empty La conduction state to be pulled below Ep, forming a poorly
screened final state containing two holes (one within the core and one within the valence
levels).124 This final state leads to the generation of a photoelectron having a higher
binding energy than the core line. Accordingly, yet another satellite peak (D) can be
found between the 3ds, shake-up satellite and the 3d;, states in the spectrum of
LaFe4Sb, (Figure 7-4a). In contrast, the two-core-hole satellite structure is absent in the
spectrum of CeFe;Sby, (Figure 7-4b). If trivalent Ce is assumed, the 4f' state may
already be substantially involved in bonding states in the valence band below Ey, and as
such would be unable to participate in two-core-hole processes.

Returning to the question of why the shake-up peak in the La 3d spectrum is more
intense in LaFesPi, than in LaFesSbi,, we offer the simplest explanation that the two-
core-hole and shake-up processes are competitive, given that both involve either the
promotion or demotion of electrons across the band gap. With the La—P bond in

LaFe4P, probably having significant ionic character, the La 4f states do not mix well
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with the P states and remain essentially empty, so that only shake-up processes are likely
to occur.
7.3.5 Valence Band Spectra

Although theoretical band structures determined using more rigorous methods
(e.g., DFT, LMTO) are now available for many skutterudites,43, 48-53, 200-202, 204, 207 we
reproduce here the results of a simple calculation on CoP; that suffices to illustrate how
the experimental valence band spectra can be fitted to component states.20! Figure 7-5
shows that the observed valence band spectrum of CoP; matches very well to the
calculated density of states (DOS) curve. As assigned from the projections of the DOS
curve, the spectrum shows a P 3s band at high binding energy, followed by a very broad
P 3p band that ends well before Er, and an intense narrow Co 3d band just below Ep.
Analysis of overlap population curves (not shown) indicates that Co—P bonding occurs
throughout the upper portion of the valence band whereas P-P bonding occurs in the
lower portion of the valence band.

Figure 7-6 shows the valence band spectra for CoSb;, CoP3;, LaFesSbyy, and
CeFe4Sby,, fitted on the basis of the assignments above, through a methodology that was
applied to phosphides in Chapters 3 and 6. The CoSb; spectrum compares well to those
previously reported.’1. 80 In general, the valence band in the antimonide skutterudites
(CoSbs, LaFe4Sby,, CeFesSbyy) is not as wide as in the corresponding phosphides (CoPs,
LaFe4P12, CeFesP12), in agreement, for example, with calculations on CeFe4Sby, and
CeFe4P12.33 In the spectra of the antimonides, the Sb Ss states occur in the lower portion
of the valence band but both Sb 5p and Fe 3d states are clustered together in the upper

portion of the valence band. The difference between the spectra of LaFesSbi; and
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Figure 7-6 Fitted valence band spectra of (a) CoSbs, (b) CoPs, (c) LaFesSbis, and (d)
CeFe4Sbyy. The identity, energies, and FWHM of the peaks used to fit the spectra are
shown in Table 7-1. The thick black lines represent Pn ns peaks, the thick grey lines

represent Pn np peaks, and the thin black asymmetric lines represent the M 3ds s/ peaks.
The Ce 4f state in CeFe4Sby; is represented by a filled black peak centred at ~2 eV.
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CeFe,Sby, is difficult to detect, but if they are overlaid (Figure 7-7), a higher intensity is

apparent near 2 eV in the case of CeFesSbj,. We interpret this feature as arising from the
presence of a Ce 4f' state, at an energy similar to that found in CeFe4P; (2.5-2.8 eV)197
in Chapter 6 (Figure 6-7) and in agreement with density functional calculations which
locate it near Er just below the top of the Fe 3d band.>3

Table 7-1 lists the binding energies, FWHM, and peak areas of the component
peaks used to fit the valence band spectra. The widths and energies were refined as
described in Chapter 3 (Section 3.3.4), and the goodness of the fit was monitored by the
RSD between the simulated and experimental spectra with a low RSD indicating a good
fit. The asymmetric lower region was fitted by two pnicogen ns peaks, and
correspondingly the upper region of the valence band was fitted by two pnicogen np
peaks, which overlap with the transition-metal 3ds, and 3ds, spin-orbit doublet peaks
placed at the edge closest to Er. The asymmetry of the Pn ns peak may be caused by the
presence of Pn—Pn bonds of differing length3% 42 as well as the overlap of Prn—Pn and
metal—Pn states. The spectrum of CoP3 shows additional intensity in the region between
the P 3s and lower binding energy P 3p peaks, requiring a third P 3p peak to properly fit
this region. In the spectrum of CeFe4Sbi,, a Ce 4f peak was centred at ~2 eV.

The electron populations of the component states in the fitted valence band
spectra can be determined from the peak intensities [, corrected for different
photoionization cross-sections (¢) and inelastic mean free paths (IMFP, L) (Table 7-2),

and normalized to give a fractional electron concentration C; according to:
C =1,/(o,2, )I/[Z;’.zl I,/ (0' A )].75 Multiplying C; by the total number of valence

electrons (24 for CoSbs, CoP3; 95 for LaFe;Sbyy; 96 for CeFe Sby,) gives the number of
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Figure 7-7 Overlapped valence band spectra of LaFe;Sby, and CeFesSb;, showing the
position of the Ce 4f" state.

Table 7-1 Binding energies (V) of component peaks in valence band spectra of CoSbs;,
CoP;, LaFe4Sby,, and CeFesSbyp.”?

Peak Assignment CoSbs CoP; LaFe4Sby, CeFe4Shy,

1 Pnns A 10.9(2.9)[9.1] 13.4(2.5)[5.0] 11.0(1.9)[5.0] 10.9 (2.3)[7.0]
2 PnnsB 94(2.1)[9.4] 11.5(2.7)[9.6] 9.4(2.0)[12.2] 9.1(2.3)[12.4]
3 Pnnppn A 48G.1)[217] 6.0(3.6)[163] 4.52.7)[222] 4.8(3.2)[26.3]
4 Pnnpsr B 2.5(25)[30.1] 3.0(3.6)[33.6] 2.3(2.6)[38.1] 2.3(2.8)[31.7]
5 M3ds, 12(12)[11.9] 1.3(.D)[122] 13(12)[9.1] 1.5(1.3)[8.7]
6 M3ds, 0.6 (0.9)[17.8] 0.7(0.9)[18.2] 0.5(0.9)[13.6] 0.6(1.1)[13.0]
7 Ce 4fy 2.1 (2.0)[1.1]
8 Pnnps, C 9.1 (2.6) [4.9]

? FWHM values (eV) are indicated in parentheses and the peak areas, in percent, are
indicated in square brackets.
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Table 7-2 Corrections applied to peak intensities in valence band spectra of CoPs,
COSb3, LaFe4Sb12, and CeFe4Sb12.”

Atom State Photoionization IMFP, A (A)

cross-section , o

Ce 4f3) 0.078 25.1

Co 3dsp 0.1082 24.0
3dsp 0.1582

Fe 3d3s 0.0694 25.9
3dsp, 0.1017

P 3815 0.1116 33.9
3psn2 0.0708

Sb 5811 0.1085 30.4
5psn 0.0747

“ The P 3ps;» cross-sections were corrected on the basis of comparison of experimental
cross-sections determined by Brillson and Ceasar!30 to those calculated by Scofield.”3
All other cross-sections listed are those calculated by Scofield.”3 These cross-sections
were determined for an excitation energy equal to that of Al Ka X-rays.”3 The IMFP
values were determined using the QUASES™ IMFP calculator and a kinetic energy of
1485 eV.131 These values are calculated assuming that the material only contains the
element of interest and are considered estimates when applied to materials containing
multiple elements in the simple calculation presented here.
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Table 7-3 Electron populations in CoSb;, CoP3, LaFesSby, and CeFesSbyy.”

State CoSbs CoP; LaFe4Sby, CeFesSbhy,
Pnns A 1.8 09 34 49
Pnns B 1.8 1.7 8.2 8.6
Pnnp A 6.1 4.5 22.1 26.6
PnnpB 8.4 9.3 38.0 32.1
Pnnp C 1.3
M3d 5.9 6.3 232 22.5
Ce 4f 1.3
Total number of e~ 24 24 95 96
Calculated charge +3.1(Co), +2.7 (Co), +3 (La), +2.7 (Ce),
per atom

—1.0 (Sb) -0.9 (P) +2.2 (Fe), +2.4 (Fe),

—1.0 (Sb) -1.0 (Sb)

“ The La charge was assumed from analysis of the La 3d high-resolution spectrum.
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electrons in each state, from which atomic charges can be deduced (Table 7-3). Not only

does this partitioning process of the electron populations provide further support for
trivalent Ce in CeFesSbys, it also reproduces the familiar charges predicted from simple
electron counting models, viz., the expectation of Co*" and Fe*" species (d%), and anionic
Pn'". These values are consistent with the results determined earlier from analysis of the
core-line spectra, which tends to give charges that are less extreme but more
discriminated. For example, whereas Sb charges of —0.4 for REFe4Sby,; and —0.1 for
CoSb; result from analysis of the Sb 3d core-line spectra, they are all found to be —1.0
from analysis of the valence band spectra. The core-line analysis is more sensitive to true
differences in covalency in individual bonds to a given atom.
7.4 Conclusions

The measured XPS spectra of LaFe4Sbi,, CeFesSbiz, CoSbs and CoP3 has
provided insights into their electronic structure. High-resolution core-line spectra of the
pnicogen atoms confirmed that the decrease in electronegativity from P to Sb produces a
shift of binding energy that reflects the lower ionicity of bonds to these atoms. Such a
shift is less apparent in the metal 2p spectra, where delocalization of electron density
tends to temper effects on the shielding of the nuclear charge and also induces a strong
peak asymmetry. A plasmon loss satellite peak is observed in the Co 2p spectra of these
and other Co compounds whose relative intensity increases as the Co 3d band occupancy
increases. This interesting relationship may serve as a broader basis for quantifying Co
charges on other Co-containing compounds. The presence of trivalent RE was confirmed
in the REFe4Sby; compounds, as was determined previously in the phosphide analogues.

The La 3d spectrum of LaFesSby, contains two types of satellite peaks, arising from
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ligand-to-metal charge-transfer shake-up and from two-core-hole processes, both of
which are final state effects whereby electrons are promoted from or demoted to states in
the valence band. In contrast, only a shake-up satellite peak is found in the Ce 3d
spectrum of CeFe4Sbj; a two-core-hole process is thwarted by the presence of a Ce 4f
state in the valence band involved in bonding, so that no electrons are available in 4f
states above Er that can undergo this process. Neither is the two-core-hole process active
in the phosphide LaFe4P;; because the La—P bonds are too ionic to allow conduction
electrons to populate La 4f states. Fitting of the valence band spectra supports the
formulations (Co*")(Pn'"); and (RE**)(Fe**)4(Sb")12 (electronically balanced by a hole in
the valence band), consistent with previous electrical, magnetic and Mdssbauer
measurements, and with theoretical models. The presence of Ce** in CeFesSby, was
confirmed by a 4f peak at ~2 eV in the valence band spectrum, but this observation was
more difficult to make than in the previous case of CeFesP 13 because it is obscured by the

greater mixing of states in the more covalent antimonide.
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Chapter 8

Analysis of the Electronic Structure of Hf(SiosAs¢s)As by X-ray

Photoelectron and Photoemission Spectroscopy*

8.1 Introduction

Throughout this thesis, photoelectron spectroscopy has been applied to assess the
electronic character of atoms in solid state compounds where true charges may not be as
extreme as implied by simple electron-counting formalisms. Nevertheless, through
proper interpretation, it is possible to extract information from valence band spectra that
can be related to these charges, as was successfully demonstrated in Chapters 3, 6, and 7
for several phosphides and antimonides. Here we describe the synthesis, crystal
structure, and physical properties of a new ZrSiS-type compound, Hf(SipsAsos)As, an
end-member of the solid solution Hf(SiyAs;x)As (0.5 < x < 0.7), and examine its
electronic structure through XPS and PES (photoemission spectroscopy). In the previous
chapters, we have studied compounds containing anion-anion bonding of group 15
elements (P, As, Sb), here we extend our analysis to a compound which contains isolated
As atoms as well as As atoms involved in homoatomic As-As bonding and heteroatomic
As-Si bonding.

Many compounds of the form MAB crystallize in the tetragonal structure type

known most commonly as the PbFCl- or ZrSiS-type, an ordered ternary variant of the

*A version of this chapter has been published. Reproduced with permission from Grosvenor, A. P.; Cavell,
R. G.; Mar, A.; Blyth, R. L. R. J. Solid State Chem. 2007, 180, 2670-2681. Copyright (2007) by Elsevier.
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Cu,Sb-type adopted by metal-rich compounds.3% 55 As indicated in Chapter 1 (Section

1.4.3), they can be distinguished by the quantity A, the electron deficiency experienced by
A and B (after full electron transfer from M) with respect to each attaining an octet.’¢
The PbFCl-type designates normal valence compounds where M provides sufficient
electrons so that A and B each have an octet (A = 0, as in Pb>'F'"C1"") while the anions in
ZrSiS-type compounds must participate in homoatomic bonding to fulfill their octets, as
in Zr*'Si*S* (A = 2) where polyanionic Si-Si bonding is present.5? The ZrSiS-type
structure is possessed by many compounds MAB where M is an early transition metal or
f-block element (e.g., Zr, Hf, La, Ce) and A and B are heavier p-block elements (e.g., Si,
Ge, As, Sb, S, Se, Te).>4

Electrical and magnetic measurements of ZrSiS-type compounds have revealed
diverse properties, including metallic (ZrAs;sSeos),’8 semimetallic (ThPS),214
semiconducting  (SmTe;5),215  ferromagnetic =~ (MnAlGe),216  antiferromagnetic
(USng5Sby 5),217 and paramagnetic (CeSbTe)2!8 behaviour. Although spectroscopic
studies can also yield valuable information about electronic structure, to our knowledge
they have not been made for ZrSiS-type compounds and have been sparse for the related
metal-rich Cu,Sb-type binary compounds. Cu,Sb itself was initially proposed to be
antiferromagnetic,2!9 but NMR spectroscopy indicated that it is diamagnetic,220 a result
later confirmed by further magnetic measurements.22! M,As (M = Cr, Mn, Fe), Mn,Sb,
and MnAlGe have been examined by photoelectron spectroscopy performed using a
laboratory X-ray (XPS), ultraviolet (UPS), or synchrotron radiation source
(PES).216,222,223 [n Mn,Sb, the valence states of the Mn and Sb sites could be probed

separately by adjusting the X-ray energy, thus altering their photoemission cross-
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sections.222 Further, the two structurally and magnetically inequivalent Mn sites could be
distinguished by the higher binding energy of those atoms that have 3d states positioned
at the Fermi edge and participate in metal-metal bonding.222

In this chapter, we have investigated the new compound Hf(Sips5Asos)As. By
analyzing the measured valence band spectra with the aid of band structure calculations,
we have evaluated the charges of the constituent atoms and related them to the bonding
in this compound. This has led to important implications about the electronic structure of
ZrSiS-type compounds in general.
8.2 Experimental
8.2.1 Synthesis

Powders of Hf (99.6% (excluding 2-4% Zr), Alfa-Aesar), Si (99.99%; Alfa
Inorganics), and As (99.9998%; Alfa Inorganics) in the molar ratio 1:0.5:1.5 were sealed
in evacuated fused-silica tubes. The samples were heated to 873 K over 12 h, held at this
temperature for 3 d, heated to 1173 K over 24 h, and annealed at this temperature for 14
weeks. After annealing, the samples were quenched in water. Addition of I
(Anachemia) to the reaction as a chemical vapour transport agent (CVT) yielded needle-
or plate-shaped crystals depending on the annealing time at 1173 K. SEM-EDX analysis
on a Hitachi S-2700 SEM (20 kV beam voltage) revealed that the composition of these
crystals was HfSigs51)Asis5q). Powder X-ray diffraction patterns obtained on an Inel
diffractometer equipped with a CPS 120 detector indicated >95% purity of the desired
phase, with the remaining <5% mostly containing HfO,. Use of initial reaction
temperatures higher than 873 K led to reaction of Hf with the tube to form larger

quantities of HfO,. When only Hf and As (in either 1:1 or 3:2 ratios) were reacted in a
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fused-silica tube at 1173 K in the presence of I, Hf(Sig5Asys)As as well as large

quantities of HfO, and occasionally minor amounts of HfAs, were produced due to
reaction with the tube.
8.2.2 Structure Determination

Single-crystal X-ray diffraction data were collected on a Bruker Platform /
SMART 1000 CCD diffractometer at 295 K using o scans. Structure solution and
refinement were carried out with use of the SHELXTL (version 6.12) software
package.22¢  Face-indexed numerical absorption corrections were applied. The
centrosymmetric space group P4/mmm was chosen and initial atomic positions were
found by direct methods. Occupying the 24 site exclusively with As atoms led to large
displacement parameters. If Si and As were assumed to be disordered within this site, the
refined occupancies converged to 0.52(1) Si and 0.48(1) As and the displacement
parameters became more reasonable. The absence of supercell reflections suggests that
Si and As are randomly distributed in this site. The other sites were well-behaved.

Atomic positions were standardized with the program STRUCTURE TIDY.225
Crystal data and further details of the data collection are given in Table 8-1, final values
of the positional and displacement parameters are given in Table 8-2, and interatomic
distances are listed in Table 8-3. Further data, in CIF format, have been sent to
Fachinformationszentrum Karlsruhe, Abt. PROKA, 76344 Eggenstein-Leopoldshafen,
Germany, as supplementary material No. CSD-418329 and can be obtained by contacting

FIZ (quoting the article details and the corresponding CSD numbers).
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Table 8-1 Crystallographic data for Hf(Sig sAsg5)As

Formula

Formula mass (amu)
Space group

a(A)

c(A)

V(A%

VA

Pestca (g 1)

Crystal dimensions (mm)

Radiation

n(Mo Ko (mm™)
Transmission factors
20 limits

Data collected

No. of data collected

HIf(Sig 521)AS0.48(1))As

304.92

P4/nmm (No. 129)

3.6410(5)

8.155(1)

108.10(3)

2

9.367

0.51 x 0.27 x 0.03

Graphite monochromated Mo Ka.,
A=0.71073 A

70.83

0.006-0.121

5.00° < 26(Mo Ka) < 65.82°
—S5<h<5,-5<k<5,-12<1<12
1449

No. of unique data, including F, 2<0 153

No. of unique data, with F,> > 26(F,’) 153

No. of variables 11

R(F) for F,2 > 206(F,) ® 0.028

RW(F)® 0.068

Goodness of fit 1.306

(AP)maxs (AP)min (€ A7) 3.60, -2.85
* R(F)=3|F|-|E[/ZIF-

b

where p = [max(F2,0)+ 2F?)/3.

R, (F2)- [z [W(FOZ ~r2)}? ] /Z v Fﬂ 0w 2 o2(F2 )+ 0.0419p)2 + 02623
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Table 8-2 Atomic coordinates and equivalent isotropic displacement parameters for
Hf(Si0.5ASO.5)AS

Atom Wyckoff Occupancy X y z Ueg (AH
position

Hf 2c 1 Ya Ya 0.25606(6) 0.0092(3)

Si/Asl  2a 052(1)0481) % Y% 0 0.0114(6)

As2 2¢ 1 v Y 0.6148(2)  0.0086(4)

? Ueq is defined as one-third of the trace of the orthogonalized Uj; tensor.

Table 8-3 Selected interatomic distances (A) in Hf(Sip sAsp 5)As *

HE-As2 (x4) 2.7545(6)
Hf-As2 2.852(1)

Hf-X (x4) 2.8260(5)
X=X (x4) 2.5746(4)

? X represents the disordered site containing 0.5 Si and 0.5 Asl.
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8.2.3 Property Measurements

The electrical resistivity along the length of a flat needle-shaped crystal
(corresponding to the symmetry-equivalent [100] or [010] directions, or the in-plane
resistivity, pss) having dimensions 1.9 x 0.2 x 0.1 mm was measured from 2 to 300 K by
standard four-probe techniques on a Quantum Design PPMS system equipped with an ac
transport controller (Model 7100). The current was 100 pA and the frequency was
16 Hz. Measurement of the out-of-plane resistivity p. was precluded by the habit and
dimensions of the available crystals. The magnetic susceptibility was measured on a
ground sample of the crystals (~100 mg) from 2 to 300 K on a Quantum Design 9T-
PPMS dc magnetometer/ac susceptometer under a 10 kOe field. The susceptibility was
corrected for contributions from the holder and the core diamagnetism of the sample.
8.2.4 X-ray Photoelectron Spectroscopy (XPS)

XPS measurements were made on a Kratos AXIS 165 spectrometer fitted with a
monochromatic Al Ka X-ray (1486.7 eV) source. The resolution of this instrument has
been determined to be 0.4 eV. The typical precision of binding energies (BE) in this
instrument is better than £0.1 eV and the area analyzed was ~700 x 400 um>.

Plate-shaped crystals (each with surface area > 1 x 1 mm?) were affixed onto a Cu
sample holder by C tape. The samples were connected with silver paint (DuPont
Electronics) directly to the Cu holder, ensuring electrical contact with ground to
minimize charging effects. After being loaded into the spectrometer, the samples were
cleaned by Ar" ion sputtering (4 kV accelerating voltage, 1-10 mA current) to reduce the
concentration of surface oxides and other contaminants (e.g., C, I) present. Different

currents were used to evaluate whether preferential sputtering of the light elements or
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reduction occurred. Neither effect was observed and survey spectra from multiple
samples indicated the composition of the surface was HfSig ¢(1)As1 3¢2), which agrees with
the bulk composition when the accuracy of the measurement is considered. The samples
were not annealed after sputter-cleaning because the constituent elements (particularly
Hf, but also Si) were found to be quite reactive in the vacuum chamber of the
spectrometer at room temperature, even though the base pressure was ~107 Pa,
producing small amounts of surface oxide over time. This phenomenon has also been
observed during XPS studies of Hf metal.226 Annealing would only enhance this
contamination and so was not performed. High-resolution spectra of the As 3d, Si 2p,
and Hf 4f core lines and of the valence band were collected with a pass energy of 20 eV,
a step size of 0.05 eV, a sweep time of 180 s, and an energy envelope of 10-20 eV. All
spectra were analysed with the CasaXPS software program.!10 During data analysis, the
samples were calibrated using the C 1s line arising from adventitious C with a fixed
value of 284.8 eV. Because As Auger signals overlap the C 1s line in this system, the
calibration was checked by setting the maximum of the first derivative of the valence
band on the low BE side of the spectrum to 0 eV, which represents the Fermi edge. This
is an accepted calibration method for metallic compounds such as the one under study.!34
A Shirley-type function was applied to remove the background arising from energy loss
and spectra were fitted using a combined Gaussian (70%) and Lorentzian (30%) line
profile. For comparison purposes, the Hf 4f spectrum from Hf metal (99.5% (excluding
3% Zr); Alfa-Aesar) was also collected using the same sample preparation and XPS

settings discussed above.
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8.2.5 Photoemission Spectroscopy (PES)

Valence band photoemission spectra at different X-ray excitation energies (from
500 to 255 eV) were collected at the Canadian Light Source (CLS) in Saskatoon,
Saskatchewan, using the spherical grating monochromator (SGM) undulator beamline,
11-ID.1,153 and a Scienta 100 hemispherical analyser equipped with a channel plate
detection system. Changing the excitation energies modulates the photoionization cross-
section and separates the valence contributions arising from Hf, As, and Si. The
monochromatized photon flux of this beamline is ~10'* photons/second at 250 eV and
5 x 10" photons/second at 500 eV. An aggregate of needle-shaped crystals was mounted
on the sample holder with TorrSeal epoxy. Because the sample is insulated by the epoxy,
it was connected with C tape to the grounded stage to reduce charging effects. After
curing, the sample was loaded into the introduction chamber attached to the analytical
chamber of the spectrometer. Once a suitable pressure was achieved in the introduction
chamber (~107 Pa), the sample was scraped in situ in the introduction chamber using
glass paper to produce a clean surface appropriate for photoemission experiments and
then transferred to the analysis chamber. The cleanliness of the sample was monitored by
examining the Hf 4f spectrum. The valence band spectra were measured with a pass
energy of 100 eV, an energy step size of 0.02 eV, and a dwell time of 33 ms. At 500 eV,
the overall resolution, including analyser and beamline contributions, was ~0.16 eV,
measured using the Fermi edge of a clean Au sample. The beamline exit setting used, 20
pm, gives a spot size on the sample of ~1 mm x 80 um. Resonant photoemission was
performed by examining the valence band with an excitation energy equal to the Hf N3

(4ps) absorption peak (384 eV), which was determined by collecting a total electron
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yield (TEY) X-ray absorption spectrum, compared to that obtained with an excitation

energy just below the absorption edge (360 eV). To directly compare the spectra, all
signal intensities were normalized to the incident photon flux. Because the sample is
metallic, all valence band spectra were aligned by setting the maximum in the first
derivative of the low binding energy side of the spectra to be equal to 0 eV (Fermi edge).
8.2.6 Band Structure Calculations

To help interpret the valence band spectra, tight-binding linear muffin-tin orbital
band structure calculations were performed within the atomic spheres approximation
(TB-LMTO ASA).40 Contributions from the Si 3s, 3p; As 4s, 4p; and Hf 5d orbitals to
the density of states were extracted. Because mixed occupancy is problematic to treat,
three ordered models were considered in which the disordered site is occupied by: (i) As
atoms only (“HfAs,™), (ii) Si atoms only (“HfSiAs™), or (iii) alternating Si and As atoms
with only heteroatomic Si—As bonding present (“Hf(Sig5As05)As™). In the last model,
the space group was chosen to be P 4m2 (Nd. 115) and the atomic positions were: Hf, 2g
(7, 0, —0.2651); Si, 15 (%4, Y%, 0); Asl, la (0, 0, 0); As2, 2g (%, 0, 0.3851). The
calculations were performed with 245 k points in the irreducible portion of the Brillouin
zone for the first model and 1152 & points for the other two models.
8.3 Results and Discussion
8.3.1. Synthesis and Crystal Structure

Hf(SiosAs05)As is a new ZrSiS-type representative, augmenting the three other
examples, ZrSig7Sb; 3, ZrGeSb, and HfGeSb,37: 227 known in the ternary systems (Zr,
Hf)-(Si, Ge)—(As, Sb). As in the synthesis of other Si-containing compounds of this

structure type,>* 57 Hf(Sip sAsg s)As can also be formed through a deleterious reaction of



209
Hf and As with the fused-silica tube at high temperature. The nonstoichiometry suggests

the possibility of a phase width, which was investigated by carrying out a series of
reactions with compositions Hf(Si,As;y)As (0.1 < x £ 1). Powder XRD analysis
established a small homogeneity range of 0.5 < x < 0.7 where single-phase
Hf(Si,As;,)As was formed. Below x = 0.5, HfAs; and Hf(Sip5As(s5)As were formed,
whereas above x = 0.7, Hf(Sig7As03)As was found with Si and HfAs. The cell
parameters, calculated using the program UNITCELL,228 range from a = 3.6279(6) A
and ¢ = 8.135(2) A for Hf(SigsAsps)As to @ = 3.6115(5) A and ¢ = 8.160(2) A for
Hf(Sip7As0.3)As.

The ZrSiS-type structure adopted by MAB compounds such as Hf(SipsAsp s5)As,
shown in Figure 8-1, can be described in terms of a stacking of square nets, those
containing the A (Si/Asl) atoms being twice as dense as those containing the M (Hf) or B
(As2) atoms. The distances within the denser square net (2.5746(4) A) are indicative of
weak bonding, whereas those within the other nets (3.6410(5) A, equal to the a
parameter) are too far to be significant. The disorder of Si and As atoms within the A net
implies that Si-Si, Si-As, and As—As bonding are operative. The Hf atoms are nine-
coordinate, at the centres of monocapped square antiprisms connected in a head-to-head
and tail-to-tail configuration. The distance to the capping atom (2.852(1) A) is only
slightly longer than to the other atoms (2.7545(6)-2.8260(5) A), implying strong bonding
along all directions in the structure.

Size effects account for some of the structural features in Hf(Sig5Aso5)As. Siand
As have sufficiently similar sizes (metallic radii R, = 1.17 A for Si, 1.21 A for As)37 that

they readily disorder within the denser A net, but the less dense B net contains
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Figure 8-1 Structure of Hf(Sig5As0.5)As viewed down the a direction. Like other MAB
compounds with the ZrSiS-type structure, it consists of a stacking of nets of M (Hf), A
(Si/Asl), and B (As2) atoms.
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exclusively the slightly larger As atoms. An analogous type of disorder has been
observed previously in Zr(Si;_As,)(As,Te;,).5* As seen above in the trends in cell
parameters, as the larger As atoms are substituted for Si in the denser square net on going
from Hf(Sig7As03)As to Hf(SipsAsos)As, the expansion of a is accompanied by a
contraction in ¢, which is related to the relief of steric crowding as the Hf-centred square
antiprisms become flattened to allow the capping atoms to approach more closely.’* The
absence or presence of this interaction with the capping ligand has been used to classify
ZrSiS-type structures as 2D or 3D, respectively, the transition occurring at a critical c¢/a
ratio of ~2.3.54 For Hf(Si,As|_0)As (0.5 < x <£0.7), the c/a ratios of 2.24-2.26 are lower
than the critical value and consistent with a 3D structure.

Electronic effects also play an important role, through the optimization of
homoatomic and heteroatomic bonding interactions within and between the square nets.
In ZrSiS-type structures, electronic stabilization is favoured by placement of the less
electronegative main-group element in the denser A net,55 consistent with the observed
structure of Hf(SigsAsps)As. In some cases, geometrical distortion of the square net
occurs to maximize bonding, as in GdPS or SmTe, g4,55 215 but this does not happen in
Hf{(Sig.5As05)As. The Si/As disorder in the 2a site spans only a narrow range (0.7:0.3 to
0.5:0.5) and the parent binary phases adopt structure types (HfSi, (ZrSi,-type); HfAs;
(PbCly-type))22 different from the ternary phase, satisfying two of the criteria invoked by
the concept of differential fractional site occupancy (DFSO) stabilization.23¢ Although
cationic DFSO-stabilized materials are now well known,239% 231 anionic DFSO-stabilized
materials such as Hf(SigsAs5)As are still relatively rare.231. 232 The different structure

type adopted by Hf(SigsAsgs)As can be attributed to a competition between the anion-
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anion (Si-Si, As-As, Si—As) bond energies and the configurational (non-kinetic) entropy
of the disordered site.230 The distances within the denser A net in Hf(Sig5Asy5)As are
somewhat longer than typical Si-Si (2.3 A) or As—As (2.4 A) covalent bonds,37 lowering
the contribution of the bond enthalpy. However, the random distribution of Si and As
atoms within this net raises the configurational entropy, providing a stabilization of the
Gibbs free energy of the system.
8.3.2 Electrical and Magnetic Properties

Most ZrSiS-type compounds are expected to be metallic, as predicted by band
structure calculations on this (vide infra) and related members.>3 The profile of the in-
plane electrical resistivity (p,s) for a single crystal of Hf(SiysAsgs)As, shown in Figure
8-2a, confirms metallic behaviour. The resistivity values are relatively high (ps3px =
1.9x 107* Q cm) and the residual resistivity ratio (RRR = psoox/p2x = 2.0) is small,
consistent with the high degree of disorder in this material. The magnetic susceptibility
curve, shown in Figure 8-2b, indicates essentially temperature-independent Pauli
paramagnetism (x = 8 x 107* emu/mol), with a slight upturn at low temperatures most
likely arising from small amounts of paramagnetic impurities.
8.3.3 Electronic Structure

In Hf(SigsAsgs)As, if Hf is assumed to transfer four valence electrons, the Si and
As atoms together are still deficient by A = 2.5 electrons relative to filled octets. The As
atoms in the B net are too far apart (3.6410(5) A) to be bonding and can be assigned to be
isolated As® anions. A charge-balanced ionic formulation would thus be
Hf** (Sio,sAso,s)l_As3”, implying that anion-anion bonding must develop within the A net

among the disordered Si and As atoms to complete their octets. Although the distances
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of Hf(Sio_5ASO.5)AS.
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within the A net (2.5746(4) A) are smaller than those within the B net, they are certainly

still too long to be considered 2c—2e” Si-Si, Si—As, or As-As bonds (~2.4 A).37 These
distances are instead consistent with multicentre bonding of fractional bond character.
Within such hypervalent bonded square nets, the ideal electron count is six,
corresponding to the presence of “one-electron bonds”.55 This electron count is
consistent with the charge assignment of As'~ but not quite with Si'"; however, a slight
deviation is energetically permissible given that only nonbonding or weakly antibonding
levels are affected. Although simple electron-counting schemes such as this are helpful
in developing a first approximation to the electronic structure and can be remarkably
successful in rationalizing bonding in complex solid-state structures, they overemphasize
the degree of charge transfer that takes place. True charges are not expected to be as
extreme as implied by these ionic formulations, and it is our goal to evaluate charges by
experimental means and assess the validity of this approach.
8.3.3.1 As 3d and Si 2p XPS Spectra

The As 3d core-line spectrum of Hf(SigsAso5)As is shown in Figure 8-3a. There
is only one signal, split into a doublet representing the 3ds;» and 3d3/, spin-orbit coupled
final states, which were fitted with two peaks each having a FWHM of ~0.9 €V in an
intensity ratio equal to the theoretical value of 3:2. On the high BE side of the spectrum,
the asymmetric lineshape may be attributed to contributions from As suboxides formed
during the experiment (as has also been observed in surface studies of GaAs),233 or it
may be related to the metallic nature of Hf(SigsAsps)As, as discussed below in the

context of the Hf spectrum.
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Figure 8-3 (a) As 3d and (b) Si 2p core-line spectra of Hf(SipsAsgs)As, fitted with
component peaks representing the spin-orbit coupled final states. The binding energy of
elemental As or Si is marked by a vertical dashed line.
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The BE of the As 3ds;, peak is 40.8 ¢V, which is considerably lower than that in

elemental As (41.7(2) eV, dashed line in Figure 8-3a),!16 indicating that As is anionic in
Hf(Sip sAsps)As. In comparison to the BE of other As-containing compounds having
known charges (e.g., As, AsyOs, As;Os)!16 and assuming a linear relationship, this value
indicates an estimated As charge of approximately 1-. The presence of only one signal
suggests that both Asl and As2 atoms adopt the same charge, contrary to the prediction
made by the electron-counting scheme described above. The lower than expected charge
implies significant covalent character in the Hf~As bonds and incomplete charge transfer
from Hf to As. Caution must be exercised in interpreting charges derived from binding
energies. Although binding energies are principally influenced by the charge on the atom
of interest, they also depend on other factors such as the identity of the ligand, variations
in the coordination environment, and final state relaxation effects.!34 For example, the
As 3ds» BE is 45.3 eV in AsBr; and 47.1 eV in AsF;3,110 a substantial difference even
though the nominal charge of As is 3+ in both compounds. Other analyses must
therefore be performed, as described below, to substantiate the charge assignments
derived from core-line binding energies.

The Si 2p core-line spectrum (Figure 8-3b) also shows one set of spin-orbit split
peaks, representing the 2ps., and 2py., final states, fitted with a FWHM of ~0.8 eV in an
intensity ratio of 2:1. The Si 2ps;» BE is 98.9 eV, about 0.6 eV lower than that in
elemental Si (99.5(3) eV, dashed line in Figure 8-3b)116 and indicative of anionic Si. As
before, binding energies were compared with other Si-containing compounds,!16
resulting in an estimated Si charge of approximately 1— in Hf(Sig sAsg s)As. The Si 2psp

BE in Hf(Sig sAsgs5)As is similar to that in TiSi;.234 As well, the valence band spectrum



217

of TiSi, reveals occupied Ti 3d states,?34 implying the Si charge is not as large as 2—, as
predicted by simple electron counting.

The smaller negative BE shift relative to the elements observed for the Si 2p3.,
line (ABE = 0.6 eV) than for the As 3ds; line (ABE = 0.9 eV) can be related to the
difference in electronegativity between Si and As.37 Because As is more electronegative,
it attracts a greater amount of electron density from the neighbouring Hf and Si atoms,
lowering the As 3d BE. On the other hand, because Si is less electronegative, the Hf-Si
bonds are more covalent than the Hf-As bonds which reduces the screening of the Si
nuclear charge by the valence electrons.

On the high BE side, the Si 2p spectrum (Figure 8-3b) also contains a component
fitted by split 2pi» and 2ps» spin-orbit peaks, which may be attributed to Si oxides
formed during data collection by reaction of the surface with residual oxygen in the
vacuum chamber. Although the 2p;,» BE of 101.2 eV is much lower than in bulk SiO,
(103.5(3) eV),116 it is similar to that in Si suboxides observed during analysis of Si
nanocrystals.233, 236 Only one set of broad spin-orbit split peaks was used to represent
the Si suboxide component even though it is known that such oxides can have a variety
of Si charges.236
8.3.3.2 Hf 4f XPS Spectra

The Hf 4f spectrum of Hf(Sig sAso s)As (Figure 8-4a) is compared with that of Hf
metal (Figure 8-4b). Both spectra show two asymmetric spin-orbit coupled final states,
4f; and 4fsp, fitted by component peaks with a FWHM of ~0.7-0.8 ¢V in a fixed
intensity ratio of 4:3. The asymmetric lineshapes are characteristic of not only metallic

compounds (Chapter 3) but also small band-gap semiconductors that possess a
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Figure 8-4 Hf 4f core-line spectra of (a) Hf(Sip sAsos)As and (b) Hf metal, fitted with
asymmetric component peaks representing the 4f7; and 4fs; final states.
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delocalized electronic structure (Chapter 7). As described in earlier chapters, this
asymmetry (first described by Doniach and Sunji¢) arises when valence electrons,
interacting with the core hole, are excited and scattered from filled states below the Fermi
edge into empty conduction states.!!” Metallic compounds, such as Hf(SipsAsos)As,
have a continuum of states above the Fermi edge, so that an asymmetric tail comprising
many closely spaced states is observed instead of a few distinct satellite peaks.118 In
addition to the asymmetric peaks, other states at higher BE are seen in the spectra and
may be attributed, as in the case of the Si 2p spectrum above, to small amounts of metal
suboxide contamination. Sputter-cleaned Hf metal shows the same behaviour.226

The Hf 417, BE is 14.8 eV in Hf(Sij 5As¢ 5)As, higher than in Hf metal (14.2 eV)
and consistent with cationic Hf. The magnitude of this shift is smaller than expected for
a Hf charge of 4+ (obtained from simple electron counting). For comparison, the
measured Hf 4f;, BE for HfO, (Alfa-Aesar) is 16.7 eV. The delocalized electronic
structure of Hf(Sig5Asos5)As, which is metallic, gives rise to very effective screening of
the Hf nuclear charge, complicating the assignment of the Hf atomic charge solely on the
basis of a BE analysis.
8.3.3.3 Valence Band XPS Spectra and LMTO Band Structure Calculations

When the core-line binding energy shifts do not give definitive information about
valence states and when covalent bonding is significant, analysis of the valence band
spectra can provide useful insight about the electronic structure, as was shown in
Chapters 3, 6, and 7 for other intermetallic compounds. The valence band spectrum of
Hf(SipsAs5)As is shown in Figure 8-5, with its components labelled from 1 to 4. To

interpret these components, the spectrum can be compared with band structures
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Figure 8-5 XPS valence band spectrum of Hf(SijsAs(s5)As collected using Al Ka
X - rays.
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calculated for three ordered models differing in the occupancy of the disordered site and
thereby the type of bonding interactions present in the denser square net: (i) “HfAs,”
(As—As bonding only), (ii) “HfSiAs” (Si-Si bonding only), and (iii) “Hf(SigsAsg5)As”
(Si—As bonding only) (Figure 8-6). All three models reproduce the general features of
the valence band spectrum, if variations in the photoionization cross-sections of different
elements, which affect intensities,’4 are taken into consideration.

The low intensity shoulder in Figure 8-5 (component 1) is located at the Fermi
edge (0 eV), consistent with the metallic nature of this compound. The band structures
reveal occupied Hf 5d states in the valence band, arguing against the presence of Hf'".
The intense broad peak (component 2) represents As 4p and Si 3p states. The low BE
part of this peak originates from As2 4p states of the less dense square net, whereas the
high BE part originates from Si 3p and Asl 4p states of the denser square net. The
difference in energy arises because stronger bonding interactions in the denser square net
stabilize the Si/As1 states (thus increasing their BE). If only Si—As bonding is active in
this square net, the Si 3s states lie higher in energy than the As2 4s states (Figure 8-6¢)
but introduction of Si—Si bonding shifts the Si 3s states to lower energy so that they
overlap the As2 4s states (Figure 8-6b). Thus, component 3 in Figure 8-5 is assigned to
have contributions from both Si 3s and As2 4s states. Finally, component 4 is
unambiguously assigned to arise from Asl 4s states, which occur at the deepest energies
in the band structures (Figures 8-6a and 8-6¢).
8.3.3.4 Photoemission Spectroscopy (PES)

In Figure 8-5, the sharpness of the low BE shoulder (component 1) representing

Hf 5d states suggests that only a single Hf 5ds,, peak instead of a spin-orbit doublet (5ds,
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and 5djp) is present in this region. This feature was investigated further with resonant
PES conducted on the SGM beamline at the CLS. Resonant photoemission exploits
optically allowed (Al = £ 1) transitions from a core level to a partially occupied band. If
the occupancy of the Hf 5d band is N, then at photon energies where a Hf 4p core level
electron can be excited into an empty 5d state, two possible photoemission processes can
co-exist. In addition to the “normal” photoemission process, 4p°5d” + hv—4p®sd™" +¢7,
the 50! excited state that can also be reached with appropriately selected photon
energies can decay via an autoionization process: 4p°5d”" + hv—4p°5d" 1 —4p°5d¥ ! + ¢
The final state of this process is the same as that in the normal photoemission process,
i.e., single ionization, not the double ionization produced by a normal Auger decay, and
by conservation of energy the emitted electrons have the same kinetic energy as those of
the “normal” photoemission process. The practical result is an increase in the 5d
photoemission signal at photon energies corresponding to allowed 4p—5d transitions.
The effect is well known, and very large, for 4d—4f transitions in lanthanide
materials,237- 238 but is also observed as a smaller, but significant, effect for other allowed
transitions, e.g., 3p—>3d in Ti and 4f—5d in Ir.239, 240

Figure 8-7 shows the resonant photoemission spectra of Hf(Sig 5As0.5)As collected
using an excitation energy of 384 eV (equal to the Hf N3 (4p;3») absorption peak as
determined by a X-ray absorption measurement) and 360 eV (below the Hf N3 absorption
edge). The region of the valence band spectra shown represents where the Hf 5d and
As2 4p states were proposed to reside, based on comparison of Figure 8-5 to Figure 8-6.
As can be seen, the peak found at the Fermi edge (0 eV) is enhanced when the excitation

energy is increased from 360 eV to 384 eV, providing further evidence that it represents a
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Figure 8-7 Resonant PES spectra of Hf(SigsAsos)As collected using an excitation
energy equal to the Hf N3 (4psn) absorption edge (384 eV) and one just below the

absorption edge (360 eV). The spectral intensities have been normalized to account for
differences in incident photon flux.
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Figure 8-8 (a) Variation in the Hf 5d, As 4p, and Si 3p photoionization cross-sections
from 250 eV to 500 ¢V74 and (b) PES valence band spectra collected using excitation
energies equal to 255 eV, 360 eV, and 500 eV. The spectra have been normalized to the

As2 4p peak.
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Hf 5d state. Between 4 and 1 eV, there is also a small enhancement, implying

contributions of the Hf 5d band in this region. The enhancement is not as large as would
be expected if the excitation energy were equal to that of the Sp absorption edge, because
the lifetime of the autoionization decay process experienced here is longer than that of a
Coster-Kronig decay process.f0 Nevertheless, the increase in the Hf 5d intensity is
greater than would be expected on the basis of only the difference in Hf 5d and As 4p
photoionization cross-sections at the two energies.”*

The valence contributions in Hf(Sig sAsg 5)As were further assessed by varying the
excitation energy, which changes the orbital photoemission cross-sections (Figure 8-8a)
of different elements, allowing them to be identified. Valence band spectra collected at
different excitation energies ranging from 500 to ~250 eV are shown normalized to the
As2 4p intensity (Figure 8-8b). Although the surface was scraped in vacuum, a small
amount of surface oxide was present, limiting our ability to examine the Asl 4p/Si 3p
and As 4s/Si 3s components. However, the region from 0 to 6 eV was unobscured,
permitting identification of the Hf 5d and As2 4p states. As the excitation energy was
changed from 500 to 255 eV, the intensity of the Hf 5d peak located at the Fermi edge
diminishes significantly compared to the As2 4p peak, in accordance with the variation in
cross-sections (Figure 8-8a). The reduction in intensity indicates that the region from 4
to 0 eV has contributions from Hf 5d states, in agreement with the resonant
photoemission results. If the feature located at the Fermi edge is identified to be the Hf
5ds;, peak, then the higher BE signal can be assigned to be the 5d3, peak (i.e., a Hf 5d
spin-orbit doublet is observed). These results provide further evidence against a Hf*"

species.



225
8.3.3.5 Fitting of the Valence Band Spectrum

The core-line binding energies indicate charges of 1- for Si and As, and the
valence band spectra (XPS and PES) indicate a charge of 2+ for Hf, as implied by the
presence of occupied Hf 5d states and by charge balance with the anions. These charge
assignments can be tested further by fitting the valence band spectrum. In Chapters 3, 6,
and 7, this type of analysis was proven useful in extracting the atomic charges in other
intermetallic compounds. As shown in Figure 8-9, the valence band spectrum was fitted
with component peaks (labelled 1 to 6) representing the different states identified by PES
and the band structure calculations. The widths and energies were refined as described in
Chapter 3 (Section 3.3.4), and the goodness of the fit was monitored by the RSD between
the simulated and experimental spectra with a low RSD indicating a good fit. Peaks 1
and 2 represent the Hf 5ds, and 5ds, spin-orbit doublet, fitted with asymmetric
lineshapes in accordance with similar profiles observed in the Hf 4f spectrum (Figure 8-
4a) and consistent with what has been observed in the valence band spectra of other
transition metals (Chapter 3). The peak splitting was determined to be ~1 eV on the basis
of the PES spectra (Figure 8-8b). Peak 3 represents the As 2p component. Peak 4
represents the Si 3p and Asl 4p components. Because the separation between the spin-
orbit split states, nps, and npyp, is small, only a single peak was used to simplify the
fitting of the np states. Peak 3 is more intense than peak 4 because the cross-section for
As 4p is larger than for Si 3p when an excitation energy equal to that of Al Ka X-rays is
used (Table 8-4); ultimately, the difference in peak intensity depends on the ratio of As2

to Asl atoms, 2:1. Peak 5 represents both As2 4s and Si 3s states, and peak 6 represents
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Figure 8-9 Fitted XPS valence band spectrum of Hf(S1g 5As05)As collected using Al Ka.

X-rays. The assignments of the peaks labelled from 1 to 6 are discussed in the text and

listed in Table 8-5. The experimental spectrum is represented by a thick grey line and the
fitted envelope (simulated spectrum) by a thin black line.

Table 8-4 Atomic photoelectron cross-sections (o) ab

Reference 74 73

Hf 5d 0.0024 0.0733

Si3p 0.00017 (0.071) 0.0070 (0.095)
Si 3s 0.0010 (0.42) 0.0808 (1.10)
As 4p 0.0018 (0.75) 0.06045 (0.825)
As 4s 0.0017 (0.71) 0.1357 (1.85)

? The cross-sections from reference 74 are in units of mega-barns (Mb) whereas the
cross-sections from reference 73 are proportional to the C 1s cross-section of 13,600
barns.

> The ratios of the cross-sections relative to the Hf 5d value are provided in parentheses.
Between the two sets of values, only the magnitudes of the ns cross-sections relative to
the Hf 5d cross-sections differ significantly.
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the Asl 4s state, on the basis of comparing the valence band spectrum to the band
structure calculations (Figure 8-6).

The fitted peak areas can then be related to the total electron population in
Hf(Sig5As0.5)As, yielding cation and anion charges. To do this, the intensities must first
be cotrected for variations in cross-section () and inelastic mean free path (IMFP, 1):7°

I, (o, 4)
il ; [(o,45)
j=1

C =

; (8-1)
Because all observed photoelectron kinetic energies are similar throughout the valence
band region, Eq 8-1 can be simplified to Eq 8-2 on the assumption that the IMFP values
will be the same for all states:

I, /(o))
il IUCH,
=

C =

1

(8-2)

Here, I,/ 0o, represents the intensity of the peak for a given atomic component under

consideration and ZI ; /o, represents the sum of all the corrected peak intensities in the
J=l

complete valence band spectrum. (This method is a further simplified version of that
initially proposed in Chapter 3.) Peak 4 was adjusted assuming a 1:1 ratio of Si 3p to
Asl 4p states, whereas peak 5 was adjusted assuming a 2:1 ratio of As2 4s to Si 3s states.
Following Eq 8-2, the corrected and normalized component areas (C;) were multiplied by
the total valence electron population, which is 13.5 in the case of Hf(SipsAso5)As, to
yield atomic charges. Two different sets of cross-sections were used (Table 8-4). The

calculated electron populations per peak and the resulting average atomic charges
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Table 8-5 Electron population of valence states in Hf(SipsAsos)As calculated using Eq

8 -2 and a total valence electron population of 13.5 ¢.¢

State Sample 1 Sample 2
Cross-section (o) reference 74 73 74 73
Hf 5d (peaks 1, 2) 1.5[18.2] 1.8 1.9[23.1] 23
As?2 4p (peak 3) 5.1[44.4] 52 48[41.6] 49
Asl 4p / Si 3p (peak 4) 5.8[28.2] 6.0 5.8[27.6] 5.8
As2 4s/ Si 3s (peak 5) 0.9 [6.9] 0.4 0.8 [6.1] 0.4
Asl 4s (peak 6) 0.2 [2.3] 0.1 0.2 [1.5] 0.1
Total Hf charge 2.5+ 2.2+ 2.1+ 1.7+
Total anion charge 2.5~ 2.2— 2.1- 1.7-
[(Sio.sAso5)As]

Average charges® 2.1+ [Hf], 2.1- [(Sip.sAs0.5)As]

“ The total peak arcas of the peaks used to fit different states in the spectra are listed in

square brackets.

b Scaling of the ns cross-sections from Table 4 such that both sets are similar did not alter

the calculated charges to any appreciable degree (<0.1).



229
determined from the spectrum shown in Figure 8-9 and from a second sample (not

shown) are given in Table 8-5. These charges suggest the formulation
Hf2+[(Si0,5Aso,5)As]2_, consistent with the values deduced earlier through analysis of the
As 3d and Si 2p binding energies. Moreover, it appears that both Asl and As2 have the
same charge of 1—, in agreement with the observation of a single set of spin-orbit split As
3d peaks (Figure 8-3a).
8.4 Conclusions

The metallic and Pauli-paramagnetic compound Hf(SigsAsos5)As is a new
representative of the MAB series adopting the ZrSiS-type structure, exhibiting
substitutional disorder of Si and As atoms within the denser square net of A atoms so that
a narrow homogeneity range is possible in Hf(Si,As;_x)As (0.5 < x < 0.7). It augments
the few examples of anionic DFSO-stabilized materials now known. XPS core-line
binding energy shifts in the Si 2p and As 3d spectra suggest the presence of anionic Si'
and As'". The Hf 4f spectrum showed an asymmetric lineshape to higher BE, indicative
of electronic delocalization, which enhances screening of the nuclear charge and
attenuates the BE shift making it difficult to determine the Hf charge. By comparison to
band structure calculations, the valence band spectrum was decomposed into Hf 5d states
at the Fermi edge, followed by Asl, As2, and Si #np and #s states. Valence band spectra
collected at different excitation energies as well as resonant PES measurements revealed
that Hf 5ds» and 5ds» spin-orbit doublet peaks were present in the uppermost region,
nearest to the Fermi edge. With the different component states now identified and fitted
in the valence band spectrum, their electron populations were calculated to yield the

formulation Hf2+[(Sio_5Aso,5)As]2 ~. This charge assignment differs substantially from
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that predicted by a simple electron-counting scheme, Hf**(SigsAsos) "As>~, in which

full electron transfer from Hf is assumed. Because X-ray spectroscopy provides an
experimental probe and a more realistic evaluation of atomic charges, these results lead
to the conclusions that: (i) MAB compounds with the ZrSiS-type structure, in general,
possess substantial covalent bonding character, (ii) their metallic behaviour largely
originates from hybridization of states from the atoms in the less dense square nets of M
and B atoms, and (iii) the charges of the A and B atoms are similar despite their chemical

inequivalence.
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Chapter 9

Summary and Conclusions

9.1 X-ray Spectroscopy of Intermetallic Compounds

The bonding and charge distributions in intermetallic compounds have been
examined by X-ray spectroscopy. Such techniques (XPS and XAS) have not been
commonly applied to these types of compounds. This can be traced to the fact that shifts
in binding or absorption energy are often small because of the covalent nature of the
bonding and that earlier spectrometers lacked the resolution and precision to compare
samples whose energy shifts were only a few tenths of an eV. Most previous XPS
studies have focused on ionic compounds, where the BE shifts substantially as the
oxidation state and coordination environment is changed (cf. Figure 2-6), facilitating
interpretation of results. With the advent of better instrumentation, small variations in
energy in intermetallic compounds can now be examined. More sophisticated spectral
interpretations (e.g., examination of the Co 2psy, satellite intensity and fitting of valence
band spectra) have also been developed to complement the binding energy and absorption

energy analyses.
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9.1.1 MnP-type Compounds

The charge distribution in binary MnP-type compounds can be formulated as
M'"*P'" or M**P?, if P-P bonding is included or neglected, respectively. The core-line
BE shifts and valence band spectra support the charge formulation of M' “P'", in which
2c -2¢e” P-P bonds extend in zigzag chains (Chapter 3). The P 2p;3, BE decreases
gradually from CoP to CrP, as the M-P bond becomes more ionic (M becomes less
electronegative) with the enhanced electron density on P leading to greater screening of
the P photoemission site. These shifts were also interpreted with a charge potential
model (Chapters 4 and 5), which takes into account interatomic and intraatomic effects.

The most appropriate electronegativity scale to interpret BE shifts is based on the
Allred-Rochow definition:114

z
7= 0.359—6”2i +0.744 (9-1)
r

Zs 1s the effective nuclear charge (reduced from the full nuclear charge through
screening by electrons), r is the atomic radius, and the constants are included to scale to
the more familiar Pauling electronegativities.114 Although differences in Allred-Rochow
electronegativities accounted well for the BE shifts, some discrepancies were found. In
particular, As is more electronegative than P on the Allred-Rochow scale,!14 but the Co
2psn BE shifts in CoPn; (Pn =P, As, Sb) could only be interpreted sensibly if the reverse
were true (Chapter 5). That is, As is intermediate in electronegativity between P and Sb,
consistent with the general trend of decreasing electronegativity down a group in the

periodic table. The discrepancy may arise because Z.4 for As in Eq 9-1 is overestimated
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by Slater’s rules,!76 with the screening coefficient being too high for the As 3d electrons.

Care must be exercised in using electronegativity values to interpret shifts in energy. As
an experimental technique, XPS (and by extension, XAS) can be exploited to verify
relative electronegativity values.

When a more electronegative metal (M) substitutes for a less electronegative one
(M) in MnP-type compounds (M;_,M’,P), the P 2p;;, BE and K-edge absorption energies
decrease because the interatomic screening of the P photoemission site is reduced. In the
first ever study to examine next-nearest neighbour effects in transition-metal phosphides
(Chapter 4), the variation in the Madelung potential term arises from charge transfer from
M to M within the metal-metal bonding network in the MnP-type structure. The energy
shifts were also interpreted on the basis of electronegativity differences, through a
simplified version of the charge potential model (Eq 4-3). Between samples, the

difference in the intraatomic term (kAq;) is y P [A-x)y YR 1 M,] and the difference

in the interatomic term (AZy gq/ry), arising from M’ — M charge transfer, is

1-x)
2

(r X M') . This model helps explain how variations in charge transfer and in
covalent bonding character affect binding and absorption energies. Although this
equation can only account for relative differences in energy, it accurately predicts the P
2p32 BEs and K-edge absorption energies for a wide range of M;.,M’,P compounds.
(After data were collected on binary MP and ternary Mn,., V,P compounds, the P 2p;,
BEs for Co;, Mn,P and Co;,V,P were predicted and confirmed by experiment.)

Variations in intra- and interatomic screening of the P photoemission and absorption site

were also examined in mixed arsenide phosphides (MAs;,Py) with the MnP-type
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structure (Chapter 5). Here, the P and As charges are influenced by As — P charge

transfer within the Pn-Pr bonding network found in this structure type. As in M M’P,
next-nearest neighbour effects in the MAs;.,P, compounds affect the P 2p;» BEs and K-
edge absorption energies.

These results show that the electronic structure of MnP-type compounds is widely
tuneable, and imply that the catalytic activity of CoP could be modified by partial
substitution of the Co or P atoms. Although the mechanism by which CoP removes S or
N from petrochemicals is still unknown, it can be extrapolated by analogy with that of
NipP. In hydrodesulfurization (HDS) reactions, model compounds like thiophene
(C4H4S) can adsorb to NiyP, and in the presence of Hy), at an appropriate temperature,
butadiene (C4Hgg) and HaS(g) are produced.® During the initial stages of the reaction,
thiophene adsorbs to the surface by interaction of the S and Ni atoms with the organic
molecule oriented parallel to the surface.? The P atoms may also play a role by weak
back-bonding with the C atoms in C4H4S and by acting as the adsorption site of Hy,
which dissociates.? If CoP participates in a similar mechanism, then its catalytic activity
could be increased through the slight substitution of As for P atoms. Such a substitution
would lower the positive charge on the Co atoms, making it resemble Ni in Ni,P
(compared to CoP) and increase the negative charge on the P atoms, enhancing their
ability to back-bond to the petroleum feedstock. The lower positive charge on the Co
atoms might limit the ability of S to bond strongly with the Co atoms, reducing the
possibility of the surface being poisoned which partially accounts for the low HDS

conversion ratio in CoP relative to Ni,P.8
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9.1.2 CoAs;-type Compounds (Skutterudites)

Binary and rare-earth filled skutterudites were examined in Chapters 6 and 7 by
XPS, primarily to verify atomic charges, which remained ambiguous in the
literature.6. 39 45. 184, 185,197 The charge formulations Co**(Pr'"); and RE* (Fe* )a(Pn' )12
were established from core-line and valence band spectra. The electron deficiency in the
RE-containing compounds has been proposed to be represented as a hole in the valence
band,** localized largely on either the Fe or P atoms.4> Only one set of Fe 2p spin-orbit
coupled peaks were observed, indicating one Fe charge state. This would suggest that the
hole resides on the P atoms but, as the difference in BE between P atoms having an
average charge of 11/12- or 1- would be within the precision of the instrument
(~£0.1 eV), we were unable to confirm this.

The valence of Ce in CeFesPny; has been an ongoing question.6 39, 184, 185, 197
Comparison of the Ce 3d spectra to those of model compounds favours the assignment of
Ce™, as verified by the presence of a Ce 4f' state in the valence band spectra. The peak
was particularly evident in the CeFe4P, valence band spectrum, but was more difficult to
observe in CeFe4Sb);, because of its more covalent bonding character.

The evolution of bonding character was apparent between the phosphide and
antimonide skutterudites. In CoP3; and REFe4P1;, whose bonds have some ionic
character, the P 2p;, BE shifts significantly (~0.7 eV) relative to that in elemental
phosphorus. In contrast, in CoSbz and REFe4Sbi,, whose bonds are more covalent, the
Sb 3ds, BE is only slightly lower (by ~0.1 to 0.2 eV) than in elemental antimony. The
less pronounced BE shift stems from the reduced screening of the nuclear charge of Sb

(compared to that of P). Intermetallic antimonides may thus be at the limit of
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applicability for XPS given these small shifts, at the limits of instrumental resolution.

Extrapolating to other intermetallic compounds, BE shifts may be unobservable if the
electronegativity differences are smaller than ~0.2. The differences in BE shift observed
for P vs. Sb (and As) containing compounds (when the coordinating metal is the same)
suggests that these shifts in BE (relative to the element) may be used as a measure of the
degree of covalency (or ionicity) of a metal-anion bond. Such a method would be more
accurate than that proposed by Pauling in which the difference in electronegativity is
used,37 particularly as some discrepancies in electronegativity values exist.
9.1.3 Hf(Sig.sAsg.5)As

The new compound Hf(SigsAs¢s)As described in Chapter 8 is one end-member
of the phase Hf(Si,As;.,)As (0.5<x<0.7), which adopts the ZrSiS-type structure. If 2c-1e”
X-X bonds (X represents the disordered site containing As and Si atoms) and an ionic
model are assumed, the charge formulation Hf 4+(Sio,5Aso,5)1'As3' results. However, the
shifts in Si 2p and As 3d BEs do not support this assignment. Moreover, occupied Hf 5d
states are found in the XPS valence band spectrum, when interpreted with the aid of the
calculated density of states. Photoemission spectroscopy (PES) confirmed that Hf 5d
states were present in the uppermost portion of the valence band spectrum, near the
Fermi edge. This analysis was performed by examining how the peak intensities vary
with photoelectron cross-section as well as by resonant PES, a powerful technique to
distinguish the different states present in valence band spectra.

To determine the true charges, a fitting was applied to the XPS valence band
spectrum. To our knowledge, this is the first time that such a fitting has been applied to

extract atomic charges from valence band spectra. This method was developed in
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Chapter 3, giving charges in MnP-type compounds to be M'*P!", in agreement with the

core-line XPS results. The original fitting method proposed in Chapter 3 required the
valence spectra to be fitted by spin-orbit coupled doublet peaks, with the intensities being
corrected for both the inelastic mean free path (IMFP, calculated for the element), and
photoionization cross-section. A similar but slightly simpler method was used in
Chapters 6 and 7 to examine CoAs;-type compounds. For the case of Hf(SigsAsys5)As,
the fitting method was further simplified so that only one peak was used to approximate
both spin-orbit coupled final states (except for the case of the Hf 5d states). It was also
realized that the photoelectrons excited from different valence states would have similar
kinetic energies and therefore similar IMFP values, so this variable was removed from
the equation (Eq 8-2). This simplified method of fitting the valence band led to the new
charge formulation of Hf>*[(SiosAsos)As] >, which agreed, at least qualitatively, with
the core-line XPS and PES results. To properly fit the valence band spectra in Chapters 3
and 6 to 8, it is important to compare the spectra to the calculated total and partial density
of states. This fitting method may be limited when examining compounds having fairly
covalent bonds as the energy separation between different valence states is small.
Although electron counting, using an ionic model, led to charges that agreed,
perhaps fortuitously, with experimental values found in the MnP-type and skutterudite
compounds, it failed in the case of Hf(Sips5Asos)As. This discrepancy arises from the
highly covalent bond character in Hf(SipsAsos)As, as well as the delocalization of the
valence electron density. The analyses presented in Chapter 8 shows that when
examining new compounds, experimental techniques such as X-ray spectroscopy must be

used to verify predicted charges.
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9.1.4 Charges of Anions Involved in Homo- or Hetero-Atomic Anion-Anion Bonds
The structures examined here contain polyanionic bonding networks. In the
MnP- and CoAss-type structures, each anion is two-bonded to other anions at distances
consistent with covalent 2¢c-2¢” bonds, so that each anion is assigned a charge of 1-. This
is represented in Figure 9-1 in the form of Lewis dot diagrams. In the ZrSiS-type
structure adopted by Hf(SigsAsgs)As, there are square nets of disordered Si and As
atoms, at longer distances consistent with hypervalent 2c-1e” bonds (Figure 9-1c). To
fulfill their octets, the As (labelled Asl in Figure 8-1) and Si atoms should acquire
charges of 1- and 2-, respectively, but this does not appear to be the case with the Si
charge found to be only 1- based on XPS analysis. The differences between the charges
proposed by electron counting, using an ionic model, and those determined
experimentally can be traced to the polar-covalent bonding found in this structure type, as
well as the others investigated in this thesis. Pauling’s correlation of the difference in
electronegativity with ionic character implies that the Hf-Si, Hf-As, and Si-As bonds
contain less than 20 % ionic character.37 The above discussion further indicates that the
use of an ionic model to predict charges in polar-covalently bonded compounds is
insufficient, necessitating the use of experimental techniques such as X-ray spectroscopy.
Within the valence band spectrum of Hf(SigsAsg.5)As, the upper portion (from 6-0 V),
near the Fermi edge, contains Hf 5d, As 4p and Si 3p states with anti-bonding anion-
anion states present close to the Fermi edge. Because of this, the partial depletion of the
Si 3p anti-bonding states, resulting in a charge of 1- rather than 2-, may actually

strengthen the Si-As/Si bonds in the disordered site with the resulting valence states



239

a) °.P.. ..P. .
.X | X ..""""‘ Py
. ""$$‘ X X
v, P‘,
Xy xX
0 o

b) :P .......... : .......... P:

oo 00

R .

0 o
L ()
. Xogrrre® ¢ °
3 X.c
¢ ¢
[ ® :
.......... ... X5.QX..
[ ) 1)

Figure 9-1 Lewis dot diagrams of the P-P bonding network present in MnP-type (a) and
CoAs;-type (b) compounds. In both cases, 2¢c-2¢” P-P bonding is considered with the
remaining electrons required to complete the octet of P coming from the more
electropositive M atoms (not shown). Based on this model, each P atom has six valence
electrons and therefore a charge of 1-. The anion-anion bonding environment in
Hf(Sig 5As0.5)As is presented in (c). The disordered site containing Si or As atoms is
represented as X with these atoms being involved in 2c-le” X-X bonds and based on
electron counting, each X atom would have six valence electrons resulting in Si and As
charges of 2- and 1-, respectively. The electrons in (a) are represented as either ® or X to
indicate to which P atom they are associated, whereas in (b) and (c¢) the electrons are only
represented as ®. The bond between two atoms (P or X) is shown as a dashed line.
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being stabilized by the delocalized nature of the valence band, as well as the metallic
character of this compound.
9.2 Metal Spectra in MnP-type and CoAs;-type Compounds

To examine the charge environment of the transition metals in the MnP-type and
skutterudite compounds, the M 2p XPS spectra were collected. Unlike for the anions, the
shifts in BE relative to that of the elemental metal or other model compounds were often
so small that little information could be extracted. This occurs because of the well-
screened nature of both the initial and final states of the metal atoms resulting from the
delocalized valence states. The delocalization arises from the metallic or nearly metallic
nature of these materials and M-M bonds, especially in the MnP-type compounds. To
further examine the charge and bonding environments of the metal atoms, more
sophisticated analyses were thus necessary.

In the Co 2psn spectra, a satellite peak was observed at slightly higher binding
energy than the main core-line. On the basis of REELS analysis of Co metal (Chapter 3),
it was concluded that this satellite results from plasmon loss rather than the 2-core-hole
phenomenon previously proposed.!1® In Chapters 3 to 5 and 7, the intensity of this
satellite peak was observed to become less intense as the Co 3d states are depleted and as
the Co-anion bond becomes more ionic. This observation, the first of its kind for
intermetallic compounds, generated considerably more information than just a BE
analysis.

A recent XPS study of CoP; revealed a charge formulation of ~Co'*(P3)"", which
is different than the charges determined here, Co>*(P"); (Chapter 7).24! These revised

charges neglect the diamagnetism of this compound, which implies a Co charge of 3+
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when its octahedral coordination environment is considered (i.e., d°, t;® e;").47 Further,
although the Co 2p satellite intensity in CoP3; observed in Chapter 7 was confirmed in
this study, it was suggested to most likely result from 2-core hole rather than plasmon
loss and that the satellite intensity should decrease with increasing occupancy of Co 3d
states.24! This last statement was based on observations made by Hillebrecht et al. that
the Ni 2p satellite peak intensity (which is similar to that of Co) decreases in alloys when
Ni is the most electronegative element (e.g., AINi) and increases when Ni is the least
electronegative element (e.g., NiAu).242 This observation would suggest that the satellite
intensity lowers with increasing occupation of the Ni 3d states.242 However, examination
of alloys (e.g., CuAu) and metal-metalloid intermetalics (e.g., Aulny) by other authors
have shown that charge transfer in these compounds mostly occurs from the
electropositive to the electronegative element via ns or np orbitals but that some back
donation through n-I1d orbitals may occur.243-245  This would indicate then that even
though the electronegative metal is anionic, its n-1d states are less occupied than in the
parent metal.243-245  Such an observation might explain the anomalous results obtained
by Hillebrecht ef al. In the Co containing intermetallic compounds studied in Chapters 3
to 5 and 7, the Co-Pn bonds principally involve Co 3d orbitals (with little or no
involment of 4s or 4p orbitals) so that the Co 2p satellite intensity should decrease as the
3d states are depopulated. (This was confirmed by XANES analysis in Chapters 4 and
5.) The above discussion indicates that further examinations of the satellite peak found
in Co 2p XPS spectra of metallic and narrow band-gap compounds needs to be pursued.

The nature of the satellite peak should be further investigated by theoretical and
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experimental means as well as the reason for the non-linear decline in satellite intensity
as the Co charge becomes more positive (see Figure 7-3).

In compounds that did not contain Co, XANES was used to augment the XPS
analysis to examine the M charges. In the M L-edge XANES spectra, the peak intensity,
which results from a 2p to 3d excitation, increases as the 3d states are depopulated
(Chapter 5). In the M K-edge XANES spectra, the intensity of the quadrupolar (1s — 3d)
pre-edge peak also increases as the M 3d states are depopulated. As this peak results
from a quadrupolar excitation, the coordination environment must be fixed when
examining different compounds as the intensity is significantly affected when M 4p
orbitals become important. This is because dipolar (e.g., 1s — 4p) excitations are
considerably more intense than quadrupolar excitations. 69
9.3 XPS and XANES Results for Intermetallic Compounds

In the preceding sections we have shown that XPS (or PES) and XANES provides
information about charge states, bonding-type, effect of the coordination environment,
whether the material is a metal or semiconductor and bonding states in intermetallic
compounds (Table 9-1). However, some information is still difficult to obtain from these
techniques. Specifically, the charge on the metal atoms was particularly difficult to
ascertain from only a BE (or absorption energy) analysis because of the well screened
nature of these atoms stemming from the delocalized nature of the valence states.
Therefore, evaluation of these charges will depend on the use of alternative methods.
Maéssbauer spectroscopy, which is indirectly sensitive to the electron density, especially
in s orbitals closest to the nucleus, has been used to determine the charge states of Fe in

the REFe4Pni; compounds. These studies indicated that the Fe charge was uniform and
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Table 9-1 Information obtained from intermetallic compounds (marked by X) using

XPS and XANES
Relative Coo.r dination Metal/ Bonding
Feature charge? environment | . niconductor states
Ligand | CN
XPs’
Anion (Pn, Si)
BE X X
Cation (M/RE)
BE X X
Lineshape X
Co 2p satellite peak X X
Valence band spectrum X X X
XANES
Anion (Pn)
Absorption energy X X
Intensity X X
Cation (M)
L-edge intensity” X X X X
K-edge absorption energy X X
K-edge pre-edge intensity X X X

“Includes analysis of degree of covalent bonding.

5The features displayed in XPS are also observed using PES.

“Includes lineshape.
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only 2+ rather than 2.25+ (3 Fe atoms having a charge of 2+ and one having a charge of

3+).180-182 Although the presence of a single Fe charge was confirmed in Chapters 6 and
7 by the observation of only one set of Fe 2p spin-orbit peaks, these spectra did not
provide any information on the magnitude of the charge. Mossbauer spectroscopy
measures the y-ray absorption of atoms via the excitation of nuclear states.24¢ The y-ray
source is the same as the atoms under study and only a few element isotopes are active,
with the most studied isotope being *"Fe.247 In the case of *'Fe in REFesPnya, two peaks
were observed in the spectrum, resulting from the presence of two final nuclear states
with spin quantum numbers of /=3/2 and 1/2. Taking into consideration the charges of
the coordinating atoms and magnetism of the samples, these spectra indicate that only
low-spin Fe?* is present.180-182 When the atoms under study have a magnetic moment,
the nuclear states are split into many non-degenerate levels such that multiple peaks are
observed in the Mdssbauer spectra.247 These results further suggest that the hole located
in the valence band of REFesPn;; must be present on the Pn atoms.
9.4 Future Spectroscopic Examinations of Intermetallic Compounds

Although many transition metal pnictides having different structures have been
investigated by X-ray spectroscopy in this thesis, some questions remain unanswered.
Besides the binary (MP) and ternary (M;.M’,P, MAs;,P,) phosphides that adopt the
MnP-type structure and were investigated in Chapters 3 to 5, quaternary compounds also
exist (M1.xM’:As1,P,). At this point only Mn;_Cr,As;,P, is known but it is likely that
compounds containing other metals could be formed.30. 3! Because the energy shifts
observed in both the M;..M’,P and MAs,P, P 2p3;, XPS and K-edge absorption spectra

result partially from a next-nearest neighbour effect, it is of interest to determine if such a
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shift occurs in MM ;Asi,P, compounds. In this case, the shifts in energy compared to
the parent M. MsP and MAs;,P, systems would probably be similar and therefore
difficult to determine if both M’ — M and As — P charge transfer effects modify the BEs
and absorption energies. vTo examine these systems, it may be useful to use PES rather
than XPS. The resolution function of the PES system located on the SGM beam-line at
the CLS is lower than that found for the XPS instruments used in this thesis (0.16 eV
compared to 0.4 eV). By collecting core-line PES spectra, narrower linewidths would be
found (compared to XPS), possibly increasing the precision of the BEs.

Further studies of transition-metal pnictides should also include analysis of
compounds having the formula AM,P. As indicated in Chapter 1, Ni;P has a higher
efficiency than CoP for removing S or N from petrochemicals. Currently, only a few
studies have examined the electronic structure of some M>P and M>As compounds by
either XPS or XAS.13. 223, 248, 249 Fyture studies, which have already begun in the Mar
group, should examine mixed-metal pnictides of the form M, M .Pn (Pn=P, As).
Because significant M-M bonding is present in M;Pn compounds,24 shifts in the Pn BEs
and absorption energies resulting from next-nearest neighbour effects are expected. Such
work would increase our knowledge of the electronic structure of these compounds and
possibly lead to the development of more efficient HDS and HDN
(hydrodenitrogenation) catalysts. The transition-metal pnictides listed above and studied
in this thesis should also be tested for their HDS/HDN catalytic activity.

There is still a question remaining regarding how covalent the metal-anion bond
can be to observe a shift in BE or absorption energy compared to the element. In

Section 9.1.2 it was suggested that if the difference in electronegativity between the metal
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and anion is below 0.2, then no shift in energy would observed when the precision of the

instrument is taken into consideration. This should be further tested by examining
compounds containing more electronegative metals (e.g., Ni, Cu) and less electronegative
anions (e.g., Bi, Ge) than those studied here.

It was recently observed in the Mar group that a Zr analog of Hf(Si;As;4)As
having the ZrSiS-type structure can be formed. This study should be extended to
examine if shifts in the As 3d or Si 2p BEs are observed as the metal is changed. The
possibility of forming mixed-metal compounds having the formula M, M’ (SixAs|)As
should also be investigated as this would be the first case of a cationic and anionic DFSO
stabilized material. Although a considerable amount of work needs to be done to further
our understanding of intermetallic compounds, the work presented in this thesis has
significantly extended our knowledge of the information that can be obtained by use of

X-ray spectroscopy.
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Appendix 1

Supplementary Data for Chapter 4

Table Al-1 Full width at half maximum (FWHM), in degrees, for strongest reflections
in Mn;_ VP and MnP

Sample x in Mn;_,V,P 011 111 211

MnP 0 0.14° 0.14° 0.17°
Mny 95V 05P 0.05 0.14° 0.15° 0.18°
Mny 35V 15P 0.15 0.12° 0.12° 0.12°
Mny 75V 25P 0.25 0.11° 0.13° 0.14°
Mnyg 60V o.40P 0.40 0.13° 0.11° 0.14°

Table A1-2 P 2p;; binding energies (eV) from measurements for separate Mn;_,V,P
samples or at separate times for Co;_,V,P and Co;_Mn,P samples.”

Sample x in My M P Run 1 Run 2
Mny 95V .05P 0.05 128.96 129.03
Mng g5V 15P 0.15 128.95 129.04
Mny 75V 25P 0.25 128.92 129.02
Mnyg 60V o.40P 0.40 128.93 128.99
Cog.90Vo.10P 0.10 129.15 129.10
Coo.30Vo.20P 0.20 129.15 129.11
Cog.40Mnyg 6oP 0.60 129.28 129.28

“ The reliability of the P 2p3» BEs was assessed by examining the change in BE between
the Run 1 and Run 2 values for each sample in the series. The average difference in BE
was found to be 0.06 £+ 0.03 eV which corresponds to a precision of better than + 0.10 eV.


http://Mno.95Vo.05P
http://Mno.g5Vo.15P
http://Mno.75Vo.25P
http://Mno.eoVo.4oP
http://Mno.95Vo.05P
http://Mno.g5Vo.15P
http://Mno.75Vo.25P
http://Mno.60Vo.40P
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phase regions indicated.
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Table A2-1 P 2ps; binding energies (eV) from measurements for separate MAs,.,P,
samples or for the same MAs, P, sample but collected at different times.”

Sample yin MAs;,P, Runl Run 2 Run 3
CoAso.10Po.90 0.90 129.34 129.34 129.30
CoAsp25P0.75 0.75 129.35 129.34

CoAsg 50Pg.50 0.50 129.39 129.34

CoAso.75Po.25 0.25 129.40

FeAso.10Pos0 0.90 129.20 129.17 129.14
FeAs25Po.7s 0.75 129.24 129.19

FeAso 50Po.s0 0.50 129.24 129.20

FeAsy75Po.2s 0.25 129.28 129.29

FeAs.90Po.10 0.10 129.33 129.31

CrAso.10P0.90 0.90 128.99 128.98

CrAsg 75Po.2s 0.25 129.06 129.05

? The reliability of the P 2p;, BEs was assessed by examining the change in BE between
the Run 1 and Run 2 values for each sample in the series. The average difference in BE
was found to be 0.02 & 0.02 eV which corresponds to a precision of ~+ 0.05 eV for this

data set.


http://MAsi.jP-
http://CoAso.50Po.50
http://FeAso.10Po.90
http://FeAso.25Po.75
http://FeAso.50Po.50
http://FeAs0.75P0.25
http://FeAso.90Po.10
http://CrAso.10Po.90
http://CrAs0.75P0.25
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Appendix 3

ARXPS Study of the Ion Mobility Through (HfO,),(Si0;);_« Formed on
Air-Exposed Hf(Siy5As¢5)As*

A3.1 Introduction

In the drive towards smaller devices in the semiconductor industry, alternatives
for Si-based materials are being sought,250% 251 including high dielectric materials such as
Hf-containing silicates.250: 252 Often formulated as (HfO;),(Si0;)1—y, these silicates can
be formed at the interface when a layer of HfO; is deposited and annealed on a SiO,/Si
substrate.250;: 253 They can also be formed by reaction of HfSi, with oxygen.252 Because
diffusion of elements into other parts of a semiconductor device may hinder performance,
it is important to understand the mobility of constituent atoms in these silicates.2>1

In Chapter 8 we identified the new ternary compound Hf(Sig sAsgs)As, which is
metallic and represents one end-member of the phase Hf(Si,As;_,)As with a homogeneity
range of 0.5 <x < 0.7. It adopts the prevalent ZrSiS-type structure, which is built up
from a stacking of square nets, with those nets containing the disordered Si/Asl atoms
being twice as dense as those containing the Hf or As2 atoms (Figure 8-1). From
analysis based on laboratory XPS and photoemission spectroscopy using synchrotron

f2+

radiation, a charge formulation of H ((Sio,sAso.s)As)z_ was proposed in Chapter 8.

*A version of this chapter has been published. Reproduced with permission from Grosvenor, A. P.; Cavell,
R. G.; Mar, A. Surf. Interface Anal. 2008, 40, 490-494. Copyright (2008) by John Wiley & Sons Limited.
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We report here a kinetic study of the oxidation of Hf(Sig sAsg s)As in air at room

temperature, which results in (HfO,),(SiO;)1-, as the predominant product. By use of
angle-resolved X-ray photoelectron spectroscopy (ARXPS), the mobility of constituent
atoms has been examined as they diffuse through the silicate layer. This information is
required to evaluate (HfO,),(Si0,);_ as a practical semiconductor material.

A3.2 Experimental

Hf(SiysAso 5)As was prepared by reacting mixtures of Hf (99.6% (excluding 2—
4% Zr), Alfa-Aesar), Si (99.99%, Alfa Inorganics), and As (99.9998%, Alfa Inorganics)
powders in the molar ratio 1:0.5:1.5, which were sealed in evacuated fused-silica tubes
along with a few grains of I, (Anachemia) acting as a chemical vapour transport agent.
The tubes were heated to 873 K over 12 h, held at this temperature for 3 d, heated to
1173 K over 24 h, and held at this temperature for 1-4 weeks. To serve as a reference
standard, HfSiO4 was also synthesized by reacting equimolar amounts of HfO, (98%,
Aldrich) and SiO, (silica gel, Aldrich) in the presence of excess Li;MoQ4 flux (99.9%,
Aldrich) at temperatures ranging from 1273 to 1500 K, in accordance with previous
reports.254 The purity of these prepared samples was confirmed through powder X-ray
diffraction patterns collected on an Inel powder diffractometer equipped with a CPS 120
detector.

The (001) surface of plate-shaped Hf(SigsAsos)As crystals having areas
>1 x 1 mm?* was examined on a Kratos AXIS 165 X-ray photoelectron spectrometer with
Al Ka X-rays. The plates were placed in electrical contact with the copper sample holder
via silver paint (DuPont Electronics). The surfaces were cleaned in sifu by Ar’ sputtering

(4 kV, 10 mA) to remove O and C. Although annealing could not be carried out because
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the surface is somewhat reactive in vacuum, the sputtering process did not appear to
preferentially remove the lighter Si atoms or reduce any of the constituent atoms.
ARXPS was performed at take-off angles ranging from 90° to 15° between the surface
and detector. High-resolution spectra of the As 3d, Si 2p, Hf 4f, O 1s, and C 1s core lines
were collected with a pass energy of 40 eV, a step size of 0.05 eV, and a sweep time of
180 s. The spectra were calibrated by fixing the C 1s line arising from adventitious C to
284.8 ¢V. All spectra were analysed with the CasaXPS software program.110

Three samples of Hf(Sig5Asq 5)As, after being Ar" sputter cleaned, were oxidized
through exposure to the ambient atmosphere at room temperature (relative humidity of
~50%) over times ranging from 1 to 60 minutes. The overall oxide thickness, d, was

determined by applying the Strohmeier equation to the Hf 4f spectra:84

d=24, sin@ln(m + 1j
N

For either the HfSij 5As; 5 (m) or oxide layer (0), A is the inelastic mean free path (IMFP)
calculated with the TPP-2M equation,!3! N is the volume density of atoms, and I is the
peak area. To use this equation, the core-line spectrum analysed must contain
components from the surface oxide and substrate layers and the assumption must be
made that a distinct interface is present between the two,8% which is not always the
case.255

To assign the different components within the oxide layer formed, reference
spectra for As;03 (99.5%, Alfa-Aesar), SiO, (optical grade, ESCO products), and HfSiOy4
were collected under similar conditions as noted above, with a charge neutralizer

(I=1.7A, V=1.8 V) applied to reduce charging effects.
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A3.3 Results and Discussion

The Hf 4f, Si 2p, and As 3d spectra for clean Hf(SiysAs5)As and after exposing
the surface to the atmosphere for 60 minutes (at take-off angles of 90° and 15°) are
presented in Figure A3-1. All spectra were fitted by comparing the binding energies of
the component peaks to those of standards collected here or elsewhere (Table
A3-1).226,250 Because Hf(Sig5As0.5)As is metallic, the Hf 4f component peak was fitted
with an asymmetric lineshape, which arises from final state effects first described by
Doniach and Sunji¢ and discussed in earlier chapters.17 In the clean surface, the speétra
reveal some suboxides of Hf and Si that were formed from reaction with residual gases in
the vacuum chamber. After exposure to the atmosphere, the signals from the substrate
diminish substantially (particularly in the Hf 4f and Si 2p spectra), while several oxides
are formed.

It is known that oxidation of HfSi, leads to the formation of hafnium silicates.252
Similarly, the Hf 4f and Si 2p spectra show that oxidation of Hf(SipsAss)As yields a
predominant oxide layer having a Hf 4f;,, BE of 17.7 ¢V and a Si 2p3, BE of 102.1 eV,
which are slightly higher than in HfSiO4 (Table A3-1). The intensity of both oxide peaks
change in the same way as the take-off angle is varied, confirming that they belong to the
same phase. Previous work in (HfO,),(Si03);-, films has shown that as x increases, the
Si 2p BE decreases and is always lower than in SiO,, whereas the Hf 4f BE increases and
is always higher than in Hf0,.253 These shifts are caused by a next-nearest neighbour
interaction when the electronegative Si atoms are exchanged for the more electropositive

Hf atoms.253 The oxide layer formed on Hf(SigsAsos)As has Si 2p and Hf 4f binding
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Figure A3-1 Core-line spectra of the Hf 4f, Si 2p, and As 3d components from clean
Hf(Sig 5Asp5)As after Ar" sputter-cleaning (a—c), and after exposure to the atmosphere at
a take-off angle of 90° (d—f) or 15° (g—i). All spectra were fitted with spin-orbit split
component peaks as listed in Table A3-1.
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Table A3-1 Binding energy values for the spin-up component peaks of the fitted Hf 4f,
Si 2p, and As 3d spectra from air-exposed Hf(SigsAsos5)As. The binding energies from
standard compounds are provided for reference.

Component Peak Experimental BE (eV) Standard BE (eV)
Hf(Sig sAsp s)As Hf 417 14.8

Si 2p32 08.8

As 3dsp 40.7
(HEO,)(SiO2)1?  Hf 4fsp 17.7 17.1

Si 2p3p 102.1 101.5

Ols 531.0 530.7
Si0, ¢ Si 2psn 103.0 103.0

O ls 5325 5325
AsyO3 As 3dspp 447 449

O1ls 531.8 531.6
Hf suboxide ¢ Hf 417 17.0 15-17 10
Si suboxide Si 2pan 100.6 100-102 1

“The BE values for the standard are from HfSiOy.

® The O 1s BE for SiO; also corresponds to that of adsorbed OH®255

¢ Although one set of spin-orbit split peaks has been used to fit the Hf and Si suboxide
components, normally multiple peaks corresponding to Hf">* and Si"" are used with
a range of BE.226, 250
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energies that are similar to those for a film with composition (HfO2)o35(Si02)0.65,2°°
suggesting that its composition is also slightly Si-rich.

Besides (HfO,),(S10,);-y, other oxidation products formed are suboxides of Si
and Hf, and SiO,, whose evolution can be tracked as the take-off angle is lowered from
90° to 15°. In the Hf 4f spectra (Figures A3-1d and A3-1g), the intensity from the
(HfO,)x(Si0,);-, component increases whereas the peak intensities from the Hf suboxide
and the substrate decrease. The intensityr for Hf(Sig sAs(.5)As decreases more rapidly than
for Hf suboxide as the take-off angle is lowered. In the Si 2p spectra (Figures A3-1e and
A3-1h), the signals from the Hf(SipsAsgs)As, Si suboxide, and (HfO2)«(SiO2)1-
components decrease whereas that from SiO; increases.

The As 3d spectrum of the clean substrate (Figure A3-1c) shows an asymmetric
lineshape, similar to that observed in the Hf 4f spectrum (Figure A3-1a). After exposure
to the atmosphere, the spectrum collected at a take-off angle of 90° (Figure A3-1f) shows
a small amount of oxide, assigned to be As;O3 on the basis of its binding energy (Table
A3-1). Lowering the take-off angle enhances this signal significantly, indicating that
As,0; is at the surface (Figure A3-1i). It appears that considerably less As;Os is formed
than the Hf- aﬁd Si-containing oxides, but this is difficult to quantify because the As 3d
signal from the substrate is overlapped by the broad Hf 5p;/, signal from (HfO;),(Si02)1.x.
Similar to the Hf 4f results, the intensity of the Hf 5p;, peak is expected to increase
significantly as the take-off angle is lowered, further restricting the ability to compare the

As 3d intensity from As,Os3 to that from Hf(Sig sAsg 5)As.
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Figure A3-2 (a) O 1s spectrum from air-exposed Hf(SigsAsos)As surface at a take-off
angle of 15°. The spectrum was fitted with component peaks as listed in Table A3-1.
The component identified as adsorbed H,O has a BE similar to a previous value.255 (b)
Plot of O 1s component peak intensities versus take-off angle. The adsorbed H,O signal
has not been included for simplicity.
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The O 1s spectrum from the oxidized surface collected at a take-off angle of 15°

is shown in Figure A3-2a, with various components indicated. The percent concentration
of each component is plotted versus the take-off angle in Figure A3-2b. As the take-off
angle decreases, so that the measurement becomes more surface-sensitive, the
(HfO,),(Si0,);-, concentration decreases whereas the SiO, and As;O; concentrations
increase. Suboxides of Hf and Si have not been included in this analysis because their
signals would be weak and because suitable standards are unavailable for comparison of
O 1s BE values. Nevertheless, the earlier analysis of the Hf and Si spectra indicates that
these suboxides are present at the oxide-substrate interface. Above the suboxides is
(HfO,),(S10,),-4, and then at the air-oxide interface are SiO; and AsyO3;. The amount of
Si0; is difficult to quantify because its O 1s signal overlaps that for adsorbed OH®* 255
which is expected to be found at the surface. Figure A3-3 shows a schematic of the oxide
layer formed on Hf(SipsAsos)As. For simplicity, the different oxides formed are
depicted as separate layers, but it is more likely that some overlap occurs.

These results imply that oxidation of Hf(SiosAss)As proceeds by diffusion of
cations, with Si and As being much more mobile than Hf in the oxide film. This model is
consistent with the observation that the (HfO,),(Si10;),- layer is Si-rich even though the
Hf(Sio sAso.5)As substrate has a Hf:Si ratio of 2:1, and with the presence of both Si and
As binary oxides on the surface of the film. Previous SIMS studies have shown that As
and P atoms can diffuse through a hafnium silicate film, within grain boundaries formed
during crystallization when the film is annealed at 1273-1323 K.256 In contrast, they do
not diffuse through a N-substituted hafnium silicate film, which remains amorphous and

provides no grain boundaries for diffusion.25¢ Because the (HfO,),(Si0,); layer on
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Figure A3-3 Schematic representation of the oxide film formed on Hf(Siy sAs¢ 5)As after
exposure to the ambient atmosphere for 60 minutes at room temperature.
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Figure A3-4 Logarithmic kinetics of the oxidation of Hf(SigsAs¢ s)As after exposure to
the atmosphere for 1, 5, and 60 minutes. Three samples were exposed to the
atomosphere for each oxidation time studied. The thicknesses, d, were calculated using
the Strohmeier equation and the following parameters: N,/N, = 0.7, A, = 24.9 A, A, =
25.6 A, © =90°.




275

Hf(Sip sAsgs)As was formed at room temperature and is thus likely amorphous, the grain
boundary pathway can be precluded. Instead, the Si and As atoms probably diffuse
through the (HfO,),(Si0,); layer via vacancies, in the form of defects and interstitial
spaces. In the N-substituted hafnium silicate film discussed above, the exchange of O
with larger N atoms may act to block these pathways for As and P diffusion.

The reactivity of Hf(SipsAsos)As to air was further examined by investigating its
oxidation kinetics. Since the hafnium silicate represents the major component, the
overall composition of the oxide film was approximated as HfSiO4 and its thickness was
calculated by applying the Strohmeier equation to the Hf 4f spectra. As shown in Figure
A3-4, the thickness follows a logarithmic dependence, indicating that the oxide film
formed acts as a passive layer. If the assumption is made that the oxide film is slightly
Si-rich, the calculated thicknesses become only slightly greater (by ~0.2 nm).

A3.4 Conclusions

The air oxidation of Hf(SiOA5Aso,5)As results in the formation of suboxides of Hf
and Si at the oxide-substrate interface, followed by a Si-rich (HfO,),(Si0»);_. layer, and
then Si0O; and As;Os at the air-oxide interface. The diffusion of Si and As atoms through
these amorphous oxide layers formed at room temperature probably occurs not through
grain boundaries but rather via vacancies as the primary pathway. This material,
Hf(Sip sAs0.5)As, is not viable for use in semiconductor devices because of its metallic
nature and the high concentration of As, which is toxic. However, the study of its
oxidation behaviour indicates that further work is necessary to reduce the ability of atoms
to diffuse through hafnium silicates.  The formation of the oxide layer on

Hf(Sig sAs0.5)As, which is passive, follows logarithmic Kinetics.



